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1 INTRODUCTION

1.1 Learning and memory: Overview

Learning and memory is one of the most dynamic topic in neuroscience and closely
associated with our daily life and experiences. Learning is the acquisition of new knowledge
from the environment that leads to development of new skills, performances and adaptive
behaviour according to particular experience. Memory is the process that stores the acquired
information. In general, learning and memory ranges from simple to complex forms,
including non-conscious or implicit memory (reflexes and motor skills) to conscious or
explicit memory (goal oriented learning). The process of memory formation and the
underlying mechanism is evolutionary highly conserved and consists of different temporal
and highly dynamic phases. We remember some information for years while other
information is only available for minutes to hours. These phases are dissectable into long-term
memory (LTM) and short-term memory (STM) that are based on different mechanisms and

independent from each other (Figure 1.1).

|

Learning/acquisition

}

Memory
f | }
Short-term memory (STM) Long-term memory (LTM)
|
Explicit memory Implicit memory
(conscious) (non-conscious)

Figure 1.1: Phases of learning and memory

Investigations using different model system including molluscs, insects and mammals have
shown that learning and memory leads to changes at the molecular, cellular and network
level. All these processes are summarized by the term neural plasticity and share some

common mechanistic features [47, 57, 78, 158, 162, 189, 193, 196, 258]. Due to the relatively
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simple nervous system and a variety of behavioural paradigms, insects are favourable models

to search for the mechanism underlying learning and memory formation.

1.2 Forms of learning

1.2.1 Non-associative learning

Habituation and sensitisation are two forms of non-associative learning [158]. Habituation is a
process in which the behavioural response of an animal to a stimulus is decreased after
repetition of stimulus over duration of time. In contrast to adaptation that occurs at the level of
sensory system, habituation is a process located in the central nervous system. The learning
underlying habituation is a fundamental process of biological systems and does not require
any consciousness or motivation. For example, if the dog hears a sound, it will respond by
turning its head towards the sound but if the sound is coming repeatedly without any pleasant
or unpleasant situation, then the dog will simply ignore and cease to respond it.

Sensitisation is the increase in animal’s reflex response as a result of presentation of strong or
noxious stimulus. In contrast to habituation, sensitisation arouses the animal to pay attention
to different stimuli because they are potentially followed by reward or painful consequences.
For example, the gentle touching of siphon in Aplysia resulted in withdraw of its gills for
short time. After an electric shock to its tail however, the same gentle touch to the siphon will

elicit a longer withdrawal of gills [158].

1.2.2 Associative learning

Associative learning is a complex form of learning and based on associations between
different events i.e. a particular stimulus and a particular response. The classical Pavlovian
conditioning and the operant or instrumental learning are two forms of associative learning
paradigms used to study the mechanisms underlying learning and memory formation.

In classical conditioning, a naturally occurring stimulus (CS; conditioned stimulus) is paired
with an appetitive or aversive stimulus (US; unconditioned stimulus). After conditioning, the
animals behave as CS predicts the US and produces the conditioned response (CR). The best
known example of this associative form of learning has been described by Ivan P. Pavlov in
dogs [222] where bell ringing (CS) was associated with food (US). CS alone provokes no
response in the organism. After presenting CS repeatedly together with US, the dog
eventually learns to associate between CS and US and started to secret saliva (CR;

conditioned response) after presenting CS alone (Figure 1.2). Factors like the frequency and
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the timing of stimulus presentation are important and affect the conditioning. Eliciting CR
after presenting the CS hours after conditioning is referred as memory retrieval. Moreover, if
the animal faces CS many times without any food, the CR can be gradually eliminated, a

process known as memory extinction.

Before conditioning P Qﬁ_‘
FOOD SALIVATION p—— R ) ! \

(Ucs) {(UCR) [

BELL NO RESPONSE ’
\\d/ ding, dirg!

During conditioning

BELL + SALIVATION

FOOD (

{Uucs) {UCR) +\\_/ dni.:lj;!

After conditioning
BELL SALIVATION
(CS) (CR)

Figure 1.2: Pavlovian classical conditioning

(UCS; un-conditioned stimulus, UCR; un-conditioned response, CS; conditioned stimulus, CR:
conditioned response).

(Ref: http://www.northern.ac.uk/NCMaterials/psychology/lifespan%?20folder/Learningtheories.htm)

The operant or instrumental conditioning has been invented by B.F Skinner to explain the
effects of consequences of a particular behaviour on the future occurrence of that behaviour. It
is also regarded as trial and error conditioning, in which animal response (R) is associated
with a stimulus (S) that follows consequences (reward or punishment). Like classical
conditioning, the stimulus can be either appetitive or aversive. The animal learns either to
participate or to avoid the stimulus. The animal learns to behave (e.g. press a lever) in order to
either obtain a reward (food) or to avoid punishment (electric shock) (Figure 1.3). Positive
and negative reinforcement strengthens the behaviour positively and negatively either by
experiencing a favourable condition (pleasant stimulus) or avoiding a negative condition
(aversive and unpleasant stimulus) respectively. In contrast, punishment and extinction
weakened the behaviour either by experiencing a negative condition or not experiencing a
positive or negative condition. Although other more complex forms of learning exist (e.g.

imprinting learning), they are not easily accessible for neuronal and cellular analysis.
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D2006 HowStuffworks

Figure 1.3: Skinner basic operant conditioning box
(Ref: http://static.howstuffworks.com/gif/dog-training-19.jpg)

1.3 Cellular and molecular mechanism of learning and memory

In vertebrates and invertebrates, different neuronal structures within the brain (hippocampus,
amygdala and mushroom bodies) have been involved in specific types of learning and
memory such as spatial, explicit, emotional and olfactory memory respectively. Despite the
different brain structures and neural networks, the neuronal activity (e.g. induced by learning)
leads to changes in synaptic connections as the neural substrate of behavioural plasticity and
underlie highly conserved mechanism in different species [71, 78, 158, 189, 193, 207].

Throughout animal kingdom, short-term memory (STM) mechanistically differs from long-
term memory (LTM). STM does not require the synthesis of protein or RNA. It is supported
by transient changes in neuronal communication including the regulation of transmitters
release [158]. In Aplysia, serotonin released after a single tail shock elevates cyclic AMP by
activation of the adenylyl cyclase (AC). Cyclic AMP activates the cAMP-dependent protein
kinase (PKA) that leads to the phosphorylation of pre-existing proteins. In case of
sensitisation in Aplysia, PKA phosphorylates specific K currents causing a prolonged
depolarization and thus increased Ca®" influx into the presynaptic terminal [165]. In addition
to cAMP, the second messenger Ca’" also plays a central role in the modulation of neuronal
activity and the connectivity between neurons [211]. For long term memory, the activated
PKA recruits the mitogen- activated protein kinase (MAPK). Both are then translocated to the
nucleus and phosphorylate the cAMP response element binding protein (CREB). The
transcriptional factor CREB in turn activates several immediate early genes necessary to

trigger gene expression required for the growth of new synaptic connections (Figure 1.4).
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Thus, the synaptic changes underlying LTM require activation of gene expression, new

protein synthesis and formation of new synaptic connections.

(a)

MNeurotransmitter Receptor

Presynaptic neuron

Action Synaptic Action
polential potential potential
—_— 'r_/—_ e — |l...r"'__

(b)

Long Term

Short Term

F g

Figure 1.4: Schematic diagrams of mechanisms underlying learning and memory

(a) Scheme illustrating the synaptic connection, the major target of processes underlying learning and
memory formation (b) Schematic diagram showing the cellular and the molecular mechanism of
learning and memory formation in Aplysia. Release of the neurotransmitter serotonin (5HT;
hydroxytryptamine) from the presynaptic interneuron elevates cAMP levels by activation of adenylyl
cyclase (AC). Cyclic AMP triggers PKA and thus leads to phosphorylation of target proteins involved
in the rapid synaptic action underlying STM. Strong activation of PKA also triggers MAPKs that leads
to the translocation of the kinase to the nucleus and to the activation of transcription factor CREB that
regulates gene expression and protein synthesis required for LTM (Modified from [157]).
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1.4 Factors modulating behaviour

Learning is influenced by a variety of internal and external factors including the current
internal physiological state (hunger, fatigue), emotional state (happiness, sadness, fear of
harm, anxiety), earlier memories of similar situations, hormones, diseases and many more
(Figure 1.5). These factors interact with each other and may interfere directly or indirectly
with a variety of physiological functions that in turn drastically affect the performance of
animals in a particular manner. Especially the impact of infections and environmental stress
on behaviour and thus the identification of the involved signalling cascades are timely topics

1n neuroscience.

Chemicals

Metabolism \

Training ~

/

Hormones Motivation

Figure 1.5: Internal and external factors modulating behaviour
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1.4.1 Infection and behaviour

In vertebrates, bacterial and viral infections can cause defects in the morphology and in the
function of the nervous system including a wide range of impairments in cognitive and motor
function, but also social behaviour [27, 290]. In mice, the Pneumococcal meningitis bacteria
causes deficits in learning and spatial memory [309]. In human brains, HIV infection
selectively damages the cortex and affects brain regions that control language, sensory and

motor functions [286]. Viral infection in mice causes neurobiological impairments and
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alterations in aggressive behaviour, cognitive ability, locomotor activity and deficits in spatial
reference memory [27, 156, 165]. Even offspring of mice infected by the influenza virus show
deficiencies in exploratory behaviour and social interaction [259].

Observations from a variety of insect species also reveal evidence for effects of viral infection
on developmental processes, locomotor activity, feeding, mating and other behaviours [49,
155, 225, 298]. Dengue virus infection prolongs feeding activity in mosquitoes and increases
the probability of host infection by extending probing time or feeding on additional hosts
[225]. Interestingly, viral infections seem to cause specific behavioural impairments rather

than global defects.

Honeybee and virus infection

The sudden collapse of honeybee (Apis mellifera L.) hives is very common and as recently
reported from USA, a major problem now a days. Beekeepers lost 50 to 90% of their colonies
from “Colony Collapse Disorder” about five times more than the normal winter losses. The
increased mortality reduces the pollination efficiency and drastically affects agricultural
profits in the last years. In addition to other potential reasons, viral infections have been added
to this list due to their mysterious role in sudden collapse of honeybee colonies in USA [73].
It is unclear whether they interfere with the immune system or facilitate infections from other
sources.

Honeybee is infected with more than 18 different viruses including Kashmir bee virus (KBV),
Sacbrood bee virus (SBV), Black queen cell virus (BQCV), Acute bee paralysis virus (ABPV)
and Deformed wing virus (DWYV). Most of these viruses are small icosahedral particles about
30 nm in diameter [13, 21]. The viral infections usually show no apparent symptoms in
honeybees with an exception for SBV and DWV that show clear clinical symptoms
identifiable for bee keepers at larval and adult stages respectively. Deformed wing virus
(DWYV) is very abundant in Europe, Africa, and Asia and can be detected in up to 90% of
colonies [28, 282] with infection in different life stages and body parts of honeybee [61, 97,
325]. The DWYV infection in early development leads to deformation of wings, paralysis, and
mortality of the emerging bees [170]. Although, the infection of adult bees do not show strong
effects, DWV infected colonies show weakness, depopulation and sudden collapse [28]. The
development of highly sensitive, specific and rapid molecular methods has provided a
powerful tool for diagnosis of bee viruses [110]. The fact that virus infection persists in
honeybee makes it feasible that virus infection may impair sensory processing and behaviour

by interfering with neuronal functions. Besides the morphological malfunctioning of DWV
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and its diagnosis, the interference of DWV infection in neuronal plasticity of honeybee is not

known.

1.4.2 Stress stimuli and behaviour

Stress is the physiological and emotional reaction to distinct internal and external events
(environmental stress). The organism response to stress is a complex process of physiological
and behavioural changes that protect the organism from stress. It includes an alarm state,
hormone production, short term resistance as coping mechanism and exhaustion. In mammals,
the body responses to stress by activating the nervous system (hypothalamus) that promotes
the adrenal glands to produce more stress hormones (adrenaline and cortisol) and release them
into the blood stream [46]. These hormones speed up the heart beat, breathing rate, blood
pressure and metabolism and regarded as stress or survival response (Figure 1.6). The stress
response is activated rapidly when needed but is terminated afterwards. If it is inadequate,
excessive or prolonged then animal may experience psychological as well as physical damage

[79, 261].

Stress stimuli

Body returns

to normal
A 4
Survival response
-heart rate increased
Stress hormones -breathing rate increased
level decreased -fats and glucose released for energy
-more blood flow to brain and muscles
Vol

Release of stress hormones
(adrenaline, noradrenaline, cortisol)

Release of

. t
Acetylcholine <4 Stress removed

Figure 1.6: Natural defence mechanism against stress stimuli

Hypothalamus responses to stress and promotes adrenal gland to release stress hormones. These
hormones make the heart beat faster and raise the metabolism. The animal natural response is to run
away or fight back and thus known as fight or flight system.

(Modified from: www.gladeanamcmahon.com/stress_guide.gif)
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Stress affects learning and memory in both positive and negative ways [145]. Positively, it
can help to compel us to action and may result in new awareness and a new excited
perspective while negatively, it may result in psychological, behavioural, or emotional effects
[68, 80]. Animal studies have shown that different brain regions (hippocampus, amygdala and
prefrontal cortex) important for cognition and emotions are vulnerable to stress stimuli [46,
187, 188]. Besides morphological effects, chronic and oxidative stress stimuli have profound
effect on cognitive, motor skills, anxiety behaviour and spatial memory of adult rat and mice
[103, 143, 221, 261]. Moreover, different aspects of stress (source, duration, intensity and
timing) and learning type are proposed to interact with learning and memory in distinct form
[245]. In Drosophila, starvation, mechanical and oxidative stress affects the dopaminergic

transmission along with sexual receptivity of female and ovarian development [215].

Honeybee and stress stimuli

Various factors like physical activity, insecticides, circadian rhythm, parasites and satiation
have been reported to influence the performance and distinct forms of behaviour of honeybee
[1, 87,166, 169, 263, 327]. In addition, few examples show the correlation between stress and
cognitive behaviour. In this case, the oxidative stress induced by the injection of ferrous
ammonium citrate (FAC) into antennal lobes and mianserin induced disruption of octopamine
receptor in antennal lobes cause inhibitory effect on olfactory behaviour of honeybee in dose
and time dependent manner [94]. In stressed bees, the brain levels of biogenic amines such as
octopamine and dopamine are decreased and cause latency in the reward behaviour of
honeybee that takes longer time to fly between hive to feeder [60]. The alarm pheromone
(isopentyl acetate) provokes an immediate early gene (IEG) expression in antennal lobes
along with a slow behavioural response in honeybee [10]. In a recent study, learning and
memory of honeybee is unaffected in nutritionally stressed bees [184] while pathogen induced
energetic stress can affect the honeybee performance [185]. Despite of these diverse findings,
little is known that how stress is mediated at the molecular level and how it affects the

learning and memory of honeybee.

1.4.3 Cellular pathways underlying stress

The action of stress is mediated by hormones and by signalling pathways. Stress induces the
release of stress hormones that can influence behaviour and cognitive performance [175, 218,

237, 316]. These hormones are lipophilic and can enter the brain to modulate specific
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functions. The hormones bind to intercellular mineralocorticoid receptors (MR) or
glucocorticoid receptors (GR). These activated receptors regulate gene expression either
directly via glucocorticoid response elements (GRE) or by interacting with other
transcriptional factors (c-Jun, AP1, NF-kB and CREB). In addition to activation of hormonal
pathway, stress also activates specific neural circuits by the release of neurotransmitters that
in turn trigger many intracellular signalling cascades through specific receptors [79, 174, 234,
244]. These intracellular cascades transmit the signal into the nucleus to activate different

transcriptional factors (Figure 1.7).

b Meurctransmittars
Aldostarone
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Figure 1.7: Cellular mechanism of stress response

The stress hormones operate through mineralocorticoid and glucocorticoid receptors (MRs and GRs)
[244]. These receptors either enhance or inhibit the expression of target genes by direct interaction
with glucocorticoid response elements (GRE) or with transcription factors. Moreover, the neural
circuits triggered by stress release neurotransmitters that control the transcription factors via activated
intracellular signalling pathways.
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1.5 Mitogen activated protein kinase (MAPK) pathways

Among the intracellular signalling pathways, mitogen-activated protein kinases (MAPKSs) are
one of the most ancient and evolutionary highly conserved signalling pathways [85, 144,
311]. MAPKs are serine/threonine-specific protein kinases that mediate the signal
transduction from cell surface receptor to downstream transcription factors. MAPKs have an
important role in regulation of various cellular processes like proliferation, gene expression,
mitosis, cell growth, cell survival, and apoptosis. MAPKs are also necessary for cellular
differentiation, development, learning and memory [146]. These are activated by diverse
stimuli ranging from environmental stress, cytokines, neurotransmitters, hormones, cellular
stress and growth factors etc [85]. Moreover, infections by virus, bacteria, parasites and fungi
can also activate these pathways to mediate gene expression [139] and are the potential targets

for immune response [173].

It has been shown that MAPK pathways also interact with other signalling pathways to create
a complex network that ultimately determine the cellular process. There are three distinct sub-
families of MAPKSs (extra cellular regulated kinases; ERKs, p38 MAP kinase and Jun-N-
terminal kinase (JNK) [56, 77, 250]. The activation of specific MAPKSs involves highly
regulated and modulated cascades of phosphorylation events mediated by sequential and
concerted activation of upstream kinases. The immediate upstream of MAPKs are dual
specificity enzymes that can phosphorylate serine/threonine and tyrosine residues in their
MAPKSs substrates (Figure 1.8). The substrate specificity of MAPKK is very narrow and each
phosphorylates only one or a few of the MAPKSs [223]. In addition, MAPKs themselves are
also regulated by complex feedback and crosstalk mechanism [152]. The activated MAPKs
mediate the phosphorylation of transcription factors (ATF2, ELK1, and AP1) which then bind
to DNA response elements and regulate gene expression to control large number of cellular

Processes.
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Mitogen-activated protein kinase pathway

Stress, GPCR,
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Figure 1.8: Schematic diagram of mitogen-activated protein kinase (MAPK) pathway
Extracellular stimuli (growth factors, inflammatory cytokines, G-protein coupled receptors and stress)
activate the MAPK pathways through GTPases. The activated MAPKKKs (RAF, MEKK, TAK)
phosphorylate MAPKKs at two serine residues that leads to their activation and subsequent
phosphorylation of MAPKs (ERK, JNK, P38) on both threonine and tyrosine residues. The activated
MAPKSs can translocate to the nucleus to phosphorylate transcription factors such as ATF2, ELKI,
AP1(c-Jun, c-Fos) and thus change gene transcription. Growth factors activate the ERK pathway while
stress and inflammatory cytokines preferentially activate JNK and p38 pathways.

1.5.1 MAPKSs: Implication in learning and memory formation

It is clear that MAPKSs are highly expressed in brain and play an important role in various
forms of synaptic plasticity and memory in different species ranging from invertebrates to

mammals [258, 281, 284, 285]. MAPKs are required for consolidation of LTM, regulating the
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functions of different neurotransmitters and control the activation state of nuclear
transcription factors [50].

Among MAPKs families, the role of ERK and p38 in synaptic plasticity and memory is
characterized in more detail as compared to JNK which is mainly studied for its stress
response. Both (ERK and p38) are implicated in hippocampal long-term potentiation (LTP)
and in long-term memory (LTM), and together with other kinases are activated after
associative learning task in different organisms [7, 88, 160, 202]. For example, ERK
activation is necessary for LTM consolidation in fear conditioning of rat and crab
chasmagnathus [19, 95]. In Aplysia, a shock produces short-term memory (STM) for
sensitisation of tail-elicited siphon withdrawal reflex. While, five repeated tail-shocks trigger
two distinct phases of memory, an intermediate-term and a long-term memory, and activate
MAPKs via second messenger cAMP. The intermediate-term memory requires protein
synthesis without transcription whereas long-term memory needs the activation of ERK and
p38 for new synaptic connections, protein synthesis and transcription [158, 258]. The p38
MAPK in hippocampus of rats is involved in fear memory extinction, short- and long-term
memory for inhibitory avoidance [14, 239] while both ERK and p38 are activated in
associated eye blinking conditioning in rabbit [329].

1.5.2 Jun-N-terminal kinase (JNK)/ Stress activated protein kinase (SAPK)

Jun-N-terminal kinase (JNK) also known as stress activated protein kinase (SAPK) is a
central mediator of stress and contains dual phosphorylation motifs at threonine and tyrosine.
It is activated by cytokines, lipopolysaccharides and a variety of stress stimuli like heat shock,
osmotic shock, free radicals and UV light etc. JNK is essential for the regulation of
physiological as well as pathological processes via transcription factors and gene expression
[39, 77, 147, 302]. Active JNK dimers can translocate to the nucleus and regulate
transcription via c-Jun, ATF-2 and other transcription factors (Figure 1.9). The conservation
of the MAPK pathways in insects, molluscs, and mammals points to a conserved function of
these MAPKs in mediating extracellular stimuli (stress and infection) across different animal
species. The JNK has been linked to stress response and immune response in both insects and
mammals where insects exhibits homologue of mammalian JNK [85, 172, 203, 266, 279].
The studies show the JNK-dependent immune response where LPS activates JNK in wax
moth larvae (Galleria mellonella) and Drosophila cell culture [266, 315]. In Drosophila cell
line SL2, JNK can control the cytoskeletal gene expression after LPS treatment [42]. In
Rhodnius prolixus the specific JNK-inhibitor SP600125 blocks the glutamine-dependent
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increase in MT fluid (malphigian tubules) and reveals the role of JNK in fluid secretion in
insects [129]. In fibroblasts, JNK can be activated by inflammatory cytokines and double
stranded viral RNA [69]. Like other insects, bioinformatics screening in honeybee also show

the orthologue of JNK pathway in association with immunity [92].

Stress activated protein kinase pathway

Cellular stress, UV light, radiations, Oxidative
stress, Inflammatory Cytokines, Growth factors
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Figure 1.9: Jun-N-terminal kinase/ Stress activated protein kinase

A variety of extracellular stimuli can phosphorylate the JNK. JNK is dually phosphorylated and
therefore fully activated by MEK4 and MEK?7 at two phosphorylation sites threonine and tyrosine
(Thr183/Tyr185) within the activation loop. After translocation into the nucleus, JNK regulates the
transcription through its effect on c-Jun, ATF-2 and other transcription factors.

1.5.3 JNK and neuronal plasticity

Although the function of JNK is well investigated with respect to stress and immune response,
the specific contribution of this pathway in neuronal plasticity and memory formation is
barely known [50]. There are only few examples showing the contribution of JNK in

plasticity. The interleukin-1f induced inhibitory effect on hippocampal LTP is associated with
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increase in JNK activity [299] while no activation is observed after eye-blink conditioning in
rabbit [329]. Studies using specific JNK-inhibitor SP600125 show that the inhibition of
hippocampal JNK enhances the STM but suppress the LTM formation and extinction of an
inhibitory avoidance task in rats [31, 32]. JNK activation also causes reduction in
neurotransmitter release in Drosophila neurons while oxidative stress increases
acetylcholinesterase expression via transcriptional activation through JNK [91, 326]. The
JNK have also been reported to regulate hippocampal synaptic plasticity during transforming
early LTP to late LTP [58].

While all these findings are based on the hypothesis that JNK only acts via transcription
factors, a recent investigation provides clear experimental evidence for non-transcriptional
activation of JNK. In this case, JNK regulates the AMPA-R (alpha-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid receptor) trafficking following changes in neuronal activity
by a rapid phosphorylation [285]. Aside from these findings, little else is known about role of

JNK in neuronal plasticity and mechanism underlying learning and memory formation.

1.6 Honeybees: a suitable system to investigate the function of JNK in

learning

1.6.1 PER conditioning of honeybee

The simply structured nervous system and striking cognitive capabilities of honeybee make
them an important insect model in neurobiology. Learning odours, colours and flowers shape
is essential for bees and reveals many characteristics of associative learning in vertebrates.
The proboscis extension response (PER), which is elicited by an appetitive stimulus to
antennae or proboscis is used as a monitor to test for sensory capabilities as well as different
forms of learning [196]. The associative olfactory learning paradigm comprises the pairing of
a conditioned stimulus (CS, odour) and an unconditioned stimulus (US, sucrose). During
conditioning, CS is paired with a subsequent sucrose reward and the animal forms an
association between these two stimuli (Figure 1.10 a) and extend its proboscis when
stimulated with CS alone. The process of associating the odour with sucrose is fast and
follows the rules of classical conditioning [33]. The appropriate timing of CS and US during
conditioning trial is an essential requirement for PER conditioning [124].

The number of learning trials induces different memories which exhibit different properties.

The memory after a single learning trial is less stable than the memory after multiple trials
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that requires translation and transcription and is long-lasting [118, 211]. A single conditioning
trial produces a pronounced behaviour change and bees show a memory that decays within
days. Multiple learning trials facilitate consolidation into LTM that can last for several
months. Thus, as in other species, memory formation in honeybees is a dynamic process and
shows different phases which are induced and maintained by different mechanisms. These
memory phases are either independent or dependent on protein synthesis and defined as short-
term memory, mid-term memory and long-term memory respectively (Figure 1.10 b). The
features of memory phases and the underlying molecular processes in honeybees are very
similar to the other investigated species and demonstrate a high conservation of learning and

memory in animals.
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Figure 1.10: Olfactory conditioning of PER in honeybee

(a) Honeybees are conditioned by pairing an odour stimulus (CS) with a sucrose reward (US) to the
antenna and proboscis. Memory retention was tested different times after training with odour alone.
(b) Memory phases: short-term memory (STM) and mid-term memory (MTM) are independent of
protein synthesis while long-term memory requires protein synthesis [211].

1.6.2 Neural basis implicated in learning and memory of honeybee

The brain areas and neural circuits implicated in olfactory learning are well characterized in
honeybee [211]. The chemosensory receptors of the antenna receive olfactory information
(CS) and convey it into the glomeruli of antennal lobes. Glomeruli comprises of dense
synaptic connections between different sensory neurons, interneurons and projection neurons.

The olfactory information is shifted to the calyx of the mushroom bodies (MBs) and the
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lateral protocerebrum via projection neurons. The projection neurons terminate on MB
intrinsic neurons (Kenyon cells) in lip region of the calyx. The Kenyon cells process input
from different sensory modalities and their output is connected with other brain areas via o
and B lobes of the mushroom bodies. In parallel, the un-conditioned stimulus (US) from
antenna is mediated by the VUMmxI1 (ventral unpaired median neuron maxillare 1) that

converges with the CS pathways in the antennal lobes, the lateral protocerebrum and the MBs

[123] (Figure 1.11).
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Figure 1.11: Neuronal circuits involved in olfactory learning of honeybee

The antennal lobes and the mushroom bodies are convergence sites of the CS and US pathways. The
CS and US information is transferred from antennal lobes to the Kenyon cells of the mushroom bodies
either directly or via VUMmx1 respectively [211].
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1.7 Goal of this work

The highly conserved molecular processes underlying learning prompted me to study the
impact of external stimuli (infection and environmental stress) on the well investigated
behavioural repertoire of honeybee. In both vertebrates and invertebrates, the role of JINK in
mechanism of learning and memory formation is not well understood and demands for a

thorough investigation, especially in vivo. Therefore, I aim to address the following topics:

e Investigate the impact of viral infections and external stress stimuli on honeybee
behaviour. This requires to set up new procedures for controlled viral infections and
stress stimulations in the lab in order to assay their effects on a variety of behavioural
paradigms.

e Analyse the role of JNK as a potential mediator between stress and behaviour. To
address this question, it is necessary to establish techniques to localize, measure and
manipulate JNK in the honeybee brain.

e Do all JNK mediated effects on behaviour require transcription and is there a
difference between the applied stress stimuli?

e Does stress directly affect the action of neurotransmitters?

This project will present the first detailed basis for the future analysis of the molecular
pathways (especially JNK) affected by viral infections and other environmental stress stimuli.
In addition, it will also provide information to identify the molecular targets of the JNK

pathway interacting with cognitive functions.
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2 MATERIALS AND METHODS

2.1 METHODS

2.1.1 Experimental animals and molecular diagnostic tools

Collection and screening of virus infected bees

Sluggish and apparently sick bees were collected from hives owned by beekeepers in the
vicinity of Saarbriicken, Germany (spring to winter 2006/07). From each target colony, dead
bees were also tested for possible deformed wing infection (DWV). At the collection site,
bees were immediately frozen and stored in liquid nitrogen until subsequent RNA extraction
and analysis. After screening with RT-PCR, a winter dead colony was selected as positive

candidate for viral source for artificial infection.

Preservation of bees for RNA extraction

Since RNA is degraded very quickly, different preservation conditions were tested to get a
good quality of RNA from honeybee samples. The honeybee samples were preserved in 70%
and 95% ethanol at different temperatures (room temperature, -20°C and -40°C) for a time
range from 1-14 days. RT-PCR was used to amplify and test the quality of extracted RNA
after different preservation parameters. The following table (Table 2.1) summarizes all
preservation conditions and indicates the importance of preservation conditions of the
honeybee samples because the performance of RT-PCR is directly dependent on the quality of
RNA. These data demonstrate that preserving the RNA at lower temperature in higher ethanol

percentage leads to longer stability of RNA than the other preserving conditions.

Ethanol (%) | Preservation temp. | Days of preservation [ RT-PCR signal
room temperature 1 No band
-20°C 1 Visible band
70% 6 Weak band
-40°C 1 Visible band
6 Visible band
7 Visible weak band
-40°C 4 Visible band
95% 6 Visible band
11 Visible band
14 Visible weak band
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Table 2.1: Storage and preservation conditions of RNA
The table indicates that the stability of RNA is higher, if stored at lower temperature in higher
percentage of ethanol. The RNA is degraded very quickly, if stored at higher temperature.

RNA extraction

Homogenization

Five adult bees from each colony were pooled and homogenized in liquid nitrogen by using
mortar and pestle. The homogenized tissues (80-100 mg) were taken and mixed with 1 ml
Trizol reagent (Invitrogen, Germany) followed by the protocol as written below. The mixtures
were incubated for 5-10 min at room temperature (RT) to complete the dissociation of
nucleoprotein followed by centrifugation at 12000 x g at 4°C for 10 min to remove the
tissues.

Phase separation

The supernatants were collected in new tubes and 200 pl chloroform: isoamyl alcohol
(chloroform-1AA, 24:1) was added per 1 ml Trizol reagent. After vigorous shaking with hand
for 15 seconds, the samples were incubated for 2-3 min at RT. After centrifugation at 12000 x
g for 15 min at 4°C, the mixture was separated into a lower red, phenol chloroform phase, an
intermediate phase, and a colourless upper aqueous phase (RNA was in upper aqueous phase).
The upper aqueous phase (approx. 0.6 ml) was transferred to a fresh tube and the rest was
discarded. Equal volume (sample’s volume) of chloroform-IAA was added and centrifuged at
12000 x g for 15 min at 4°C. The upper aqueous phase was transferred to new tube and the
above step was repeated again.

RNA precipitation

To reduce the level of contamination with proteoglycans and polysaccharides, RNA was
precipitated from aqueous phase using 0.25 volume isopropanol (250 pl / 0.5 ml sample) and
0.25 volume of buffer (250 ul / 0.5 ml sample) containing 1.2 M NaCl, 0.8 M sodium
citrate.15H,0O [67]. The mixture was incubated at -20°C for 10-20 min and centrifuged at
12000 x g for 10 min at 4°C. The supernatant was decanted by dumping the liquid (RNA
remains attached to the walls of eppendorf tube).

RNA wash

The RNA pellet was washed with 1 ml 75% ethanol (EtOH) per 1 ml Trizol reagent used for
the initial homogenization. The sample was mixed and centrifuged at 7500 x g for 5 min at
4°C. Except pellet, rest was discarded and washing step with EtOH was repeated again
followed by centrifugation. The supernatant (EtOH) was carefully removed and the visible

pellet was let to dry for 5-10 min. Care was taken that the pellet was not complete dried.
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Re-suspension of RNA

The RNA pellet was resuspended in DEPC (di-ethyl-propyl carbonate) treated water
containing 0.1 mM EDTA (pH 8). If the pellet did not dissolve, the mixture was incubated at
55-60°C in a thermo-block for 5-10 min. The RNA concentration was quantified by a
spectrophotometer [243] and RNA samples were stored at -80°C in the presence of
ribonuclease inhibitor (Fermentas, Germany) for subsequent use. For safety reason, the whole
protocol was performed in the fume hood because Trizol (phenol) and chloroform are toxic by

contact, ingestion and inhalation.

DNA extraction

The DNA was extracted with phenol either from fresh bee or bees preserved in 75% EtOH.
The adult honeybee was cut into small pieces by using a sharp razor and mixed with 1 ml
DNA extraction buffer ( 50 mM Tris-Cl, 120 mM NaCl, 1% SDS, 20 mM (pH 8) EDTA, 0.2
mg/ml or 200 pg/ml Proteinase K) followed by incubation at 55°C for overnight with
continuous agitation. Next day, equal volume of phenol (1 ml) was slowly added and mixed
by hand for 15-20 min (don’t vortex the solution) followed by centrifugation for 5 min at
maximum speed at RT. The phenol precipitated all the protein from sample. The supernatant
was collected into separate tubes by avoiding to take the ring between two phases of solution
and equal volume 1 ml, chloroform: IAA (24:1) was added and mixed slowly by hand for 10
min. The mixture was centrifuged at maximum speed for 5 min at RT. The supernatant was
taken out in a new tube and the above step was repeated followed by centrifugation again.
After collecting the supernatant in a new tube, 70% isopropanol (equal volume of solution)
was mixed slowly by hand to see the floating DNA in the tube (DNA is white in colour and it
precipitates). After centrifugation for 30 min at maximum speed at 4°C, all solution except
DNA pellet was discarded. DNA pellet was washed two times with 70% EtOH at maximum
centrifugation speed for 10 min at 4°C. After removing all EtOH, the pellet was let to dry for
5-10 min and DNA pellet was re-dissolved in 100-150 pl of DNA storage buffer (10 mM
Tris-Cl (pH 8), 0.1 mM EDTA). DNA concentration was quantified with spectrophotometer
by making 1:100 times dilution and the quality of DNA was checked by loading it directly on

the agarose gel.

Designing of oligonucleotide primers

The oligonucleotide primers were designed from available NCBI (National Centre for

Biotechnology Information) sequences of honeybee (NC 007084, NC 007085), Deformed
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wing virus (DWV: NC 004830), Kashmir bee virus (KBV: NC 004807), Sacbrood virus
(SBV: NC 002066) and Acute bee paralysis virus (ABPV: NC 002548) with the
‘PDRAW32’ DNA analysis software (http://www.acaclone.com/) and ‘Oligonucleotide
Properties Calculator’  (http://www.basic.northwestern.edu/biotools/oligocalc.html). The
tubulin and actin primers were used as positive control in optimization of PCR and RT-PCR.
Since in reverse transcription, the introns are exempted, therefore both primers were designed

on separate exons (Figure 2.1) and leads to two different fragments of higher and lower sizes

(bp) with PCR and RT-PCR respectively.
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Tubulin primer
NC_007084.2

LOCA410614: Similar to Tubulin alpha-6 chain (Alpha-tubulin 6) (Alpha-tubulin isotype M-alpha-
6)[Apis mellifera]; Chromosome: LG5, GenelD: 410614, Annotation: NC_007084.2
(6388072...6394071), XM_394092.3 (length: 1629 bp, exons: 8)

EXON: 1244-1396 (153 bp)
ATGTTGTCGATCGATCCACGCACCGGAGCTTACACCAGTTGTTGTTTACTCTATCGTGGAGATGTGTCC
GCAAATGACGTTAACAGAACGATCGCGTCACTGAAAGGGGCAAAGTCTATTCGTTTCGTCACTTGGG
CTCCGACCGGGTTCAAA

Tubulin Forward primer: (AAC AGA ACG ATC GCG TCACTG)

INTRON: 1397-1760 (364 bp)
GTACGTATTATTATTTACGATTTCGCTTATTTACGATTACGCATATATTTTTCCTTCCTTTTITTTCTTTCG
CGTATAATTTTCCATTTTGAAACGACAAATAGTACGCGAAGATGGAAATATATTGAAATGATGCAGCA
AAATTGCTAGATTTCCGTGTTGATATATTTCCAACACTGTGGAAAAAAGTGGCGGTACGTTGAACCGT
CGAGCAGATAATGTAAGTTTTTCTCTTCTCGAACGAGTTCAACTGTTTAGTCTTACGTTATGAAAATAA
ACGATTCTCCGTGTAAACAGAACTTGATACGAAATAGTTTTAGCAATTTATTGGAAAAAAGAAAAAAG
AGAAACAAATGCATTCGTAG

EXON: 1761-2005 (245 bp)
GTAGGTATTAATTATCAGCCAACCACGACCGTCCCTGGCGGTGATCTGGCAAAATCGAACAGGACAGT
GGTGATGATCAGCAACAACACAGCTATGAGACACAGATGGTCGATGCTCACCCGGAAGTACGACTTG
ATGTACCAGAAAAGAGCTTTCTTTCATCATTACATAGGGGAGGGCATGGAGGAGGATTTTTTCAAAGA
GGCGCGGGAGGACATGATGACTCTGATCAATGATTACAAAGA

Tubulin Reverse primer (GAT CAG AGT CAT CAT GTC CTC)

Actin primer
NC_007085.2

LOC552637 :Similar to Actin-5C [ Apis mellifera ]; Chromosome: LG16, GenelD: 552637,
Annotation: NC_007085.2 (535802...538049, complement), XM_625012.1(length: 1131 bp, exons:
4)

EXON: 493-871 (379bp)
GGAATTATGGTTGGTATGGGACAAAAGGATAGTTATGTGGGAGATGAAGCACAAAGTAAAAGAGGTG
TTTTAACAGTTAAATATCCAATTGAACATGGTATTGTAACAAATTGGGATGATATGGAAAAAATATGG
CATCATACATTCTATAATGAGTTAAGGATTGCTCCGGAAGAACACCCCGTTCTTCTGACTGAAGCTCCT
TTGAATCCTAAAGCTAATCGAGAGAAGATGACACAAATTATGTTTGAAACTTTTAATTCTCCAGCAAT
GTATGTCGCCATACAAGCTGTTTTATCGCTTTACGCTTCAGGACGCACTACAGGCATTGTTCTAGATA
GCGGAGATGGAGTTTCACACACAGTACCAATTTACGAGG

Actin Forward primer: (CAG GAC GCA CTA CAG GCAT)

INTRON: 872-1460 (589bp)
GTACGTGCCGTTTTATTTACCATTTCAATCAAAAAATTATTTTTTTCGAATCACATTCTTTTGTTTAAAA
TTCATATAATTTATATTATAAGATTAATACTTTTTACTAATATAGTACATAATTTTTATTGTAAATTTTT
ATATTAATTTACTTTCCTTTATGATATTAAAAAAATTATGATTATTTTTGTTACAAAAATTATATATTTT
TATAATTAACATCGTGTAACTTTTTATCGCAACTTATAGAGATATTTTTACATACTACACGAAAATATT
ATTCTTTATTTTTTTTATTTGAAATATTTAATCATCCAAATTTTATTCAATTTTTATTTTTTAATTTAAAT
AAAAATTGAGAAAAAATTGAGAAAAAAATTTATCTTATTTACAAATATAGTAAACATTTTTCTTACAA
ATTTTTTGTTAAAATATTGCAATATAAAAATTATTTTTTTAATGATTATTTTAAAGTTTAATATTTCTAT
CAAAATTCTTGTAAATTTTTATACAATTTTTTTGTTTAAAGAATGAATACATACATTAATCTTATCATTT
CAAATACAATGAAAAATTCTATTTGATCCAG

EXON: 1461-1696 (236bp)
GATATGCATTGCCGCATGCAATTTTACGTATGGATTTGGCTGGTCGTGATTTAACGGATTATCTTATGA
AAATTCTAACGGAAAGAGGATATTCTTTTACCACTACCGCAGAGCGTGAAATCGTTCGAGATATTAA
AGAAAAATTGTGTTATGTGGCTTTGGACTTTCAGCAAGAAATGGCTACGGCTGCTGGTTCAAGTGCTTT
GGAAAAAAGCTATGAATTACCAGATGGTCAG

Actin Reverse primer: (CAC GCT CTG CGG TAGTGG T)

Figure 2.1: Designing of oligonucleotide primers against tubulin and actin gene

(a) During transcription, introns are omitted and give product of different band size in PCR and RT-
PCR. (Ref: http://upload.wikimedia.org/wikipedia/commons/1/12/DNA_exons_introns.gif). (b) The
tubulin and actin primers were designed on two different exons from honeybee sequences
(NC_007084, NC_007085). The underline protein sequence represents the position of primers.
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Detail summary of primers

The following table provides the specific salt concentration (MgCl,), annealing temperature

and fragment size (bp) of each primer in PCR and RT-PCR (Table 2.2).

Primer DNA sequence Salt concentration Fragment size
Name *F *F=Forward primer and and
*R *R=Reverse primer Annealing temp. Reference
Tubulin | F AACAGAACGATCGCGTCACTG 2 mM, 58°C 646 bp (PCR)
R GAGGACATGATGACTCTGATC 262 bp (RT-PCR)
Actin F CAGGACGCACTACAGGCAT 2 mM, 58°C 738 bp (PCR)
R CACGCTCTGCGGTAGTGGT or 149 bp (RT-PCR)
1 mM, 55°C
DWV F CCTGCTAATCAACAAGGACCTGG 2 mM, 58°C 355 bp (RT-PCR)
R | CAGAACCAATGTCTAACGCTAACCC (Genersch, 2005)
KBV F GAT GAA CGT CGA CCT ATT GA 2 mM, 58°C 410 bp (RT-PCR)
R TGT GGG TTG GCT ATG AGT CA or (Stoltz et al., 1995)
1 mM, 55°C
SBV F ACCAACCGATTCCTCAGTAG 2 mM, 58°C 450 bp (RT-PCR)
R CCTTGGAACTCTGCTGTGTA (Grabensteiner et al. 2001)
ABPV F CATATTGGCGAGCCACTATG 2 mM, 58°C 400 bp (RT-PCR)
R CCACTTCCACACAACTATCG (Bakonyi et al. 2002)

Table 2.2: Detailed summary of primers

The table indicates the primer sequences, salt concentration, annealing temperature, PCR and RT-PCR
product sizes and references if applicable [22, 109, 114, 278]. Here the abbreviations represent
deformed wing virus (DWYV), kashmir bee virus (KBV), sacbrood bee virus (SBV) and acute bee
paralysis virus (ABPV).

Reverse transcription and PCR amplification

RNA purification with DNase treatment

To remove DNA contamination, 1 pg extracted RNA was treated with DNase I (RNase-free)
in presence of RNase-inhibitor (Fermentas, Germany) at 37°C for 30 min followed by

incubation at 65°C for 10 min to deactivate the DNase according to manufacture protocol.

RT-PCR

A two step RT-PCR protocol was used for the diagnosis of virus infection from extracted
RNA of honeybee. Reverse transcription was carried out with an average of 1 pg RNA,
random hexamer primer/ gene specific reverse primer and M-MuLV reverse transcriptase
(Fermentas, Germany) according to manufacture protocol. PCR amplification was performed

with 5 ul cDNA, specific virus primers, actin/tubulin specific primer, Taq polymerase and



MATERIALS AND METHODS 24

1 mM-2 mM MgCl, (Fermentas, Germany). The mixture was heated at 95°C for 10 min,
followed by 35 amplification cycles under following conditions; 95°C for 30 sec, 58 °C for 1
min, and 72 °C for 1 min followed by 72 °C for 10 min for the final extension and to complete
the polymerization. A negative (water) and positive virus-infected controls were also included

in each RT-PCR. PCR products were analysed by 1% agarose gel electrophoresis.

RT-PCR: Protocol

DNase treatment

e RNA =7 ul (200 ng/ul)
e 10 x buffer with MgCl, =1pul
e RNase-inhibitor =1yl
e DNase (RNase-free) =1yl
e Incubate at 37°C for 30 min
e 25mM EDTA =1ul
Total volume of mixture 11 pl

e Incubate at 65°C for 10 min (to deactivate DNase)
* In case of less volume of RNA solution, the total volume (11 pl) was achieved by adding

RNase free water

cDNA synthesis without DNase treatment cDNA synthesis after DNase treatment

e RNA =7upl e Above RNA mix =11l

e Specific primer (antisense)/ e Specific primer (antisense)/

Hexamer primer =1ul Hexamer primer =1yl

12 pl 12 pl

e Incubate at 70°C for 5 min e Incubate at 70°C for 5 min

e Chill on ice e Chill on ice

Add the following in the order indicated for RNA with or without DNase treatment

e 5x reaction buffer =4 ul

e 10 mM 4dNTPs mix =2 ul

e Ribonuclease inhibitor =0.2 ul

e DEPC-treated water =1.5ul

e For hexamer primer: Incubate at 25°C for 5 min
e For gene specific primer: Incubate at 37°C for 5 min

e M-MuLV =0.8 ul
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For Hexamer primer: Incubate at 25°C for 10 min followed by incubation at 37°C for

60 min

For Specific primer: Incubate at 37°C for 60 min

Stop the reaction by heating at 70°C for 10 min and chill on ice

PCR PROTOCOL

cDNA =5ul DNA =1 pul
Taq buffer+ KCI =2ul Taq buffer+ KCI =2 ul
dNTPs (10 mM) =05l dNTPs (10 mM) =0.5pul
primer 1 =1upl primer 1 =1ul
primer 1 =1upl primer 1 =1pl
Taq polymerase =0.5ul Taq polymerase =0.5pul
10 pul 6.0 ul
MgCl, Water conc. MgCl, Water conc.

1. 0.8pul(I1mM)+ 92ul
2. 1.6pl(2mM)+ 8.4 pul
3. 32l 4mM+ 6.8l

Total amount 20 pul

1. 0.8pul(1mM)+ 13.2pl
2. 1.6l 2mM)+ 124l
3. 32ul(4dmM+  10.8 ul

Total amount 20 ul

Protocol 2.1: Protocol of RT-PCR

2.1.2 Artificial infection of DWV

Animal collection for controlled infection and behavioural analysis

Adult honeybees were caught from the hive a day before the experiment. The hives were
tested with RT-PCR to confirm the absence of virus infection. The bees from same hive were
used for each single experiment to deal with bees of same group. All experiments were
performed at room temperature. After immobilization on ice, the bees were mounted in small
metal tubes with a strip of tape between head and thorax allowing the free movement of
antenna and proboscis for hemolymph infection and behavioural analysis. The animals were
fed with sucrose (1 M) each evening until satiation and kept in darkness in a plastic container
at relative humidity of 70% and at 20-25°C during the infection and behavioural test [212].
The behavioural experiments were performed in summer (2006) while for in vitro molecular
experiments, bees were also caught in winter (2007) from the artificially bee rearing room
with controlled humidity and temperature. In case of oral infection, the caught bees were

cooled down and transferred directly to wooden small cages where they can move and fly
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easily. Every day, the fresh sucrose paste (1 M) and water was provided in the cages in ample

quantity.

Crude bee homogenate for artificial infection

Five bees from each group (DWV-infected or non-infected) were homogenized separately in
liquid nitrogen and mixed with 5 ml phosphate-buffered saline (PBS, pH 7.4). The samples
were centrifuged at 3000 x g for 30 min at 4°C to get rid of all tissues [232]. The supernatant
was removed and stored in small aliquots at -20°C for future artificial infection. Later on,
different dilutions were made with PBS and also stored at -20°C. Before extracting crude
homogenate, bees from both groups were confirmed with RT-PCR indicating high level of
virus in DWV-infected bees while no virus was detected in non-infected bees. The crude
homogenate of DWV-infected bees (DWV-lysate) was used for artificial virus infection while

crude homogenate of non-infected bees (control-lysate) was used as control.

Pharmacological and control injections

In case of systemic injections (drugs / virus infection / control) into the hemplymph of
honeybee, a small hole was poked into the thorax with a sharp syringe needle and 2-4 pul of
solution was injected into the thorax using a micro-capillary, as described previously [212]. A
specific JNK-inhibitor; SP600125 (Sigma, Germany) was used for inhibition of JNK kinase
while a transcription blocker; actinomycin-D (AppliChem, Germany) was used to block the
transcription process. In parallel, the control groups were injected with appropriate controls

(10-20% DMSO, PBS, control-lysate) to evaluate the effect of drug on animals.

DWYV injection in hemolymph

For systemic injections into the hemolymph (2-4 pl), different dilutions of crude homogenate
(1:10, 1:100 and 1:1000) were tested to get optimized dilution and amount for behavioural
analysis. Finally, 2 pl of 1:1000 diluted DWV-lysate and control-lysate was selected as an
appropriate injection. RT-PCR was used to demonstrate the time window of infection with
different concentrations and to monitor the level of DWV infection at different days after
hemolymph injection. As a prerequisite for controls injection, two groups were injected with
control-lysate and PBS (phosphate buffered saline) to monitor any side effect of injection on
mortality and motor activity of honeybee. After confirming that both show no difference,

control-lysate was used as an appropriate control.
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DWYV oral infection

For oral infection of DWYV, the sucrose was contaminated with DWV-lysate and control-
lysate. The honeybees were kept in small wooden cages separately (Figure 2.2) provided with
sucrose paste containing either DWV-lysate or control-lysate at a dilution of 1:100 and water
was changed daily. At different time points from 2" to 7™ days of infection, RT-PCR was
used to monitor the level of DWV-infection. Both, alive bees and bees dying during this time

were included in RT-PCR to monitor the level of infection.

Opening lid

Iron mesh

For water/
sugar paste

Opening lid Saftey pin

Figure 2.2: Wooden cage for oral infection of DWV

2.1.3 Exposure of external stress stimuli

The honeybees were exposed to two types of external stress stimuli

1. Ultraviolet light (UV light)

2. Shaking with light (SL)
The adult forager honeybees were caught a day before the experiment and were harnessed in
the tubes. The bees were fed with 1 M sucrose solution until satiation with or without a
window in head of bee for ELISA (Enzyme-linked immunosorbent assay) and behavioural

analysis respectively.
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Exposure of UV light

The harnessed bees were either exposed to UV light or white light in a small wooden box with
internally fixed UV lamp (A=365 nm, Figure 2.3) or white light lamp for different periods of
time (5, 15 and 30 min). Finally, 30 min was used as appropriate time to get an effect on

behaviour and for activation of stress activated protein kinase.

On/Off

<«— Opening lid

UV lamp

Bee standing-rack

Figure 2.3: UV light lamp
The bees were exposed to UV light for different duration of time (5, 15 and 30 min).

Exposure of shaking with light (SL)

The harnessed bees were kept overnight in a plastic box at room temperature either in
complete dark without shaking (control: bees without any stress) or in white light with
continuous shaking (SL: bees under shaking and light stress). The treatment comprises of 15
min shaking with light followed by 15 min complete rest (no shaking and dark). Next day,
bees were placed at experimental place 10 min before the actual experiment.

SL treatment

A Behavioural/
~ R Biochemical

B B B e e

15min  15min  15min 15min 15 min 10 min

< Overnight

B shaking with light [] No shaking and dark

Protocol 2.2: SL stress treatment



MATERIALS AND METHODS 29

2.1.4 Behavioural analysis

Responsiveness to appetitive stimuli

Sucrose responsiveness of the bees to appetitive stimuli was tested using the proboscis
extension response (PER). The 0 M responsiveness test was performed 10 min before each
experiment by applying a single stimulus (0 M, water) to an antenna. If the bees were more
responsive to 0 M (>20%), all bees in experiment were fed with 2-3 drops of 1 M sucrose 10
min before the actual experiment to reduce their responsiveness. After that, an antenna was
stimulated by a series (inter-trial interval, 2 min) of defined stimuli with gradually increasing
sucrose concentrations (0 M, 30 mM, 100 mM, 300 mM and 1 M). For each sucrose stimuli,

the PER was monitored and used as measurement of sucrose responsiveness for each bee.

0 M test Responsiveness-test

10 min

v
= -0 M, 30 mM,100 mM,300 mM,1 M

Feeding: 2-3 drops (Interval: 2 min per tested conc.)
(1 M sucrose)

Protocol 2.3: Sucrose responsiveness

Non-associative learning tests

Sensitisation

The bees were first presented CS (odor) and after 2 min the bees were sensitised by antennal
stimulation with sucrose (1 M). After 20 sec, the second odor stimulus was presented to test
for sensitisation of experimental groups. The percentage animals showing a positive response

(PER) to second odor stimulus was used for statistical comparison.

CS (odor) US (1 M sucrose) CS (odor)
Interval: 2 min Interval: 20 sec
v v v
m m m o

Protocol 2.4: Sensitisation (Non-associative learning)
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Habituation

Habituation of bees was tested by repeated stimulation of an antenna with 1 M sucrose at an
inter-stimulus interval of one second. The number of PER occurring before five consecutive
response failures defines the habituation criterion [212]. To show that the bee was only
habituated to one antenna and was still able to respond to a sucrose stimulus, the opposite
antenna was stimulated with a single sucrose stimulation (dis-habituation). The number of
applied stimuli to habituate honeybee was used to compare the two groups. The PER of both
groups were normalized with respect to PER of control group and used for the graphical

presentation and statistical comparison

Habituation Dis-habituation

< »le >

; 1 M sucrose to single antenna ; 1 M sucrose to opposite antenna

+

Protocol 2.5: Habituation (Non-associative learning)

Associative olfactory learning

PER was implicated to investigate any alteration in associative learning mechanism of virus
infected or stress exposed bees (UV/SL). Before conditioning, each bee was placed into the
experimental situation in front of an air exhauster. Associative conditioning was performed as
described earlier [211]. A conditioning trial comprises the pairing of an odor stimulus (clove)
(conditioned stimulus, CS) with a sucrose reward (1 M) (unconditioned stimulus, US). After
the animals received three successive conditioning trials at an inter-trial interval of 2 min,
memory tests were performed 2 and 24 h after training by stimulating the bees with odor only
(Figure 2.4). The animals responding with PER were calculated from each group and were
used for statistical comparison.The bees which did not extend their proboscis after US were

excluded from the experiment.
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- B
Association Retention Test
T Memory tests
2h&24h
Odor (CS) after training. Odor (CS)
Os 2s 4s Bs 0s 2s o
_ \_ /

Sucrose (1M) = (US; Unconditioned stimulus), Clove odor = (CS; Conditioned stimulus)

Figure 2.4: Schematic diagram of olfactory conditioning in honeybee
The diagram shows the paring of CS and US in time dependent manner (Ref: U. Mueller).

Protein blast analysis

The protein sequence blast was used to compare the honeybee JNK (XP_392806) with human
INK (AAI30571; P45983.2, P45984.2, P53779.2), mouse JNK (NP 057909.1) and
Drosophila JNK homologue (NP _723541) (NCBI; National Centre for Biotechnology
Information). Following online free web tools were used to determine the similarity between
amino acid sequences and to computationally predict the target phosphorylation sites in
honeybee amino acid sequences.

1. Multalin interface page (http://bioinfo.genopole-toulouse.prd.fr/multalin/multalin.html)

2. NetPhos 2.0 Server (http://www.cbs.dtu.dk/services/NetPhos/)

3. Kinase-Phos (http://kinasephos.mbc.nctu.edu.tw/)

The mammalian based JNK antibody (Cell signaling Technology Inc. Danvers MA) against
two phosphorylation sites i.e. Theronine 183 and Tyrosine 185 (Thr183/Tyr185) were used

for molecular analysis of JNK pathway in honeybee.

2.1.5 SDS-PAGE and Western blotting

Sample preparation

The honeybee was immobilized on ice and its head was cut off with a sharp razor. The head
was mounted on a melted wax and immediately cooled on ice. The glands, trachea and ocelli
were gently removed with fine forceps. The central brain of honeybee was dissected and
homogenized in a glass douncer homogenizer with 300 ul of homogenizing buffer (PBS,

1 mM EDTA, 4 M Urea).
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In case of Drosophila, whole heads of 15 Drosophila were removed and homogenized in 300
ul of homogenizing buffer. For mouse, very small piece of frozen mouse brain in liquid
nitrogen was thawed and homogenized in 200 pl of homogenizing buffer. After
homogenization, the samples were transferred to eppendorf tube and sonification was
performed with HTU SONI 130 sonifier (Schwébisch Gmiind, Germany) at 40% amplitude
for 5 to 10 times (one second duration). Sample loading buffer was added in a ratio of 1:4.
After that, the samples were incubated at 95°C for 5 min in thermo block and were loaded on

a SDS gel.

SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel electrophoresis)

The protein samples were separated by using 10% SDS-polyacryamid gel at 20 mA per gel
for approximately 40 min according to standard protocol. The protein sample will separate
according to their electrophoretic mobility (molecular weight of protein). The two glass plates
(10x10 cm) were assembled with a spacer (0.5 mm thick) between the plates. The two plates
were sealed from sides with agarose (0.5% containing 1% SDS) and resolving gel buffer
(10% acrylamid, pH 8.8) was poured into the glass plates by leaving about 2 cm space for
stacking gel. Few drops of 1-butanol were added on the surface of buffer between the plates.
After 30 minutes, the gel was polymerized completely. After that, the butanol was rinsed out
completely with distilled water. The stacking gel (4% acrylamid, pH 6.6) was poured above
the polymerized resolving gel. The comb was inserted with care not to get any air bubbles
stuck underneath and leave the gel for 30 min for complete polymerization. The comb was
removed and the wells were flushed thoroughly with running buffer. The glass plates were
clamped in electrophoresis apparatus and the chambers were filled with running buffer
according to the instruction of electrophoresis apparatus.

20 ul of each probe per lane was loaded into the wells on stacking gel for electrophoresis. The
pre-stained SDS molecular weight standard marker (pre-stained marker, Sigma, Germany)
was also loaded in one lane for determination of protein size in loaded probes. A current of 20

mA was applied for running of gel until the blue dye front reaches the bottom.

Western blotting

After separation of the samples on SDS-PAGE, the proteins were transferred to nitrocellulose
membranes. The gels and whatman filter papers were soaked in blotting buffer for
impregnation. The gel, membrane and filter paper were arranged in the following order; 3

layers of filter paper, nitrocellulose membrane, gel, 3 layers of filter paper. A falcon tube was


http://en.wikipedia.org/wiki/Sodium_dodecyl_sulfate
http://en.wikipedia.org/wiki/Polyacrylamide_gel
http://en.wikipedia.org/wiki/Electrophoresis
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scrolled over to remove air bubbles between them. Protein transfer from gel to nitrocellulose
membrane was performed in the blot chamber proceeded at 20 V, 0.4 A and 8 W for the
duration of 40 min (U=20 V, [=0.4 A, P=8 W, T=40 min). For more gels, the current is
increased by 0.4 A for each additional gel.

Membranes were blocked for 1 h with blocking buffer (2% BSA in PBS and 0.1% TWEEN
20) with gentle shaking at room temperature. After blocking, membranes were incubated
overnight at 4°C with JNK antibody (1:8000) or Phospho-JNK (1:500) in blocking buffer
(with traces of sodium acid). Next day, the primary antibodies were removed for recycling
and the blots were washed (3x5 min) in PBS. The blots were incubated for 1 h at room
temperature with anti-rabbit IgG labeled with peroxidase (1:10,000 in blocking buffer). After
that, blots were again washed (3x5 min) with PBS. Signals were visualized using the western
lightening chemiluminescence plus kit (Perkin-Elmer, Belgium, Zaventem). The blots were
immersed in chemiluminescence reagent solution for 2 min and were covered with a plastic
bag. The blots were exposed to X-ray film for different exposing times (50 sec, 1 min to 5
min).The X-ray films were developed in dark room with standard reagents (developer and

fixer) and dried with warm air.

2.1.6 Enzyme-linked Immunosorbent Assay (ELISA)

The ELISA was used to quantify the relative JNK activity in honeybee brain after different
experimental treatments (infection, UV/SL exposure, inhibition of JNK and transcription).
ELISA enables the large scale rapid analysis of MAPKs and substitutes the western blotting
and gel-based kinase assays [300]. This novel technique is also used in many other studies to
monitor the activity of JNK [26, 134, 141]. The 96 wells microtiter plates (F96 Maxisorp,
NUNC-IMMUNO plate, Denmark) were used for ELISA analysis. The relative JNK activity
in each sample represents the ratio of the phosphorylation state of JNK at positions
Thr183/Tyr185 and the total amount of JNK, as determined by ELISA using antibodies
directed against the phospho-domain and total JNK. The relative amounts of the antigens in

each sample were measured by ELISA as described below.

Sample preparation

After catching the bees, a window was cut in the cuticle of honeybee head for easy excess to
the brain (Figure 2.5). After the treatments as indicated in results, bees were immediately

immersed in 50% cooled EtOH (-20°C) and incubated at ice for 30 min to conserve the state



MATERIALS AND METHODS 34

of JINK phosphorylation. After that, the bees were decapitated and mounted on wax to dissect
the brains. The glands, tracheae and ocelli were removed from the brain and central brain was
dissected for homogenization. Each brain was homogenized and sonified 4-5 times (amplitude
40%) with a HTU SONI sonifier in 500 pl homogenizing ELISA buffer (PBS, 1 mM EDTA).
The samples were diluted with a ratio of 1:1 with homogenizing buffer to reduce the excess of

antigen amount.

Window in bee head

Figure 2.5: Dissection of window in head cuticle of honeybee.

Coating

During coating, two identical ELISA plates were used for JNK and phospho-JNK antibody
respectively. All ELISA plates were pre-filled with 50 ul of homogenizing ELISA buffer and
50 ul of diluted samples were added to the wells of 1% and 7" column. Starting with 50 pl, the
samples were diluted within a row of 6 wells. 6™ and 12" column were left blank as a control
while the rest remained in pipette was discarded. Now the final volume in each well was 50 pl
and again 50 pl of homogenizing ELISA buffer was loaded in each well giving the final
volume of 100 pl per well. The plates were incubated for 1 h at room temperature (RT) with

gentle shaking.
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Blocking and primary antibody

After coating of antigen, the plates were incubated with 400 pl of blocking buffer (PBS
containing 0.5% BSA) for 1 h at RT with gentle shaking to block the remaining binding sites
of wells. After removing blocking buffer, the plates were incubated with primary antibodies
overnight at 4°C with gentle shaking. One plate was incubated with 100 pul antibodies against
total JINK (1:5000 in PBS, 0.5% BSA, traces of Na-acid) and the other plate with antibodies
against phosphorylated JNK (1:1000 in PBS, 0.5% BSA, traces of Na-acid).

Secondary antibody and staining

Next day, primary antibodies were removed for recycling and the plates were washed with
PBS (3x3 min) followed by incubation with 100 pl of anti-rabbit IgG labeled antibody with
alkaline phosphatase (1:4000 in PBS, 0.5% BSA, traces of Na-acid) for 1 h at RT with gentle
shaking. After that, secondary antibody was removed for recycling and plates were washed
again with PBS (3x3 min). 200 pl of staining buffer (0-nitro phenyl phosphate in RxN buffer)

were added per well and incubated at 37°C for complete staining.

Data measurement and analysis

The conversion of the phosphatases substrate 0-nitro phenyl phosphate was measured with a
micro-plate reader (Safire, Tecan) at 405 nm using 620 nm as background. The relative
concentration of the antigen is reflected by the slope of the optical densities calculated from
the dilution series of each sample. Since only measurements performed on the same ELISA
plate are comparable, all slopes on a particular plate were normalized to the mean value of the
slope calculated for the control group on this plate and the t-test was used to evaluate the

significance between control and experimental groups of bees.

2.1.7 Immunohistochemistry

The honeybee with a window in head capsule (Figure 2.5) was immersed in 4% para-
formaldehyde for 30 min at room temperature. Bee brains were dissected and again incubated
in 4% para-formaldehyde for 3.5 hours at 4°C followed by three times washing with 0.1 M
phosphate buffer for 15 min. The brains were dehydrated in increasing grades of isopropanol
(60%, 90%, and 100%) for 1 h each at RT followed by incubation for 1 h in 100%
isopropanol at 45°C. After that, the brains were incubated in paraffin-isopropanol mixture
(1:1) at 70°C for 1 h and then in paraffin at 60°C for overnight. Next day, paraffin was

changed and tissues were again incubated for 2 h at 60°C. Then, the paraffin embedded brains



MATERIALS AND METHODS 36

were cooled down in cold water and sectioned into 7 pum thin slices with a Microtome
(Microtome 2040, Autocut, R.Jung GmbH, NuBlloch Germany). Sections were mounted on
poly-L-lysine coated slides with distilled water and dried on heat plate at 40°C and incubated
overnight at 45°C to let them dry completely.

The paraffin was removed by rinsing the slices in Xylol (2x5min) and rehydrated in
successive steps of decreasing ethanol (96%, 90%, 80%, 70% and 50%) for 2 min each. The
tissues were de-masked by cooking them in 0.1 M sodium citrate buffer (pH 6) for 1 min and
then incubated for 9 min below boiling temperature. After 20 min cooling, slides were washed
in distilled water for 5 min and blocked with blocking buffer (0.5% BSA in PBS + 0.5%
Triton X-100). Later, the slides were incubated overnight at 4°C with primary antibodies of
total JNK (1:400) and phosphorylated JNK (1:500) in blocking buffer. Next day, after three
times washing with PBS-Tx (0.1% (v/v) Triton-X100, 137 mM NaCl, 2.7 mM KCI, 10.1 mM
Na;HPO4, 1.8 mM KH,PO,) for 5 min, slides were incubated with secondary anti-rabbit IgG
alkaline phosphates (1:400) in blocking buffer for 1.5 h at room temperature. After three
times washing with PBS-Tx for 5 min, tissues were incubated with staining buffer (1 mg NBT
in 10 ml RxN buffer (0.1 M Tris, 1 mM Mg*", pH 8.8) + 2 mg BCIP in 50 ul DMSO). After
successful staining, slides were again washed with PBS-Tx (3x5 min). To conserve staining,
the slides were washed with distilled water for 2 min followed by washing with increasing
concentrations of ethanol (50%, 70%, 80%, 96% and 100%) for 2 min each. At the end, slides
were incubated with Rotihistol for 5 min and a drop of Rotihistokitt was used with a cover
slip to cover the slides. The images were recorded with a microscope and an attached camera

[209].

2.1.8 Calcium imaging

The Fluo-4 (chemical fluorescent indicator) and cameleon (genetically encoded fluorescent
indicator) were used to determine the acetylcholine (ACh) induced calcium signal (Ca*"
dependent fluorescence) in Kenyon cells of honeybee (adult) and Drosophila (larvae)
respectively. Each indicator shows the fluorescence only when calcium is bound and thus
demonstrates the excitation spectra of the cells. The fluorescence intensity was measured with
fluorescence microscope and reflects the intracellular calcium concentration. Since both
species reveal the similarities in ACh induced calcium dependent fluorescence signal.
Therefore, the genetically manipulated Drosophila larvae (201y-GAL4, UAS-cameleon 2.1)

were used frequently (Figure 2.6). In this case, the cameleon fluorescence is selectively



MATERIALS AND METHODS 37

expressed in the mushroom bodies and does not need to be stained with chemical fluorescence

indicators.

UAS construct GALA4 lines UAS/GAL4
Camelecn 2.1 axprassad
Camelson 2.1 Mushroom body in mushroom bodies

Figure 2.6: Specific expression of cameleon in mushroom bodies of transgenic Drosophila
The crossing of UAS cameleon 2.1 with specific Gal4 line leads to restricted cameleon expression in
mushroom bodies [96].

Dissection and fixing of neural cells

The glass slides were washed with ethanol and after drying, small round circles (6-8 per slide)
were marked on it. The boundary of marked circles was mounted with wax and the surface of
circles was coated with poly-L-lysine. An adult brain of honeybee or 14 larval brains of
Drosophila were dissected under the microscope in honeybee / Drosophila ringer solution
(without Ca®"). The brains were incubated in 50 pl collagenase enzyme at 34°C for 30 min
and were stirred with pipette frequently. After the centrifugation at 1600 rpm for 3.5 min, the
supernatant was discarded and the pellet was immersed in 200 pl of honeybee / TC100
Drosophila medium (cell nutrition). After that, 20 pl of each sample were loaded on each
marked circle on poly-L-lysine coated glass cover slide and incubated for overnight at RT in

dark to fix the cells on glass slide.

Staining and measurement of Ca*" signals

After fixing, the glass slides were washed with PBS. After that, 20 ul Drosophila ringer (with
Ca’") (Drosophila cells) and 20 ul of honeybee ringer (with Ca*” and Fluo-4) (honeybee cells)
were loaded per circle followed by incubation for 30/40 min at RT in dark respectively. For
treatment, the Drosophila cells on the slides were exposed to UV light (UV lamp; Figure 2.3)

for different periods of time including 5 min as an appropriate time point.
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For inhibition of JNK and transcription, 2 pl of 200 uM JNK-inhibitor and actinomycin-D
(final conc. 20 uM per circle) were applied on different slides. The DMSO concentration in
all samples was 0.1%. After adding JNK-inhibitor or Act-D, slides were incubated for 30 min
at RT followed by UV treatment as explained above. In parallel, a slide without any drug
treatment and UV light exposure were included as positive control.

The changes in Ca”" signals were measured with calcium imaging microscope (Figure 2.7),
when cells were stimulated with 2 pl of 200 pM ACh or control (Drosophila / honeybee
ringer with Ca®"). The final concentration of ACh or control was 20 uM per circle. The
percentage of stimulated cells was used to calculate the significant changes in ACh induced

calcium signal.

Polychromator

Microscope

Dual-View
Imager

CCD
Camera

Computer

Figure 2.7: Calcium imaging microscope
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2.2 MATERIAL

2.2.1 Chemicals

1-Butnaol

2-Mercaptoethanol

(Central chemical depot, Saarland University)

Acetylcholine chloride

Agarose

APS (Ammonium peroxodisulfate)

BCIP (5-Brom-4-Chlor-3-Indolylphosphate)

BSA (Bovine serum albumin)

CaCl, (Calcium chloride)

Chemiluminescence plus kit

Chloroform

Clove oil (Nelkenol)

Collagenase / Dispase

Perkin-Elmer,

DEPC (di-ethyl-propyl carbonate)
DMSO (Dimethyl sulfoxide)

DNase I (RNase free)

dNTPS mix
E 124 (food color)

EDTA (Ethylenedinitrilotetraacetic acid )

Ethanol

Fluo-4-AM (Fluorescence color dye)

Glucose
Glycerin

Glycin
Hexamer primer
Isoamyl alcohol

Isopropanol

KCI (Potassium chloride)
KH,PO4 (Potassium di-hydrophosphate)

L-15 Leibovitz medium

Liquid nitrogen

C.CD

Merck

Sigma

C.CD

C.CD

Appli Chem
Roth

C.CD
Belgium, Zaventem
C.CD
Pharmacy
Roche

C.CD

C.CD
Fermentas
Fermentas
C.CD

C.CD

C.CD
Molecular probes
C.CD

C.CD

Roth
Fermentas
Acros Organics
C.CD

Merck

Merck
Invitrogen

C.CD
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Methanol
MgCl 2
MgCl, 6H,0 (Magnesium chloride)

M-MuLV reverse transcriptase

Na,HPO4 2H,0 (di-Sodium hydrogen phosphate-2-hydrate)

NacCl (Sodium chloride)

NaHCOs3 (Sodium hydrogen carbonate)

NaOH (Sodium hydroxide)

NBT (Nitro blue tetrazolium chloride)

Paraffin wax

Para-formaldehyde

Phenol

Pipes

p-NPP (para-Nitrophenylphosphat-disodium-hexahydrate)
Poly-L-Lysine

Proline

Proteinase K enzyme

Ribonuclease inhibitor

RNase inhibitor

Roti-Histokitt

Rotihistol

Rotiphorese Gel 30 (0.8% Bisacrylamid, 30% Acrylamid)
SDS (Sodium dodecyl sulfate)

Sucrose

Taq polymerase

TC 100 insect media (E15-856)

Temed (N,N,N’,N’-Tetramethylethylenediamine)

Tris (Tris-(hydroxymethyl)-aminomethane)

Triton X-100 (Polyethylenglycol-tert-octyl-phenylether)
Trizol reagent (Cat. No 15596-026)

Tween 20 (Polyoxyethylensorbitanmonolaurat)

Urea

Xylol

C.CD
Fermentas
Merck
Fermentas
C.CD
C.CD
C.CD
Z-Chem
Appli Chem
Fluka

C.CD
Sigma-Aldrich
Appli Chem
Appli Chem
Sigma-Aldrich
Appli Chem
Sigma-Aldrich
Fermentas
Fermentas
Roth

Roth

Roth

Roth
Supermarket
Fermentas
PAA

Appli Chem
Sigma

Fluka
Invitrogen
Appli Chem
C.CD
C.CD
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2.2.2 Antibodies and pharmacological drugs

Primary antibodies

Phospho-SAPK/INK (Thr183/Tyr185) antibody (Cat. No. 9251) Cell signaling
SAPK/INK antibody (Cat. no. 9252) Cell signaling
Secondary antibodies

Anti-Rabbit IgG peroxidase conjugate Sigma
(Western blotting)

Anti-Rabbit IgG (whole molecule) Alkaline phosphatase antibody Sigma
(ELISA: product no. A3687)

Anti-Rabbit IgG Alkaline phosphatase conjugate Sigma
(Immunohistochemistry)

Pharmacological injections

SP600125: INK-inhibitor (Cat. No. S5567) Sigma
Actinomycin D: transcription blocker (CAS no. 50-76-0) AppliChem
Molecular weight marker

SeeBlue Plus2 Pre-Stained (western blotting) Invitrogen
MassRuler DNA ladder, Low range (for PCR) Fermentas
2.2.3 Apparatus and miscellaneous material

Apparatus

Binocular Leitz DMRB microscope Leica
Binocular S6 D Leica
Blotting apparatus Owl

Calcium imaging microscope Zeiss

Cold light lamp KL 1500 LCD Schott
Digital shaker KS 501 IKA Labortechnik
DNA electrophoresis gel Oowl
ELISA-reader Safire Tecan
Eppendorf centrifuge 5804 R Eppendorf
Eppendorf master cycler personal (PCR devices) Eppendorf
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Flaming/Brown micropipette puller
Folio packing device

HTU SONI 130 Sonifier

Membrane vacuum pump
Micro-pipetten puller model

Microtom autocut 2040

pH-meter (inolab pH 730)

Power station 300 plus

Shaker and heating device IKA RCT bass
Spectrafuge 24 D centrifuge device
Spectrophotometer- Biomate
Switching power DPS-4005 PFC
Thermo heating block

UV light lamp (Nu-8 KL)

UV light lamp

Vortex mixer device VX100

Water bath

Weight balance CP3202S and CP225D
White light lamp

Miscellaneous material

384 wells ELISA plates (black)

96 wells ELISA plates (NUNC-IMMUNO plate)
Bee tubes standing Rack

Blot combs

Capilettor stik (1-5 pl)

Capilettor tips Glass capillary (1-5 pl)
Dental wax (medium)

Developing film BioMax X-ray Film
Eppendorf tubes (1.5 ml)

Glass homogenizer with glass pestle
Honeybee harnessed tubes

Honeybee mini cages

Injection syringes

Mortar and pestle

Sutter Instrument corp. USA

Severin

Schwaebisch Gmiind Germany

Vacuubrand GmbH

P-87 Sutter instrument Co.

Reichert-Jung
WTW

Labnet

IKA labortecnik
Labnet

Thermo Electron corp.

Voltcraft
Labnet
Benda
Self-made
Labnet
Labnet
Sartorius

Self-made

Nunc
Thermo Labsystems
Self-made
Owl
Selzer
Selzer
Ubert
Kodak
Eppendorf
Braun
Self-made
Self-made
Braun

C.CD
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Nitrocellulose-membrane (Optitran BA-S 85) Schleicher and Schuell
Silicon (Baysilone-paste mittelviskos) Bayer

Tooth picks Super market
Whatman-filter paper Schleicher and Schuell

2.2.4 Buffer and solutions

PBS (Phosphate buffer saline)

SDS-Page

Homogenizing buffer

Sample loading buffer

Resolving gel buffer 10% (4 ml)

Resolving buffer

Stacking gel

Stacking buffer

for 10x PBS

2.7 mM KCl 10 g/51
1.8 mM KH, PO, 12.5 g/51
137 mM NacCl 400 g/51
10.1 mM Na,HPO4 90 g/51

Make up the required volume with H,O

1 mM EDTA
4 M Urea
in PBS

5x stock solution

10 mM 2-Mercaptoethanol
0.05% Bromphenolblau
20% Glycerin

10% SDS

0.2 M Tris

pH 6.8 with HCl

1.617 ml Aqua dest.

0.020 ml 10% APS

1.333 ml Rotiphorese gel 30 (10% Bis-
acrylamid)

1.000 ml Resolving buffer

0.020 ml 20% SDS

0.010 Temed

1.5 M Tris (pH 8.8 with HCI)

4% (2 ml): 1.193 ml Aqua dest.

0.010 ml 10% APS

0.267 ml Rotiphorese gel 30 (10% Bis-
acrylamid)

0.500 ml stacking buffer

0.025 ml 20% SDS

0.005 ml Temed

0.5 M Tris (pH 6.8 with HCI)
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Running buffer (10 x stock solution)

Western blotting

Blotting-buffer

Blocking buffer
ELISA
Homogenizing ELISA buffer

Blocking buffer
RxN-buffer

Staining solution

Immunohistochemistry

Fixation buffer

Phosphate buffer
Stock solution A
Stock solution B
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for 10x buffer
2 M Glycin 300.28 g/21
1% SDS 20 g/21
0.25 M Tris 144.2 g/21

Make up the required volume with H,O

1x buffer

0.2 M Glycin 28.8 g/21
20% Methanol 400 ml/21
0.25 M Tris 60.6 g/21

Make up the required volume with H,O

2% BSA 0.1% Tween 20 in PBS

1 mM EDTA in PBS

0.5% BSA in PBS

1 mM MgCl16H,0
0.1 M Tris-HCI pH 8.7

I mM p-NPP
in RxN-buffer

50 ml 8% Para-formaldehyde
50 ml 0.2 M Phosphate buffer
with 1 M NaOH

0.2 M KH,PO,
0.2 M NA,HPO,4 2H,0

2 part stock solution A + 8 part Stock solution B

De-masking buffer
Blocking buffer-Tx

Staining buffer

Washing buffer PBS-Tx

0.1 M Sodium citrate buffer (pH 6)
0.5% BSA 0.1% Triton X-100 in PBS

I mg NBT in 10 ml RxN buffer
2 mg BCIP in 50 ul DMSO

0.1% v/v Triton-X100
137 mM NacCl
2.7 mM KCl1



MATERIALS AND METHODS

45

Calcium imaging

Drosophila ringer solution
(Without Ca®™)

Drosophila ringer solution
(With Ca®")

Drosophila medium

Honeybee ringer solution
(With Ca*™)

Honeybee ringer solution
(Without Ca®)

10.1 mM Na,HPO,4
1.8 mM KH2P04

130 mM NacCl

5 mM KCl

2 mM MgCl,

36 mM Sucrose

5 mM Herpes

in 100 ml distilled water
pH 7 adjusted with NaOH

130 mM NacCl

5 mM KCl

2 mM MgCl,

2 mM CaC|2 X2 Hzo

36 mM Sucrose

5 mM Herpes

in 100 ml distilled water
pH 7 adjusted with NaOH

TC 100 insect medium (PAA E15-856)
10% FCS (Foetal cell serum)
1% P/S (Penicillin / Streptomycin)

130 mM NaCl

6 mM KCl1

5mM CaCl; x 2 H,0O

4 mM MgCl,

10 mM Herpes

23 mM Glucose

117 mM Sucrose

in 100 ml distilled water
pH 7 adjusted with NaOH

130 mM NacCl

6 mM KCl1

4 mM MgCl,

10 mM Herpes

23 mM Glucose

117 mM Sucrose

in 100 ml distilled water
pH 7 adjusted with NaOH
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Collagenase/Dispase-stock solution 10 mg Collagenase/Dispase

in 100 pl dH,O
Collagenase/Dispase 100 pl Coll./Dis.-Stock solution

in 9.9 ml PBS
Bee ringer + Fluo-4 solution 50 pg Fluo-4 +50 pl DMSO (Stock solution)

1 ul stock solution + 500 ul bee ringer with Ca*"
(20 pl per circle)

Bee medium

Primary medium (PM) 1 g Sucrose
0.625 g Fructose
0.825 g Proline
10 g Saccharose = Sucrose
in 70 ml Leibovitz's L-15 medium
(GIBCO: 11415-064)
Sterilize and add 180 ml L-15 medium

Bee medium (BM-3) 0.125 g Pipes (pH 6.7-6.8) in 20ml of
166.5 ml PM. Sterilize and mix in rest PM
Add 25 ml FCS/sterile and
2 ml Yeastolat/sterile (Gibco 18200-048)
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3 RESULTS

3.1 VIRUS INFECTION AND JNK: ROLE IN LEARNING AND
MEMORY OF HONEYBEE

3.1.1 Diagnosis of honeybee viruses

Two major genetic diagnostic tools (PCR and RT-PCR) were used for the diagnosis of
honeybee viruses. Primers against bee viruses like Kashmir bee virus (KBV), acute bee
paralysis virus (ABPV), deformed wing virus (DWV) and Sacbrood virus (SBV) were
designed from available nucleotide sequences by using computer based software tools. Since
each virus requires a defined set of primers, the conditions for each of these primers were
optimized before the screening procedure. As optimization can only be carried out with
samples containing the viruses, positive infected samples were obtained from the “Institut fiir
Virologie, Justus Liebig Universitit Giessen”. Repeated RT-PCR experiments for each primer

were performed to optimize conditions and quality of amplification (Figure 3.1)

KBV SBV ABPV

M12345678910T M M1234567TM

M 1 2 3 4 A5

Figure 3.1: Diagnosis of honeybee viruses with RT-PCR

M, marker; T, Tubulin positive control (646 bp); A, Actin control (738 bp) (@) lane 1-3, KBV
amplification with different salt concentrations (410 bp); lane 4-6, SBV amplification with different
salt concentrations (450 bp); lane 7-9, ABPV amplification with different salt concentrations (400 bp);
lane 10, negative control (water) (b) Diagnosis of KBV: lane 1-7, KBV amplification with different
temperature and salt concentrations (410 bp (c) Diagnosis of DWV: lane 1-4, RT-PCR with different
infected samples (355 bp); lane 5, negative control (water).
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3.1.2 Screening and characterization of DWV infection

To investigate the persistency and natural infection of honeybee viruses in the vicinity of
Saarbriicken, a screening procedure was started by collecting honeybee samples from
beekeepers in surrounding areas of Saarbriicken. Different storage techniques like ethanol
(75%, 99%) and liquid nitrogen were used to avoid sample degradation. Finally, liquid
nitrogen was used to transport and store bee samples until their analysis in the laboratory.
Each collected sample was subjected to several RT-PCRs for diagnosis of different viruses.
Care was taken to process all collected samples immediately after collection in liquid nitrogen
to avoid any degradation of RNA.

RT-PCR-based screening of honeybee samples revealed strong DWV signals (Figure 3.2 a).
Samples were also checked repeatedly for infection with other bee viruses but in these bees, |
found no evidence for infections by other viruses (ABPV, SBV and KBV) as tested by RT-
PCR. Despite the strong DWYV infection, there were no symptoms for wing deformation. This
demonstrates that DWV can persist in adult bees without showing any symptoms. This
screening resulted in detection of naturally occurring infection with DWV and provided a first
candidate to investigate the artificial virus infection and learning in honeybees in more detail.
In order to localize the DWYV in different body region of honeybee, the honeybee was divided
in to three body parts: head, thorax and abdomen. The repeated RT-PCR experiments show
that the DWV signal was high in the abdomen and gradually decreases in the thorax and head
(Figure 3.2 b).

M 1 2 3 4 5 A M 1 2 3 4 A

Figure 3.2: Localization of DWV in honeybee

M, marker; A, Actin positive control (738 bp) (a) DWYV infection: lane 1-4, RT-PCR from different
infected samples; lane 5, negative control (water). (b) Localization of DWV in body regions of
honeybee: lane 1, head; lane 2, thorax; lane 3, abdomen; lane 4, DWV-positive control (355 bp).
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3.1.3 Artificial virus infection

For the planned behavioural experiments, it was necessary to artificially infect groups of bees
with virus while parallel handled control groups were not infected. In a first approach, the
crude homogenate of DWV-infected bees (DWV-lysate) containing high level of virus and
crude homogenate of non-infected bees (control-lysate) was used for artificial infection of
honeybees under laboratory conditions. The RT-PCR diagnosis confirmed high virus signal in
virus infected and no detectable signal in non-infected bees respectively.

Two different controls i.e. control-lysate and PBS were also injected in honeybee to compare
the effect of control injections on the survival of honeybees. No difference was observed
between the survivals of both groups of honeybees (Figure 3.3). This demonstrates that

control-lysate can be used as proper control injection in further experiments.

100 —&— Control-lysate (34)

—— PBS (33)

Survival (%)
3

No of days

Ihjection (Control/PBS)

Figure 3.3: Survival of bees injected with control injections

Both solutions were injected into two different groups of honeybees at day 0 and survival was
monitored for 7 days. The bees were fed with 1 M sucrose 3-4 times per days. The percentage of
surviving bees remains same in both groups of bees.

3.1.3.1 DWV infection via food (oral application)

To test for a possible transfer of DWV via food, groups of bees were fed with sucrose alone or

sucrose contaminated with control-lysate or DWV-lysate. The DWV infection was monitored
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at different time periods after oral feeding of DWV using RT-PCR. The bees were kept in
small wooden cages (Figure 2.2) and were fed with contaminated sucrose. As shown in Figure
3.4, these feeding experiments did not lead to a detectable infection by DWV within the tested
time window of 7 days. Thus, oral application either does not lead to a DWV infection at all,

or it takes much longer to reach the threshold level for DWV infection.

M1 2 3 45 A

Figure 3.4: Oral application of DWV

M, marker; A, Actin positive control (738 bp) : lane 1, seventh day after continuous oral application of
DWV-lysate in sucrose; lane 2, seventh day after continuous oral application of control-lysate in
sucrose; lane 3, seventh day after continuous oral application of sucrose; lane 4, DWV-positive control
(355 bp); lane 5, negative control (water).

3.1.3.2 DWV infection via hemolymph

Injection of DWV-lysate directly into the hemolymph of bees causes a strong RT-PCR signal
when compared with the control groups injected with control-lysate or PBS. A signal was
visible 3 days after injection and the signal increases gradually from 3 to 6 days (Figure 3.5).
Thus injection in hemolymph can be used as an appropriate method for artificial infection of
DWYV in honeybees.

The DWV-lysate injected group shows very high mortality after 2-3 days of infection. The
control-lysate injected group showed higher survival than infected group (Figure 3.6).
Moreover, virus infected bees show a decrease in motor activity like slow antennal movement
and slow extension of proboscis after sucrose stimulation while no difference in motor

activity is observed in the control group.
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. N

M1 2 345 6 A M 12 345¢67A

Figure 3.5: Time course of DWV hemolymph infection
M, marker; A, actin positive control (738 bp) (a) lane 1, DWV-positive control; lane 2-5, represent 2™
to 5™ day after DWV lysate injection, respectively; lane 6, negative control (water). (b) lane 1-4,

represent 3" to 6™ day after DWV-lysate injection, respectively; lane 5-6, DWV-positive control; lane
7, negative control (water).

100

—4&— Control-lysate (128)
—&- DWV (148)

High mortality

Survival (%)
S

No of days
[

Ihjection (Control/DWYV)

Figure 3.6: Survival of bees after DWV-lysate or control-lysate injection

Solutions were injected in two different groups of honeybees and survival percentage was monitored
for consecutive 4 days. The bees were fed with 1 M sucrose 3-4 times per days. The survival
percentage in DWV-lysate injected group decreased very rapidly after 2 days.

3.1.4 DWYV and behavioural analysis

Associative learning is an essential component of the foraging behaviour of honeybee and of

dance communication. Honeybees provide the opportunity to study non-associative learning
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such as sensitisation and habituation as well as associative olfactory learning with single
animals. These learning paradigms are based on the proboscis extension response (PER)
elicited by appetitive stimuli like sucrose and thus it is necessary to test whether processing of

this appetitive stimuli is affected by DWV infection.

3.1.4.1 DWV infection affects responsiveness to appetitive stimuli

Honeybees respond to sucrose concentration by protruding their proboscis. Since sucrose is
used as sensory stimuli and reward in associative learning, it is necessary to test whether the
responsiveness is changed after DWV infection. Based on the results derived from RT-PCR
measurement (Figure 3.5 ab), I tested the responsiveness of bees at two time points during
DWYV infection: the first and the fourth day after injection. At these time points, I verified the
level of DWV infection with RT-PCR and tested whether an antennal stimulation with
sucrose elicits the PER.

Gradually increasing concentrations of sucrose (0 M, 30 mM, 100 mM, 300 mM, and 1 M)
were used to test the responsiveness of control and infected honeybees. On the first day after
injection, the responsiveness of DWV infected bees does not differ from that of the control
group (Figure 3.7 a). However, on the fourth day after injection, the responsiveness of the
DWYV infected group to water and low sucrose concentration is strongly increased when
compared with the control group (Figure 3.7 b). This data clearly indicates a principle effect
of viral infections on sucrose responsiveness. The fact that sensory processing is also
implicated in sucrose-rewarded learning makes an impairment of associative learning very
likely. Since there were no differences in the responsiveness to high sucrose concentrations
between DWYV infected and control bees, I used 1 M sucrose as appetitive stimuli in the

behavioural analysis of associative and non-associative learning.

Injection Responsiveness-test

Duration of infection 10 min
; days

‘0 M, 30 mM,100 mM,300 mM, 1 M

OM test +

Interval: 2 min per tested conc.
Feeding: 2-3 drops ( 1 M sucrose) ( P )

Protocol 3.1: DWYV infection and sucrose responsiveness
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@ 100 v 5 control (60)
1 m DWV (60)

<

& 50 -

1]

o 4

0 . . . .
OM  30mM  100mM  300mM 1M

Sucrose concentration

(b) 1001 [ control (20)
1 ®EDWV (20

11

30 mM 100 mM 300 mM 1M

PER (%)

Sucrose concentration

Figure 3.7: DWV infection and sucrose responsiveness

Sucrose responsiveness of bees was tested on the (@) first and (b) fourth day after artificial hemolymph
infection with control-lysate and DWV-lysate. After each stimulation of an antenna with successive
single stimuli of increasing sucrose concentrations (0-1 M), the PER (proboscis extension response)
was recorded. The data show the mean responsiveness indicated by the percentage of PER. The
asterisks indicate significant difference between the groups (y” test / Fisher exact test; **p <0.01,*p
<0.05).

3.1.4.2 DWV infection and non-associative learning

Sensitisation and habituation of PER

Sensitisation is the increased responsiveness to a neutral sensory stimulus (odor) shortly after
application of a stimulus (sucrose) that arouses the animal. This non-associative learning
paradigm was used to test any potential impairment in the processing of the sensory stimulus

(odor). After testing the responsiveness to an odor stimulus, the honey bee was sensitised by
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antennal stimulation with sucrose (1 M) that elicit the same responsiveness in DWV and non-
infected bees (Figure 3.7). The second odor stimulus was immediately presented after 20 sec.
As illustrated in Figure 3.8 a, DWV infected bees do not differ from control bees indicating
that DWV infection does not affect processes underlying sensitisation using high sucrose
concentrations (1 M). In both groups, the first odor stimulus elicits PER only in a few bees
(less than 10%), while the arousing stimuli (1 M sucrose) leads to high levels of PER (more
than 90%). Odor stimulation immediately after arousal also triggers PER in only a few
animals (less than 20%) and indicating that there is no effect on odor processing.

Habituation represents the gradual decrease in responsiveness during a continuous series of
repeated stimulations. When the PER is habituated, sucrose stimuli will no longer elicit PER.
The observed difference in sucrose responsiveness between DWV and control (Figure 3.7) is
diminished by using a high sucrose concentration (1 M) for repeated stimulation. Testing
habituation from the first day until the fourth day after injection did not reveal any difference
between the DWV infected group and the control group (Figure 3.8 b). Since DWV infection
in both groups has been verified by RT-PCR, these results show that habituation is not
affected by DWV. This together with the results on sensitisation shows that DWV infection

does not affect non-associative behaviour.

Injection  Sensitisation-test Habituation Dis-Habituation
CSs us Cs
days |(odor) (1 Msucrose) (odor): 40 min | 1M sucrose
v v l l l v v
| | | | .
2 min 20 sec

Protocol 3.2: DWYV infection and non-associative learning of honeybee

@ 1007 5 control (70
B DWV (50)

<

Y 50 -

W

o i

Cs us Cs

Treatments
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Figure 3.8: DWV and non-associative learning of honeybee

(a) Sensitisation of PER: The data shows mean of PER of control-lysate and DWV-lysate injected
animals. The sensitisation of PER is unaffected with the DWV infection in honeybees. (b) Habituation
of bees to sucrose: The data shows mean of normalized value of PER of control-lysate and DWV-
lysate injected animals. The habituation of PER is also unaffected with the DWYV infection in
honeybees.

3.1.4.3 DWV and associative olfactory learning

Associative learning is a central prerequisite of foraging and social behaviour. The well-
established associative olfactory conditioning paradigm consists of the pairing of an odor
stimulus (CS) with a sucrose reward (US). Figure 3.9 shows that DWV infected bees show a
significantly reduced acquisition when compared with control bees. Moreover, memory
retention as tested 2 and 24 h after conditioning is also low in DWYV infected bees. Thus,
DWYV infection seems to have specific effects on neuronal signalling processes because DWV

infection only impairs associative learning without affecting non-associative processes.

Injection Conditioning Memory-test with odor

IWI 2 h......overnight....24 h

days 0s 2s 4s 6s 0s 2s
v v 1 v
m = st, 2nd, 3rd - .
Interval: 2 min per trial Feeding: 1 M sucrose

Protocol 3.3: DWV infection and associative learning and memory formation
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Figure 3.9: DWYV infection and associative learning and memory

Olfactory conditioning of PER on the third day after infection with control-lysate and DWV-lysate.
The animals were conditioned by pairing an odor stimulus (CS) with a subsequent sucrose reward
(US) to the antenna and proboscis. Memory retention was tested on the fourth day after infection by
stimulation with odor alone. The data show the percentage of PER elicited after CS stimulation in the
control-lysate and DWV-lysate injected group. The asterisks indicate significant differences between
the groups (Fisher exact test; **p <0.01,*p <0.05).

3.1.5 DWV infection and stress activated protein kinase

Viral infections as well as infections from other sources induce an immune response and it is
feasible that DWYV infection triggers the immune system of honeybee as described for viral
infections in mammalian system. Among these pathways, JNK (Jun-N-terminal kinase) is a
cascade that plays a major role in triggering immune response after infections in mammals.

The protein sequences were compared in vertebrates and the honeybee by using the sequence
data bank. The comparison of human JNK (AAI30571; P45983.2, P45984.2, P53779.2),
mouse JNK (NP 057909.1), Drosophila JNK homologue (NP 723541) and the honeybee
JNK homologue (XP_392806) reveals a high identity at the level of the amino acid sequence
(Figure 3.10 a). Especially the phospho-domain (Thr183/Tyr185) critical for the regulation of
JNK activity is identical between insects and mammals and points to conserved functions of
the JNK signalling cascade (Figure 3.10 b). This opened the possibility to use commercially
available mammalian antibodies to detect and quantify honeybee JNK and thus to determine
the contribution of JNK in infection triggered signalling pathways in mechanism underlying
learning and memory formation. Since JNK has been hardly described in invertebrates, I first
characterized the JNK system in honeybees and established techniques to measure and

manipulate the JNK activity. Based on the available information of the peptide sequence, I
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tested several antibodies for their specificity for honeybee JNK. By using western blotting and
ELISA (Enzyme-Linked ImmunoSorbent Assay), I could verify the specificity of antibodies
as tools to detect honeybee JNK.

(Ei) 1 10 20 30 a0 50 60 70 80 90 100 110 120 130
Human_JNKL HSRSKRONNF YSVEIGDSTF TVLKRYQNLKPIGSGAQGIVCARYDATLERNVATKKL SRPFONO THAKRAYREL VI HKCYNHKNITGLLNVF
Hunan_JHK3 HSLHFLYYCSEPTLOVKIAFCOGFDKQVDVSYIAKHYNHSKSKYDNOF YSVEVGDSTF TYLKRYOHLKP IGSGANGIYCARYDAYLORKVATKKL SRPFONO THAKRAYRELVL HKCYNHKNIISLLHYF
Hunan_JNK2 HSDSKCDSOF YSYQVADSTF TYLKRYQOLKP IGSGAQGIYCARFDTYLGINVAYKKL SRPFONG THAKRAYRELVLLKCYNHKNITSLLHYF
House_JNK HSRSKRONNF YSVEIGOSTF TYLKRYQHLKP IGSGAQGIYCARYDATLERNVATKKL SRPFONG THAKRAYRELVL HKCYNHKNITGLLHYF
Drosophila_ JNK H—-~TTAQHQHY TVE VGO TNF T THSRYTHL RP IGSGAQGIVCAAYDT I TQQHVATKKL SRPFONY THAKRAYREFKL NKL YNHKHIIGL L NAF
Honeybee_JNK HPYLGPDHT---TRLSAHF Y TYEVGDTRF TILKRYQHLKP IGSGAOGIYCARYDTYTAONVATKKL SRPFONY THAKRAYREFKL HKLYNHKNIIGLLHAF
COMSENSUS o eecenneneeeceecoecoccocnccncennnnns ns_skod..fYsV#!g0stFT!1kRYq#LKPIGSGAOGIVCAR%OEL ! 1. .NVA'!KKLSRPFONGTHAKRAYRE 1wl $KeVNHKNILeL LNvF

e ————————————————————
131 140 150 160 170 180 190 200 210 220 230 240 250 bso

Hunan_JNK1 TPOKSLEEFQDVYIVHELHDANLCOQYVIQHELDHERHSYLLYQHLCGIKHLHSAGITHRDLKPSHIVVKSDCTLKILDFGLARTAG §BFHHTPYVYTRY YRAPEVILGHGYKENVDLHSVGC INGEHWCHK
Hunan_JNK3 TPOKTLEEFQDVYLVHEL HDANLCQYTQHEL DHERHSYLL YQHL CGIKHLHSAGI THROLKPSNIVVKSDCTLKILDFGLARTAG §BFHHTPYVYTRY YRAPEVIL GHGYKENVDIHSVGC THGE HYRHK
Hunan_JNK2 TPOKTLEEFODYYLYHELHDANLCOVIHHEL DHERHSYLLYOHLCGTKHLHSAGI THROLKPSNIVVKSDCTLKILDFGLARTAC WHFHHTPYVYTRY YRAPEVILGHGYKENYDIMSYGC THGEL WKGC
House_ MK TPOKSI EEFODVYTYHEL HDANI COVTOHEL NHERKSY! | YOH! CGTKHI HSAGT THROI KPSHTYYKSDCTI KTI DFGL ARTAG IEFHHTPYVYTRYYRAPEVTI GHEYKENYDL USYGE THEEHJEHK
Drosophila_.JNK TPORNLEEFQDYYLYHELHDANLCQVIQHDLDHDRHSYLLYOQHLCGIKHLHSAGIIHROLKPSNIVVKADCTLKILDFGLARTAG WFHHTPYVYTRYYRAPEVILGHGY TENVDIHSYGCINGEHIRGG
Honeybee_JNK TPORSLDEFQDYYLYHELHDANLCQYIQHDLDHERHSYLLYOHLCGIKHLHSAGITHRDLKPSNIVVKADCTLKILDFGLARTAG WFHHTPYVYTRY YRAPEVILGHGYKENYDINSYGCINGEHIRGG
Consensus TPOksl #EFODYY1YHEL HDANLCQYIqH #L DH#RHSYLLYOHLCGTKHLHSAGTI THROLKPSNIVVKsDCTLKILDFGLARTAg W FHHTPYVYTRY YRAPEVILGHGYKENYDiNSYGCIHGES ¢ .

261 270 280 230 300 310 320 330 340 350 360 370 380 390

Human_JHK1 ILFPGROYIDQUNKYIEQLGTPCPEFHKKLQPTYRTYVENRPKYAGYSFEKL FPOVLFPADS—EHNKLKASOARDLLSKHL VIDASKRISVOEAL QHPY INVHYDPSEREAPPPKIPDKQLDEREHTIEE
Human_JHK3 TLFPGROYIDQUNKVIEQLGTPCPEFHKKLOPTYRNYVENRPKYAGLTFPKL FPDSLFPADS~-EHNKLKASOARDLLSKHL VIDPAKRISYODAL QHPY INVHYDPAEVEAPPPOIYDKQLDEREHTIEE
Human_ HK2  VIFOGTOHTNOUMKYTEQL GTPSAEFHKKL 0P TYRNYVENEPKYPEIKFEE FPNUTFPSES-ERNKTKTSOARNL | SKHL VINPOKRTCUNEAL PHPY TTYUYNPAEAEAPPPOTYNAN EEREHATEE

House_JNK  ILFPGRDYIDOHNKYIEQLGTPCPEFHKKLOP TYRTYVENRPKYAGYSFEKLFPDYLFPADS-EHNKL KASOARDLL SKHLYIDASKRISYDEAL QHPY INVHYDPSEREAPPPKIPOKQLDEREHTIEE
Drosophila_JNK VLFPGTOHIDOMNKIIEQLGTPSPSFHORLOPTYRNYVENRPRYTGYSFDRLFPOGLFPNDNNONSRRKASOARNLLSKHL Y IDPEQRISYOEAL KHEY INVHYDREEVDAPAPEPYDHSVDEREHTVEQ
Honeubee_JNK VLFPGTDHIDOWNKITEQL GTPAQEFHQRLOPTYRNYVENRPRYPGYPFDRL FPDYLFPSDSSEHNRLKASOARDLLSRALYIDPERRISYDDALLHNY INVHYDEGEYNAPAPGPYDHSYDEREHTYDO
Consensus ! 1FpGLDhIDOHNK! TEQLGTP . peFrkkLOPTYRNYVENRPKY . GysF . .LFPDvIFP. #s. #hnklKaS#ARSLLSKHLYIDp . kRISVD#AL . HpY InVHYDp . Ev#APPP . iuD.qL 2EREHL | 28
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Human_JHKL - AKELTYKEVHOLEERTKNGVIRGUPSPLGRAYINGSOHP SSSSSYNDYSONS TOP TLASUTOSSLEARRGPLACCR
Homan=INES  HKELTYEEVHDACERSENGEY TP EQSEETDTSSHE TEQTL ASDT DS DSy G EGCR

House_JNK I-II(ELI‘I’KEVHDLEERTKNEVIRWFSPLHHV““
Drosophila_JNK HKELIYEEYHDYE--AHNTNNRTR
Honeybee_JNK HKELIYQEVHEYET-SHNPTTYAQTSESGESR
Consensus MKELIYKEVHE Ee. . kNgV.roQPSaceeceenecececceccenccsnccacccccsccsncsnsssncsncs

(b)

] * + + |
Human_JHK1 FHHTPYYYTRYYRAPEYILGHGYKENYDLHSYGCIHGEH
House_.JHE FHHTPYYYTRYYREAPEYILGHGYKEMYDLHSYGCINGEH
Human_JHE3 FHHTPYYYTEYYRAPEYILGHGYKENYDIHSYGCIHGEH
Honeybee_JNK FHHTPYYYTRYYRAPEYILGHGYKENYDIHSYGCIHGEH
Human_JHKZ FHHTPYYYTRYYRAPEYILGHGYKENYDIHSYGCIHGEL
Drosophila_JHKE FHHTPYYYTRYYRAPEYILGHGY TENYDIHSYGCIHGEH
Conzensus FHHATPYYYTRYYEAPEYILGHGYKENYDiAHSYGCINGES:
SN

Theronine (T) Tyrosine (Y)  Phosphorylation sites: Thr183/Tyr185

Figure 3.10: Protein blast analysis of INK

(a) Comparison of the protein sequences of human JNK (AAI30571; P45983.2, P45984.2, P53779.2),
Drosophila JNK homologue (NP_723541) and the honeybee JNK homologue (XP_392806) reveals a
high identity at the level of the amino acid sequence. (b) Highly similarity of two phosphorylation
sites (Thr183/Tyr185) between insects and mammals pointing towards the conservation of
JNK signalling cascade.

3.1.5.1 Mammalian antibody detects JNK in honeybee brain

To determine the specificity, localization and the relative JNK activity in the brain of
honeybee, I selected antibodies that detect JNK regardless of the state of phosphorylation at
position (Thr183/Tyr185) and a phosphospecific antibody that detects only the
phosphorylated phospho-domain (Thr183/Tyr185). After optimizing the handling protocol

and buffers, I was able to establish a procedure that enables the conservation of the state of
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phosphorylation and thus the state of JNK activity throughout the time of dissection, western
blotting and ELISA.

Western blotting

As expected from identical amino acid sequence between honeybee, Drosophila and mouse
(Figure 3.10 b), the western blot with JNK antibody show the detection of similar molecular
weight of INK in honeybee brain (46 kDa) as in Drosophila and mouse brain (Figure 3.11). In
parallel, phospho-JNK antibody reveals the identical results. Thus mammalian based
antibodies can detect the JNK with or without phosphorylation and was used for further

protein analysis.
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Figure 3.11: Immunological detection of INK in honeybee brain

The western blotting shows that antibodies against JNK (Thr183/Tyrl185) recognize similar
corresponding proteins in the brain homogenate of honeybee as in Drosophila and mouse. Molecular
weight (46.5 kDa) is indicated on the right side of the picture. Proteins from all target samples are
situated at the same attitude. Testing of phospho-JNK antibody also reveals the identical results.

Immunohistochemistry

Using antibodies against JNK in immunohistochemistry demonstrates homogenous labeling
throughout the honeybee brain. (Figure 3.12 ab). All brain areas are labeled and no apparent
difference in labeling intensity is detectable between soma and neuropil. In contrast, the

antibodies against the phosphorylated phospho-domain (Thr183/Tyr185) indicate enzyme
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activity in a very characteristic and restricted labeling pattern. While most brain areas are
labeled very weak, the a-lobes and the peduncle (Pe) of the mushroom bodies (MB) as well
as the large Kenyon cells show a strong immunolabeling (Figure 3.12 cd). Although the used
fixation procedure was optimized for tissue integrity and not to preserve the phosphorylation

state, the strong labeling suggests a high JNK activity in the MBs.

Figure 3.12: Immunohistological localization of INK activity in honeybee brain

The JNK antibody shows the distribution of JNK in overall honeybee brain (A and B) while the
phospho-JNK antibody reveals strong staining of peduncles (Pe) and a-lobes (o)) of mushroom bodies
that are indicated by arrows (C and D). The immunoreactivity is barely detectable in antennal lobe
(AL), optical lobe (OL), lateral calyx (LC), median calyx (MC), central body (CB) and remaining
parts of brain.
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3.1.5.2 Quantification of INK activity in honeybee brain

To test whether JNK in honeybees is activated by virus infection, ELISA was used to measure
the relative JNK activity in honeybee central brain (excluding optical lobes). The relative JNK
activity is defined as the value of the relative phosphorylation at position Thr183/Tyr185,
determined by the phospho-specific JNK antibody, divided by the value of JNK, determined
by the JNK antibody in the same sample.

Phospho-JNK

Phosphorylation level =
JNK

Since phosphorylation is easily degradable, the question was how to prevent the protein
denaturation and fix protein phosphorylation in its actual state. Pre-tests showed that
immersing and incubating the whole honeybees in 50% cooled (-20 °C) ethanol with a
window in head (Figure 2.5) for 30 min at ice preserves the state of JNK phosphorylation in

the brain tissue of honeybee.

DWV activates the JNK in brain of honeybee

The control experiments with solutions (10-20% DMSO, PBS and control-lysate) reveal
identical level of relative JNK activity (Figure 3.13 a). In contrast, the injection of DWV-
lysate into honeybee hemolymph significantly activates the JNK in honeybee central brain in
time dependent manner. DWV significantly up-regulates the JNK activity 2 h and 3 days after
infection except after 1 day where JNK is down-regulated (Figure 3.13 b). At later time point
(3 days), DWV impairs the behaviour of honeybee where RT-PCR also reveals the high virus
signal (Figure 3.5).

Dissection: window ELISA: sample
Injections in bee head Fixation (50% EtOH)  preparation

40 min <«--- 30 min ---»

Duration of infection
; 2 h,1-3 days ‘

i<
<
>

Feeding: 1 M sucrose

Protocol 3.4: Fixation and sample preparation for ELISA
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Figure 3.13: Quantification of relative JINK activity in honeybee brain

(a) Control injections (DMSO 10-20%, PBS and control-lysate) lead to identical relative INK activity.
(b) The level of INK activity is increased significantly after 2 h, decreased after 1 day and again
increased after 3 days of infection in DWV-lysate injected animals as compared to control-lysate
injected animals. The asterisks indicate a significant difference between the two groups (t-test; **p
<0.01,*p <0.05).

3.1.5.3 Inhibition of INK rescues DWYV induced elevation in INK activity

A specific JNK-inhibitor (SP600125) was used to investigate whether the virus induced
activation of JNK in the honeybee brain can be rescued by its injection into the hemolymph.
Two groups of honeybees were injected with DWV-lysate while in parallel another group was
injected with control-lysate 3 days after infection, JNK-inhibitor (in 10% DMSO) was
injected 30 min before the ELISA in one of the DWV infected groups. In addition, other
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groups were also injected with 10% DMSO for equal handling in all groups of animals. As
shown in Figure 3.14, the systemic inhibition of JNK with JNK-inhibitor during virus
infection prevents the elevation in JNK activity. This provides strong evidence that virus

infection induces JNK activation in the honeybee brain in vivo.

Injections: Dissection: window Fixation ELISA: sample

DWV/control in bee head o (50% EtOH) preparation
Injection:

JNK-inhb./DMSO
Duration of infection| 10 min 30 min <«-- 30min --»
v v v

v v
m 3 days m - m m
Feeding: 1 M sucrose

*

Protocol 3.5: Inhibition of INK and ELISA

1,67 *

1,4 | *

1,24

'_
HH

0,81
0,6 1
0,4 1

Relative JNK activity

0,21

DWV (23)  Control (23) DWV+JINK-inhibitor (10)
Time after infection (3 days)
Figure 3.14: Inhibition of INK and quantification of JINK activity
3 days after virus infection with or without JNK-inhibitor, the level of JNK activity is decreased in
JNK-inhibitor injected animals as compared to control animals. For each experiment, values were

normalized to the mean value of control samples. The asterisks indicate a significant difference
between the two groups (t-test; *p <0.05)

3.1.6  DWV infection acts via transcription

Transcription blocking rescues DWV induced impairments in behaviour

The JNK pathway regulates many transcriptional factors that are responsible for the

regulation of transcription and gene expression. The previous studies reveal that JNK acts
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exclusively via transcription processes and this prompted me to test whether blocking
transcription rescues the DWYV induced impairments in sensory processing, learning and
memory formation of honeybee. A transcriptional blocker (actinomycin-D; Act-D) was used
to block complete transcriptional machinery. Three separate groups of honeybees were
injected with DWV, DWV with Act-D and control-lysate respectively. In addition, 20%
DMSO was injected in groups without Act-D injection for equal handling of all animals. It is
found that Act-D prevents the virus induced effects on sucrose responsiveness.
Responsiveness of animals from the control group does not differ from responsiveness in
animals injected with DWV in presence of transcription blocker (Figure 3.15 a). Moreover,
transcription blocking shortly before virus infection partially rescue learning and complete
rescues the impairment in memory formation (Figure 3.15 b). These data clearly demonstrate

that JNK partially acts via transcription.

Responsiveness

Injection: DWV/control Responsiveness-test
Injection:
Act-D/DMSO
30 min Duration of infection 10 min
v v
- - 3 days T - 0 M, 30mM,200mM,IM

0 Mtest + (Interval: 2 min per tested conc.)
Feeding: 2-3 drops
(1 M sucrose)

Protocol 3.6: Transcription blocking during DWYV infection and sucrose responsiveness
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Associative learning

Injection: Conditioning Memory-test (2 h) Memory-test (24 h)
Injection:  DWV/control
Act-D/DMSO

30 min 1st,2nd, 3rd . 2 h Overnight
v v v

v
m m 3days gy - - .

Interval: Feeding: 1 M sucrose
2 min per trial

Protocol 3.7: Transcription blocking during DWYV infection and associative learning
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Figure 3.15: Transcription blocking rescues DWV induced behaviour impairments

(a) Injection of actinomycin-D rescues the virus induced changes in sucrose responsiveness. The data
shows the PER of DWV, DWV + Act-D and control injected animals (b) Transcription blocking with
actinomycin-D only rescues the virus induced impairment in memory formation of honeybee. The
asterisks indicate a significant difference between two groups (Fisher exact test; **p <0.01,*p <0.05).
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3.2 EXTERNAL STRESS STIMULI AND JNK: ROLE IN LEARNING
AND MEMORY OF HONEYBEE.

The mammalian JNK is also reported to be triggered by many environmental stress stimuli
and has an important function in well described mammalian immune response. Despite of the
JNK contribution in immune response, very few studies in mammals reveal its involvement in
learning and memory. Therefore, I investigated the potential effect of external stress on
learning and memory via stress activated protein pathways by using behavioural paradigm in

honeybee.

Screening of stress stimuli

In invertebrates, little is known about stress parameters and how stress influences behaviour.
Therefore, I started different screening procedure to identify physiological relevant stimuli to
study the implication of JNK in learning and memory of honeybee. Two types of stress
stimuli were utilized in subsequent experiments.

1. Short exposure to ultraviolet light; UV (acute stress stimulus):
The honeybees were exposed to UV light for different period of times (5, 15 and 30 min) with
UV lamp (Figure 2.3). 30 min was used as an optimal time point for UV exposure in
molecular and behavioural analysis.

2. Overnight shaking with light; SL (chronic stress stimulus)
The bees were kept for the whole night in a plastic box and kept on a shaker with alternate

cycles (15 min) of shaking with light and complete rest (no shaking with dark).

3.2.1 External stress: Quantification of JNK activity in honeybee brain

3.2.1.1 UV light exposure activates INK

Like DWV infection, the relative activity of JNK was measured in brain of honeybee with
ELISA after UV light exposure. Comparing DWV infection (3 days after infection) with UV
light exposure (30 min), both stimuli (infection and stress) significantly increase the JNK
activity in the honeybee brain as compared to control-lysate and white light (control)
respectively (Figure 3.16 a). This shows that besides virus infection, UV light exposure is also
an appropriate external stimulus to activate JNK in honeybee.

During time course of UV light exposures, the elevation of JNK activity is already detectable
after 15 min of UV light exposure while no elevation was detected after 5 min UV light
exposure when compared with the corresponding white light control (Figure 3.16 b).

Moreover, UV light induced JNK activity is back to baseline after a period of time (1-2 h)
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which does not differ from the control group (data not shown here) and suggests a transient

UV light induced activation of JNK.

Dissection: window . ELISA: sample
in bee head UVilight Fixation (50% EtOH) preparation
40 min Exposure: 5,15,30 min [«--- 30 min ---»
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Figure 3.16: Quantification and time course of JNK activity after UV light exposure

(a) Quantification of relative JNK activity in brain of honeybee after DWV infection (3 days after
infection) or control infection and after 30 min exposure to UV light or white light (control). The level
of JNK activity is increased in DWV infected and UV light exposed animals as compared to control
animals. (b) Time course of UV light exposure and quantification of relative JNK activity in brain of
honeybee. The level of JNK activity is increased in UV light exposed animals (15 min and 30 min) as
compared to control animals in contrast to 5 min UV light exposure where no difference is observed
between two groups. For each experiment, values were normalized to the mean value of control
samples. The asterisks indicate a significant difference between the two groups (t—test; **p <0.01,*p
<0.05)
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3.2.1.2 Shaking with light (SL) activates INK

To test whether the second external mechanical stress stimulus i.e. overnight shaking with
light (SL) also triggers the JNK, I measured the relative JNK activity in honeybee central
brain in comparison to animals exposed to UV light (30 min). SL also significantly increases
the JNK activity in honeybee brain when compared with control animals (dark without
shaking). This elevation is identical with JNK activity in animals exposed to 30 min UV light
(Figure 3.17). Thus two different stimuli (UV and SL) are able to activate the JNK pathway.

Dissection: window Shaking with ELISA: sample
in bee head light/control Fixation (50% EtOH) preparation
40 min «-- Overnight ---+» |«--- 30 min ---»
\4 v v v
| | | | .

Feeding: 1 M sucrose
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Figure 3.17: JNK activity after UV light and SL exposure

Quantification of relative JNK activity in brain of honeybee after overnight shaking with light or
control (dark without shaking) and 30 min exposure to UV light or white light (control). For each
experiment, values were normalized to the mean value of control samples. The level of INK activity is
increased in SL and UV light exposed animals as compared to control animals. The asterisks indicate a
significant difference between the two groups (t—test; **p <0.01,*p <0.05)

3.2.2 Stress and behavioural analysis

The similarity between JNK activation with virus infection and stress stimuli (UV and SL)

suggested that activation of JNK by stress stimuli may also lead to similar deficits in the
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behaviour of honeybee as in case of DWYV infection .Therefore, I used these two stress stimuli
(UV and SL) to investigate their effect on responsiveness to appetitive stimuli and associative

conditioning of honeybee.

3.2.2.1 Stress and responsiveness to appetitive stimuli

UV light and SL exposure affects responsiveness

The responsiveness of animals was measured before and 30 min after exposure to UV light
and control (white light). Gradually increasing concentrations of sucrose (0 M, 30 mM, 100
mM, 300 mM, and 1M) were used to test the responsiveness of both UV light and normal-
light exposed honeybees. Honeybees exposed for 5 min to either UV light or white light do
not differ in their responsiveness. However, when animals are exposed for 30 min to UV
light, responsiveness to water and low sucrose concentrations is significantly increased as
compared to animals treated with white light (Figure 3.18 a). In the light exposed control
group responsiveness before and 30 min after light exposure is indistinguishable (Figure 3.18
b). The UV light exposure for 15 min already causes a significant but intermediate effect,
indicating a dose-dependent action of UV light on the neuronal processing of sensory stimuli
in vivo. The response to high sucrose concentrations is not affected by UV light exposure.

Interestingly, honeybees exposed to SL show a significant increase in the responsiveness as
compared to control animals (Figure 3.18 c) as observed in infection and UV light exposure.
Thus, these different stimuli have the same principle effect on sucrose responsiveness of

honeybee as in DWV infection.

UV light and responsiveness

(@ 1007 O gefore UV (64)
B After UV (64)

k *k*

PER (%)
3

oM 30 mM 100mM 300 mM M

Sucrose concentration




RESULTS 69

(0) 1007 O gefore light (46)
1 W After light (46)

S
X 50
w
o
1l il i B
oM 30 mM 100 mM 300 mM 1M
- Sucrose concentration
Light

SL and responsiveness

(c) 100 A
| O Control (39)
W SL (27)
9 _
E *%
i 50
o - *
Kk
0 T T .
oM 30 mM 100 mM 1M

Sucrose concentration

Figure 3.18: UV and SL exposure impairs sucrose responsiveness

(a) UV light exposure increases the responsiveness to low sucrose concentrations. The data shows the
PER of animals before and after 30 min UV light exposure (b) White light (control) exposure shows
no change in sucrose responsiveness of honeybee before and after exposure. The data shows the mean
of PER of animals before and after white light exposure. (C) Shaking with light increases the honeybee
responsiveness to low sucrose concentration. The data shows the PER of animals exposed to shaking
with light and control animals exposed to dark without shaking. The asterisks indicate significant

difference between the groups (y” test / Fisher exact test; ***p <0.001,**p <0.01,*p <0.05).
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3.2.2.2 Stress stimuli: associative learning and memory formation

The increase of responsiveness to water and low sucrose concentrations after stress stimuli
(UV and SL) exposure implies a possible effect on appetitive associative learning in
honeybees. To address this question, groups of honeybees were exposed to either UV or white
light for 30 min just before associative olfactory conditioning. To avoid potential effects of
UV light on sucrose responsiveness on learning and thus on US processing, I used a high
sucrose concentration (1 M) as US stimulus that reliably elicits PER independent of the light
exposure (Figure 3.18). Additional experiments show that the spontaneous reactivity to the
CS stimulus does not differ between UV and white light exposed honeybees. Even though the
basic responses to the CS stimulus or US stimulus used for conditioning are apparently not
influenced by UV light, UV light exposure (30 min) immediately before associative
conditioning causes a severe impairment in acquisition and memory formation (Figure 3.19 a).
Honeybees of the control group exposed to white light show a normal acquisition and
memory formation. To test whether the low memory retrieval measured at 2 h and 24 h is due
to the impaired acquisition, the UV light exposure was shifted to a time window after
acquisition. Leaving acquisition intact, UV light exposure after acquisition still causes an
impairment of memory formation (Figure 3.19 b). The non-associative form of learning in
honeybee i.e. habituation and sensitisation remains unaffected after exposure of these stress
stimuli (data not shown here). These findings demonstrate, that UV light influences both,

processes underlying acquisition and processes required for memory formation.

UV light and associative learning
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Figure 3.19: UV induced impairment in associative learning and memory

(a) Exposure of UV light before training shows impaired acquisition and memory formation 2 h and
24 h after training as compared to control animals. The data shows the mean of PER of UV light and
white light (control) exposed animals. (b) UV light exposure after training also shows impaired
memory formation 2 h and 24 h after training as compared to control animals. The data shows the PER
of UV light and white light (control) exposed animals. The asterisks indicate significant difference
between the groups (Fisher exact test; ***p <0.001,**p <0.01).

Like UV light (Figure 3.19 a), exposure to SL also impairs learning and memory formation as
compared to control animals with the exception that 2 h memory formation remains intact
(Figure 3.20). This data shows that different external stimuli have a critical role on

mechanism underlying associative learning and memory formation of honeybee.

SL and associative learning
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Figure 3.20: SL induced impairment in associative learning and memory
Overnight shaking with light before training shows impaired acquisition and memory formation 24 h
after training as compared to control animals while 2 h memory remains intact. The data shows the
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mean of PER of SL exposed and control animals. The asterisks indicate significant difference between
the groups (3’ test; **p <0.01,*p <0.05).

3.2.3 Inhibition of INK and rescue of stress elevated JNK activity

The finding that both stress stimuli (UV and SL) affect the JNK activity in the brain (Figure
3.17) and cause an impairment in behaviour (Figure 3.18, 3.19 and 3.20) points to a potential
role of JNK in mediating these effects. Since JNK interacts with other MAPKs (mitogen
activated protein kinases) that may also have a role in the stress-induced deficit in learning
and memory, it is necessary to confirm whether the JNK pathway is really responsible for
mediating the deficits in learning and memory caused by the stress stimuli. Thus I tested
whether injection of SP600125, a selective inhibitor of JNK [26] during exposure to stress
stimuli (UV and SL) prevents the stress induced JNK activity and rescues the impairment in
behaviour.

The systemic injection of JNK-inhibitor is carried out at two time points depending on the
type of stress stimuli. For short exposure of acute stress (UV light, 30 min), it is injected
before UV exposure while for long exposure of chronic stress (SL, overnight), it is injected
after the SL exposure. As shown in Figure 3.21 a, the systemic inhibition of JNK before UV
light exposure significantly prevents the UV light induced elevation in relative JNK activity.
In parallel, injection of JNK-inhibitor after SL stress also significantly decreases the JNK
activity as compared to SL exposed group (Figure 3.21 b).

This clearly indicates the down-regulation of stress activated JNK by specific JNK-inhibitor

in vivo.
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Figure 3.21: Inhibition of INK prevents UV/SL induced elevation in INK activity

(a) In presence of UV light exposure, the level of JNK activity is decreased significantly in JNK-
inhibitor injected animals (b) The level of JNK activity is decreased significantly in JNK-inhibitor
injected group as compared to SL exposed animals. For each experiment, values were normalized to
the mean value of control samples. The asterisks indicate a significant difference between the two
groups (t—test; **p <0.01,*p <0.05)

3.2.4 UV/SL: Behavioural analysis with INK-inhibitor

To demonstrate whether the stress (UV and SL) induced impairment in behaviour are
mediated by JNK, behavioural analysis was carried out after inhibition of JNK with JNK-

inhibitor.

Sucrose Responsiveness and JNK-inhibitor

As shown in Figure 3.22, the SL and UV light exposure in presence of a JNK-inhibitor
reduces the responsiveness to water and low sucrose concentrations as compared to the
control animals (dark without shaking or white light). Since the application of JNK-inhibitor
SP600125 alone does not affect responsiveness (data not shown), the results demonstrate a
critical role of the JNK pathway as a mediator of stress induced effects on sensory processing

of honeybee.
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Figure 3.22: INK-inhibitor rescues the UV/SL impaired sucrose responsiveness

(@) Injection of JNK-inhibitor significantly rescues the UV light induced changes in sucrose
responsiveness. The data show means of responsiveness of UV exposed groups with or without JNK-
inhibitor injection. (b) Injection of INK-inhibitor also significantly rescues the SL induced changes in
sucrose responsiveness. The data show means of responsiveness of SL exposed animals with or
without JNK-inhibitor injection and control animal (dark without shaking). The asterisks indicate a
significant difference between two groups (y” test / Fisher Exact test; **p <0.01,***p <0.001,*p
<0.05)

Associative learning and JNK-inhibitor

The inhibition of JNK activity during SL and UV light exposure also rescues the stress
induced impairment in learning and memory formation in honeybee in a distinct way (Figure
3.23). Since 2 h memory does not seem to be affected by SL itself (Figure 3.20), therefore, it

also remains intact after JNK inhibition. These findings provide clear evidence for a critical
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inhibitory role of JNK in mechanisms underlying sensory processing, olfactory learning and

memory formation.
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Figure 3.23: INK-inhibitor rescues UV/SL impaired associative learning

() Injection of JINK-inhibitor rescues UV light induced impairment in associative olfactory learning
and memory formation. The data show the mean PER of UV exposed groups with or without JNK-
inhibitor injection. (b) Injection of JINK-inhibitor rescues SL induced impairment in learning and 24 h
memory formation. The data shows mean PER of SL exposed animals with or without JNK-inhibitor
injection and control animal. The asterisks indicate a significant difference between two groups

(Fisher Exact test; ** p <0.01, *p <0.05)
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3.2.5 Are stress induced changes in behaviour of honeybee transcription
dependent?

Many studies reveal that JNK acts directly via transcription in stress response, but little is
known about the transcriptional dependent or independent action of JNK pathway in cognitive
functions. Therefore, Act-D was used to investigate whether the stress induced changes in
behaviour (responsiveness and associative learning) depends on transcription. Moreover, does
the transcription blocking during stress exposure mimic the effect of the JNK inhibition.

The investigation shows that systemic injection of Act-D before white light exposure (control)
does not show any affect on responsiveness (Figure 3.24 a). In contrast, Act-D injection
before UV light exposure prevents the UV induced increase in responsiveness of honeybees
(Figure 3.24 b). This shows that changes in sensory processing caused by UV light exposure
dependents on transcription. Thus it provides evidence that the fast UV light induced effects
on responsiveness are mediated by JNK action on transcriptional processes. In contrast,
injection of Act-D before SL treatment does not prevent the SL induced effects on
responsiveness and demonstrates that changes in sensory processing caused by SL do not

require transcription. (Figure 3.24 c).
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Figure 3.24: Stress can change responsiveness with or without transcription

(a) The sucrose responsiveness remains unchanged with or without Act-D after exposure to white
light. (b) The Act-D rescues the UV light induced changes in sucrose responsiveness. The data shows
the PER of UV exposed animals with or without Act-D injection. (¢) The Act-D does not rescue the
SL induced changes in sucrose responsiveness. The data shows the PER of SL exposed animals with
or without Act-D injection and control animals. In all experiments, the n.s indicates the non-
significance while asterisks indicate a significant difference between two groups (Fisher exact test;
**p <0.01,*p <0.05)

My findings that stress can affect the sensory processing with or without transcription
promoted me to explore whether associative learning and memory share the similar
mechanism. Blocking transcription during UV light exposure rescues the acquisition and
memory formation as compared to the UV light exposed groups (Figure 3.25 a). In contrast,

no rescue is observed in case of animals exposed to SL in presence of Act-D (Figure 3.25 b).
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Taking together, although the effect of UV/SL on behaviour requires JNK activity, they differ

in their transcription dependency.

Associative learning
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Figure 3.25: Stress can change associative learning and memory with or without transcription

(a) Transcription blocking with Act-D rescues the UV light induced impairment in learning and
memory formation of honeybee. The data shows the PER of UV exposed animals with or without Act
-D injection. (b) Transcription blocking does not rescue the SL induced impairment in learning and
memory formation of honeybee. The data shows the PER of SL exposed animals with or without Act -
D injection and control animals. In all experiments, the asterisks indicate a significant difference

between two groups (Fisher exact test; **p <0.01,*p <0.05)
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3.3 UV LIGHT AFFECTS ACETYLCHOLINE (ACh) TRANSMISSION
IN THE KENYON CELLS OF MUSHROOM BODIES

My immunohistological analysis in honeybee reveal that JNK activity is mainly detected in
Kenyon cells of the mushroom bodies (Figure 3.12) and JNK has a critical role in modulating
behaviour when activated by UV light. This promoted me to investigate the hypothesis that
UV light may also have a direct impact on the acetylcholine cholinergic neurotransmission.
Acetylcholine (ACh) induces depolarization that leads to the influx of the second messenger
Ca”" that in turn stimulates biochemical cascades and changes in gene expression. Thus
intracellular calcium represents a valuable indicator of neuronal activity [96] and its dynamics
can be accessed by imaging using calcium sensitive dyes.

The honeybee (adult) and Drosophila (larvae) brain were used to address this hypothesis.
From Kenyon cells, ACh action (ACh induced Ca®" dependent fluorescence / calcium signal)
was measured by a chemical fluorescent indicator (Fluo-4) or a genetically encoded
fluorescent indicator (cameleon protein) in honeybee and Drosophila (201y-GAL4; UAS-

Cameleon 2.1) respectively.

Cameleon protein in Drosophila

In Drosophila, cameleon is associated with two fluorescent proteins (EYFP; enhanced yellow
fluorescent protein and ECFP; enhanced cyan fluorescent protein) which are internally
connected with calmodulin, a Ca** binding protein (CaM) and M13, a calmodulin binding-
peptide (Figure 3.26). On calcium binding, fluorescence resonance energy transfer (FRET)
occurs from ECFP to EYFP by emitting light at 485 nm and 535 nm respectively. The ratio
between EYFP and ECFP emission reflects the changes in intracellular calcium concentration

[96] and used to determine the effect of UV light on ACh action.
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Figure 3.26: Schematic diagram of cameleon protein in Drosophila
The binding and releasing of Ca*" changes the fluorescence resonance energy transfer (FRET) from
ECFP (enhanced cyan fluorescent protein) to EYFP (enhanced yellow fluorescent protein).

Calcium influx can be detected by simultaneous shift in the emission intensities of both fluorophores
[96]

3.3.1 Acetylcholine stimulates the Kenyon cells of honeybee and Drosophila

After preparation of neuron, the viability of cells was tested by stimulation with 2 pl of 200
uM ACh or control (Drosophila / honeybee ringer). The damaged neurons will not react to
ACh. The gradual increase in fluorescence and colour of Kenyon cells with time scale (0-20

sec) is clearly visible after ACh application (Figure 3.27).

Elapsed Time (0 — 20 sec)

Before stimulation After stimulation with Acetylcholine

Figure 3.27: Stimulation of Kenyon cells with ACh
Visible change of the emitted fluorescence of Kenyon cells before and after ACh application. The
readings were taken before and 0, 2, 4, 6, 8,10,12,20 seconds after addition of ACh.
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Figure 3.28 shows the time dependent increase of fluorescence intensity after application of
ACh solution on Kenyon cells of Drosophila and honeybee. In comparison, control (ringer)
does not show any excitability in both species. The ratio between EYFP and ECFP emission
in Drosophila and the changes in Fluo-4 emission in honeybee were normalized to calculate

the percentage increase in fluorescence intensity.
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Figure 3.28: Change in fluorescence intensity of ACh stimulated Kenyon cells

(a; Drosophila, b; honeybee) The application of 20 uM ACh shows increasing fluorescence intensity
of Drosophila and honeybee Kenyon cells as compared to control (ringer) where no excitability is
observed. The arrows indicate the application time of ACh/ringer
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ACh significantly increases the calcium dependent fluorescence signal from Kenyon cells of
Drosophila and honeybee as compared to control (Figure 3.29). Since, I aim to address the
qualitative effect, therefore a simplified procedure was formulated to distinguish between
stimulated and non-stimulated cells. Here the ratio of each cell before and after stimulation

with ACh / ringer defines the status of cells.

Values after stimulation /v Non-stimulated cell

Ratio = =
Values before stiumulation Stimulated cell

Stimulation criteria: After many experiments, a reliable threshold ratio (TR) was
formulated to declare the cells as stimulated. The total number of stimulated cells was taken

to calculate the percentage of stimulated cells in both groups.

Threshold ratio: For Drosophila cells = > 1.01
For honeybee cells => 1.068

Drosophila Honeybee

100 *kk **

Stimulated cells (%)
a
o

=30

0 [ . I | : =
Control-ringer ACh Control-ringer ACh

Pharmacological treatment

Figure 3.29: Percentage of stimulated Drosophila and honeybee Kenyon cells

As compared to control-ringer, ACh (20 uM) leads to significant increase in the percentage of
stimulated Drosophila and honeybee Kenyon cells. The asterisks indicate a significant difference
between two groups (Fisher exact test; ***p <0.001,**p <0.01).
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3.3.2 UV light exposure affects ACh action in Kenyon cells

UV light was used as external stimuli to test its impact on ACh action in Drosophila Kenyon
cells. The cells were exposed for different times to UV light (5, 15 and 30 min) followed by
stimulation with ACh. The other group of cells stimulated only with ACh was used as control.
As shown in Figure 3.30, the percentage of ACh stimulated cells decreases with different
duration of UV light exposure. In parallel, a control group without UV light exposure shows
significantly higher stimulation with ACh. Since the minimum UV light exposure (5 min)
already gives the significant difference (high stimulation) and to avoid lethal effect of UV

light, I used this short exposure time for my further experiments.

1 -
00 B Stimulation with Acetylcholine

. 10

Stimulated cells (%)
3

.......... .
13
Control (0) - 5 15 30

UV light exposure (min)

Figure 3.30: The calcium dependent fluorescence decreases with UV light
Percentage of stimulated cells with ACh (20 uM) after UV light exposure decreased gradually with
respect to exposure time (5, 15 and 30 min).

Since cameleon is associated with two fluorescent proteins (EYFP and ECFP). Therefore, |
investigated whether 5 min UV light exposure has any effects on the fluorescence itself. As
shown in Figure 3.31, no difference in fluorescence intensity is observed before and after UV
light exposure. This indicates that the observed change in FRET signal (Figure 3.30) is not
due to UV effect on the fluorescence, and also reveals the 5 min as appropriated UV light

exposure duration.
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Figure 3.31: UV light does not affect fluorescence

The mean fluorescence intensity of EYFP and ECFP reveals no difference before and after exposure of
UV light (5 min) on the Kenyon cells of Drosophila and thus UV light is an appropriate stress
stimulus to be used in calcium imaging

Using 5 min UV light exposure in a new experiment reconfirms the initial results by reducing
the number of ACh stimulated cells (Figure 3.32). The other groups were stimulated either
with ACh or ringer solution and did not receive any UV exposure treatment. Taken together,
this supports my hypothesis that UV light has a direct impact on ACh action (ACh induced

Ca”" signal) in neural plasticity of honeybee.

O Control-ringer (17)
B ACh (21)

100 1 B ULVlight (5 min) + ACh (17)

Kkk *%
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Control- ringer Acetylcholine (ACh) UV light + ACh
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Figure 3.32: UV light decreases the number of ACh stimulated cells

The percentage of stimulated cells is significantly reduced after exposure of UV light as compared to
group without UV exposure. The groups stimulated with ACh and ringer also shows a significant
difference. The asterisks indicate a significant difference between two groups (Fisher exact test; ***p
<0.001, **p <0.01).
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3.3.3 UV light mediated changes in ACh action depends on transcription

Since my investigation has shown that UV light impairs the behaviour via transcription and
via JNK pathway, it is feasible that this also applies on the observed UV effect on ACh action
in Kenyon cells. Specific JNK-inhibitor and Act-D (transcription blocker) were applied on
Drosophila Kenyon cells to address this question. JNK was inhibited before UV light
exposure of Kenyon cells that were then stimulated with ACh. Unfortunately, JNK-inhibitor
is very sensitive to UV light and crystallizes leading to a complete damage of the Kenyon
cells. Thus testing the JNK inhibition is not feasible in this in vitro experiment.

To investigate whether UV light induced changes in calcium signal implicate transcription
processes, Act-D was applied 30 min before the ACh application. In a control experiment, the
cells with or without Act-D show the identical results and demonstrating that Act-D does not
disturb the stimulation itself. In parallel, the UV light exposed group without Act-D shows a
significant decrease in stimulation (Figure 3.33 a). As shown in Figure 3.33 b, the application
of Act-D (30 min before UV light) significantly increases the number of ACh stimulated cells
as compared to UV exposed group without Act-D. Thus transcription blocking restores the
UV light induced effects on ACh action to normal level. Taken together, this data confirms
that the effect of UV light on ACh action is transcription dependent.
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Figure 3.33: UV light mediated changes in ACh action are via transcription

(a) Application of Act-D on Kenyon cells does not affect the calcium signal. It gives the similar
stimulation level as observed in ACh group (b) The application of Act-D 30 min before UV light
exposure significantly brings back the UV light induced decrease in calcium signal as compared to UV
light exposed group. No significance between stimulation of all other groups was detected. The
asterisks indicate a significant difference between two groups (Fisher Exact test; **p <0.01,* p <0.05).
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3.4 Summary of results

My results demonstrate that virus infection and stress stimuli induce changes in sensory
processing and associative learning and memory formation of honeybee. These changes in
behaviour are modulated by JNK mainly localized in peduncles and a-lobes of mushroom
bodies. My results provide evidence for transcriptional (for DWV and UV light) as well as
non-transcriptional (for SL) routes of JNK action in modulation of behaviour. Moreover,
initial results point to the involvement of acetylcholine neurotransmission in UV induced
physiological changes. In summary, all this data supports my notion for the critical role of
JNK in mechanisms linking external stress stimuli with underlying learning and memory of

honeybee (Figure 3.34).
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Figure 3.34: Schematic diagram of summarized results
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4 DISCUSSION

4.1 Behavioural analysis after DWV infection

The honeybee is an essential component in agriculture for their role in pollination.
Approximately one third of our food requires honeybee pollination [53, 101]. The poorly
understood phenomena of colony collapse disorder (CCD) cause drastic honeybee loses (50 to
90%) that are five times higher than normal winter loss [73]. Recently, an extensive survey of
beekeepers reveals a total of 35.8% colonies loss due to CCD [297]. Besides other threats,
virus infections are also considered as potential reason due to their mysterious role in CCD
[73]. My work provides the first experimental proof for an important role of DWV in
changing the learning capabilities of honeybee [140]. It will open a new field where cognitive
abilities can be investigated in conjunction with CCD as mentioned in the recent review by

Stankus [274].

4.1.1 DWVYV infection via food and hemolymph

My data shows that only direct hemolymph infection by DWYV is effective and leads to a
strong replication of the virus, while oral application is ineffective, which is in agreement
with other studies [21]. Another study suggests that the oral transmission route is due to
presence of virus in digestive tract and feces of queen [62]. In my experiments no signal is
detected in adult foragers when fed with virus contaminated food. However, since I tested
only up to 7 days of continuous oral application, I cannot exclude that a long-lasting oral
uptake of DWV-contaminated food during hibernation may be a source of DWV infection.
Another reason for delayed infection may be the evolved mechanism of bee viruses to depress
the host response. It allows them to survive for long periods in honeybee without any drastic
effects but later on cause latent infections [230]. In addition, a number of non immunological
factors in midgut (gut juice, peritrophic membrane etc) may also contribute to modify and
control the outcome of viral infections. The peritrophic membrane limits the virus infection
due to its impermeable or hardly permeable barrier [112].

In agreement with results on queens and drones [62], my RT-PCR measurements of DWV
hemolymph infection in foragers showed a maximal signal in the abdomen, followed by the
thorax and head of the adult honeybee and indicate the abdominal tissues as major
accumulation site for DWV [63]. This is an agreement with a study where high DWV signal
is detected in all body regions including head of deformed adults and infected asymptomatic

honeybees [170]. Thus under natural conditions, hemolymph infection via parasites like
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Varroa destructor is the most likely scenario for DWV transmission and collapse of a
honeybee colony [21, 43, 180]. Like mite infection, artificial injection of DWV into the
hemolymph easily enters the body to infect different organs [97] which may not the case after
oral infection. My data is in agreement with the Drosophila C virus (DCV) infection in
Drosophila adult flies: the injection of DCV (single stranded RNA virus; ssSRNA) causes
infection and mortality within 3-10 days [66, 86], while ingestion of DCV does not cause

illness or substantial immune response [241].

4.1.2 DWYV infection and behaviour of honeybee

Many studies reveal that a variety of infection in insects modifies the behavioural
performance. Female crickets (Acheta domesticus) lay more eggs after bacterial and parasitic
infection [3]. Feeding behaviour of tobacco hornworm (Manduca sexta) is suppressed after
parasitic infection [4]. Dengue virus infects the nervous system of mosquito and prolongs the
blood feeding [225]. Nucleopolyhedrovirus infected larvac Mamestra brassicae L.
(Lepidoptera: Noctuidae) exhibit changes in larval mobility and feeding rates [298]. Female
moth (Helicoverpa zea) show changes in reproductive behaviour and pheromone production
when infected with insect virus Hz-2v [49]. Baculovirus infection results in enhanced
locomotry activity of silkworm (Bombyx mori) [155]. Although these studies report various
modification of animal performance but no study deals with the effect of infection on neural
plasticity. For the first time, I have shown that DWV infection of adult forager bees leads to
specific behaviour impairments. The unique combination of enhanced sucrose responsiveness,
normal non-associative learning and defects in associative learning caused by DWYV infection
has not yet been observed. These observations contradict all present studies, where increased
sucrose responsiveness is always combined with an improved associative learning and
changes in non-associative learning.

The genotype, the role of the bees in foraging, the satiation level and many other parameters
affect sucrose responsiveness and in parallel very defined features of associative learning
[102, 253, 254]. These strongly linked physiological processes depend to a great extent on
molecular processes mediated by the biogenic amine. DWV infection might disrupt the level
of biogenic amines in the hemolymph of honeybee. The biogenic amines are considered as
modulator of behaviour and nervous function [90, 93]. Among them, octopamine (OA) and
serotonin may be involved in immune-nervous system communication [5] and also found in
brain of honeybee [197, 257]. Early studies have shown that infection by West Nile Virus

(ssRNA virus) decreases the serotonin content in the brain of infected mice [20]. This virus is
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well known to spread through mosquito and cause neuroinvasive disease (encephalitis) in
variety of animals [54, 128]. In Lepidopterous insects, bacterial infection can increase the
level of octopamine in the hemolymph that alters physiological functions [4]. Increased
octopamine (OA) in hemolymph is reported to disrupt the neural network for swallowing in
the frontal ganglion of Manduca sexta [200]. The injection of octopamine elevates sucrose
responsiveness and enhances acquisition, inhibition of octopaminergic transmission decreases
responsiveness and impairs acquisition [125, 195, 198, 255]. All this is in contrast to the
demonstrated effects of DWV infection behaviour and points towards the involvement of yet
unknown molecular mechanism. My finding that DWV infection does not interfere with
habituation supports this notion. Processes that affect sucrose responsiveness and associative
learning also affect habituation [44, 212, 253]. The discrepancy between the current
knowledge and the behavioural effects after DWV infection demands for new explanations.

Although the transmitted material (virus, bacteria, etc.) has not been specified, a report
demonstrates that foragers infested by Varroa destructor are affected in non-associative forms
of learning [166]. Recently, enhanced sucrose responsiveness of honeybee after fungal
infection (Nosema ceranae) is reported and supports my findings [185]. DWV infection
together with other infecting agent (e.g. Varroa mite) can also cause immunosupression and
increase the susceptibility to various microbial pathogens [116, 321] that leads to combined
disease symptoms (parasitic mite syndrome) at colony level [260]. Thus my data together
with previous findings suggest a combined role of different factors including DWV in

honeybee colony collapse disorder.

Infection and immune response

Although DWV infection is quite weak in the head as compared to other body regions, it may
interfere with molecular mechanisms underlying learning at different levels. It is feasible that
viral infection may interfere with the molecular network via changes in gene expression
induced by the immune system. This is supported by a study where parasitic mite infection in
the gut of bumble bee impairs monitoring of floral resources and economic foraging decisions
[107]. Thus it is most likely that virus infection indirectly affects the central nervous system
via implication of immune response. This idea is strengthen by findings that the injection of
non-pathogenic lipopolysaccharide (LPS) triggers immune response and affects olfactory
conditioning but not sensitization in honeybees and bumble bees [12, 178, 233]. These studies
are also in agreement with my findings where DWV infection impairs associating learning 3

days after infection. Interestingly, LPS injection and viral infections also cause learning
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deficits in mammals [270, 308]. Since the effects on behaviour are observed days after
infection, it is feasible that viral infections (possibly also LPS injections) lead to changes in
the gene expression pattern, which has been reported in mice [17]. A recent paper reveals that
bacterial infection (Escherichia coli) also influence the gene expression in honeybee brain 8 h
after infection [252] and supports the hypothesis that DWYV infection affects the gene
expression that has been shown to play an important role in caste differentiation and other

behaviour [310].

Behavioural fever and hygienic behaviour

Like other insects, honeybee also has behavioural fever [275]. The honeybees maintain high
temperature inside the hive which is lethal to pathogens but not to bees [219]. The insects
prefer high temperature during infection because it can enhance the immune function and
their survival chance during infection [204, 235]. The fact that DWV does not lead to any
behavioural effect until 3 days after infection, might be due to behavioural fever as a response
to infection. This may explain why DWV persist long time in non-symptomatic bees without
doing any harm. Another possible reason of delayed DWV effect may be the production and
release of interferons (INFs) like substances from virus infected cells within few hours after
infection. These glycoproteins can tolerate heat and extreme pH, and may produce translation
inhibitory protein that in turn block the virus replication [112].

Honeybee also exhibits a defined antiseptic or hygienic behaviour by which bees detect and
remove infected animals from the hive [313]. In case of bacterial (Paenibacillus larvae) and
fungal (Ascosphaera apis) infection, the infected brood is either removed from the hive
immediately after infection or after their death [240, 317]. Honeybees also remove pupae that
are parasitized with mite and use the hygienic behaviour as defence against parasitic mite
Varroa destructor [38, 272]. In case of fungal infections, the hygienic line bees exhibit
increased sensitivity to odor of the infected brood and remove them quickly [182, 183, 273,
313]. In contrast, artificial DWV infection does not affect the odor sensitivity and habituation

and thus a different mechanism may apply.

4.2 Behavioural analysis after stress treatment

In mammals, stress can affect the performance of animal in two ways: either it improves or it
impairs learning and memory performance. It is proposed that stress released transmitters and
hormones can shift the stress response in both directions depending on the timing and

localization of their respective actions [145]. In mammals, stress has been shown to affect
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locomotor activity, spatial memory, anxiety, exploration and sexual behaviour [103, 221,
261]. The stress induced morphological and behaviour changes also depend on age, genotype,
type of stress and indicate the complexity of stress response pathways. Even individuals of the
same population can respond differentially to the same stressor [117, 312]. Like mammals,
insects must also respond to changes in their environment that may affect their performance.
The behavioural plasticity of honeybees is affected by many factors such as circadian rhythm,
parasites, satiation level and insecticides [2, 83, 87, 166, 169, 327]. In Drosophila, a recent
study revealed the role of mushroom bodies in the modulation of behavioural responses to the
environmental stressors such as starvation and oxidative stress [214]. Despite of the well
defined behavioural repertoire, no connection between stress and behavioural plasticity has
yet been demonstrated in bees. My work provides the experimental proof that two stress
stimuli (UV light; UV and shaking with light; SL) enhance sucrose responsiveness and impair

learning and memory formation of honeybee.

4.2.1 UV light and reactive oxygen species (ROS)

My findings are in agreement with a recent study where iron-induced oxidative stress in
antennal lobe of honeybee also shows inhibitory effects on olfactory behaviour of honeybee in
a dose and time dependent manner [94]. A variety of factors producing oxidative stress can
damage the nervous system by several interacting mechanism including changes in
intracellular Ca*" and release of excitatory amino acids [122]. It seems feasible that the UV
light induced behavioural changes might be due to oxidative stress created in the brain of
honeybee. Moreover, high doses of UV light can also produce excessive free radicals [191]
that cause the increased intracellular level of reactive oxygen species (ROS) in animals [55].
The production of these highly reactive molecules like oxygen ions, free radicals, peroxides
[98] can effect important intra- and extracellular structures that may change the cognitive
performance. In mammals, UV light is also involved in apoptosis, cancer, clustering and
internalization of cell surface receptors [304]. In Drosophila, UV irradiations induces
apoptosis at different developmental stages of embryo [330].

Although the UV light exposure was shorter (>15 min) than DWV infection (>3 days), both
treatments lead to the same impairment in behaviour, pointing towards a common mechanism
underlying these behavioural changes. Recent experimental evidence claims that short term
stress can also impair cellular communication in brain areas associated with learning and

memory [59]. In this study, novel processes of acute stress activated selective molecules
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(corticotrophin releasing hormone) disrupt the dendritic spines of hippocampal neurons. This
in turn limits the ability of synapses to process information [295]. Thus it is feasible that UV
light might interrupt the basic process of neuronal transmission to affects the behaviour of

honeybee.
4.2.2 SL stress treatment and behaviour

It is well know that vertebrates as well as invertebrates have various forms of sleep, rest and
wakefulness [150, 154, 288]. In mammals, any disruption in sleep cycles or internal rthythm
may adversely affect the physiology and performance [292]. Adult honeybee has their own
developed endogenous circadian rhythms which is an important component of its social
behaviour [37, 280, 289]. Honeybee also exhibits sleep like states which is demonstrated by
comparing the amount and episodes of antennal immobility during night [248, 249]. Although
the antennal movements have not been measured, SL induced changes in behaviour might be
due to an imbalance between normal circadian cycle and disturbed sleep pattern or both. SL
stress treatment enhances the sensory responsiveness which matches with an increased
sensory responsiveness of sleep deprived animals. [249, 262, 332]. My results are in
agreement with studies in mammals where sleep deprivation suppresses the performance of
learned tasks [303].

Various studies have shown that loss of sleep prior to training differentially affect the synaptic
plasticity and subsequent behaviour [100, 176]. In rat, inadequate sleep produces several
molecular and cellular alterations that impair spatial learning and hippocampal long-term
potentiation [186, 242]. In human, lack of sleep causes marked deficits in hippocampal
activity during episodic memory encoding that results in worse subsequent retention [324]. In
Drosophila, mushroom bodies (MBs) can regulate the phenomenon of sleep via cyclic-AMP-
dependent protein kinase [115, 150] pointing towards the implication of signalling pathways
in the MBs in mechanism underlying stress induced behavioural impairments. It is known that
neuronal pattern and consequently the release of neurotransmitter change significantly during
sleep and wake cycle [70]. Some of these speculative aspects might also be involved in the

modified behaviour after SL stress treatment in honeybee.

Role of immunity and biogenic amines during stress treatment

The majority of early research indicated that both minor and major stressful events affect a
variety of immunological mechanisms. It is clear that stress can both enhance and suppress

immune system function [84, 99]. Stress induced changes in immune function are also
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reported in molluscs and insects [6, 168]. These stress associated immune de-regulations are
consequential for health [111, 220] and might be the reason for changes in behaviour. Another
explanation is that stress can modulate many biological factors other than immunity (blood
flow, level of hormones, body temperature etc) [177] that can affect the performance of
animals.

Insect nervous system has high concentration of biogenic amines that play a major role in
regulation of various physiological and behavioural processes [93, 136, 198, 224]. It is
feasible that stress treatment (UV and SL) might change the level of these amines that leads to
change in performance of honeybee. This idea is supported by different studies in insects. In
honeybee, stress treatments (CO,, chilling and vertical spin) can depress the level of
octopamine and dopamine and these stressed bees need longer time to fly from hive to feeder
[60]. Changes in biogenic amine (especially OA) in honeybee, Drosophila, Schistocerca
gregaraia, Perilaneta americana are also triggered by external stress stimuli such as
mechanical, chemical, extreme temperature, heat and handling [65, 75, 126, 127, 137]. In
addition to stressful events, the level of biogenic amines is also modified by different
colonies, age and different seasons. The combination of both factors might be the reason for

different outcomes on behavioural levels.

4.3 JINK Pathway mediates the behaviour of honeybee

In literature, JNK is mainly associated with immune and stress response but the function of
JNK in neural plasticity is poorly understood [50]. Although a JNK homologue is proposed in
computational screening of honeybee genome [92], no experimental investigation has been
done so far. My data provides the first experimental proof for the presence of JNK in
honeybee brain. Western blotting confirms the predicted molecular weight of INK (46.5 kDa)
as in other animal species [45, 167, 199, 203, 291, 301]. The mammalian JNK comprises
three closely related genes (JNKI1, JNK2 and JNK3) and are either widely expressed or
restricted only to brain and neuronal tissue. The alternative splicing of these genes results in
10 isoforms of JNK with short form (46 kDa) and long form (54 kDa) that differ in their
substrate affinities [23, 147, 223]. Each JNK may be expressed as either in its long form or C-
terminally truncated short form [77]. Although these genes are not fully described in insects,
my data provides evidence for the short form of INK1 (46 kDa) in honeybee brain tissues that
is higly identical to DJNK / basket in Drosophila [217]. However, the possibility of variant

forms could not be ruled out.
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Immunohistological data reveals high phosphorylation of JNK in regions (peduncle and alpha
lobes of mushroom bodies) implicated in honeybee learning and memory formation. In
mammals, various studies show that JNKI1 is widely expressed at high level in all brain
regions and exhibits a constitutive activity in brain [34, 45]. Moreover, expression of
mammalian JNK1 in the dendrites and axons of neurons [108, 171] supports my findings in
honeybee where major JNK activity is detected in non-nucleus areas of neurons (dendrites
and axons) within the mushroom bodies. This JNK expression is an indication for a potential
role of JNK in synaptic plasticity which is also reported in mammals [58, 331] and
Drosophila [246]. Previous studies provide evidence for the involvement of JNK in basal
synaptic transmission in hippocampus and its role in regulation of neurotransmitter release in
hippocampal CA1 area [72]. Taken together, JNK pathway in honeybee brain is very likely

implicated in multiple signaling modes.

431 DWYV infection and stress treatments activate INK

DWYV infection: I have shown that DWV infection activates the JNK in the brain of
honeybee in a distinct time pattern. Studies in other insects and mammals also have shown
that JNK can be activated by virus infection, lipopolysacchride, inflammatory cytokines and
viral RNA [42, 69, 85, 203, 266, 302]. DWV infection induces an up-regulation of JNK
activity after 2 h followed by down-regulation after one day but again up-regulation after
three days of infection. In addition, no activation of other cascades like p38 and ERK (p44/46)
were observed during this time window. This indicates that virus infection leads to JNK
activation within few hours which is not accompanied by changes in behaviour (visible > 3
days after infection). Here the self-defence system of insects can not be ignored which is
supported by various studies. In Drosophila, it is proposed that any infection (virus, parasites,
bacteria and fungi) activates different pathways (NF-kB, JAK-STAT and JNK etc) in fat
bodies and haemocytes. This leads to the production of antimicrobial peptides that together
with phagocytosis of microorganism (encapsulation) by blood cells are essential for insect’s
self-defence [89, 133, 138, 139].

Like in mammals, LPS triggers immune system by activation of JNK pathways in insects and
suggest that JNK is an evolutionary conserved component in immune responses [56, 77]. In
Drosophila cells and wax moth larvae (Galleria mellonella), LPS activates the JNK pathway
within 5 min to 240 min in a dose dependent manner [265, 266, 315]. The late activation of

JNK (5 days after infection) is also shown in female mice in vivo, where injection of influenza
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A virus into the olfactory bulb activates JNK and leads to lethal encephalitis disease [205].
DWYV infected bees might consume more energy as in case of LPS and Nosema infection
[185, 294] and causes energy shortage that can activate JNK as observed in mammals [216,
268]. Conclusively, my data provides a unique JNK activation pattern which may be involved
in triggering changes in sensory processing and associative learning but not in non-associative

learning.

UV and SL stress treatment: My results demonstrated that like virus infection,
environmental changes (UV and SL) also activate the JNK and change the animal
performance. This points to a common signalling mechanism underlying all these behaviour
modifications. The UV irradiation activates the JNK in the brain of honeybees depending on
exposure times (>15 min). This is in agreement with other animal or cell culture studies where
JNK is well known to respond to extracellular stimuli including UV irradiation in the same
time range [25, 82, 135, 199, 291]. In mammalian Leukemia cells, UV radiation leads to
initial changes in cell membrane and activation of JNK pathway [304]. In Hela cells and
mouse fibroblast cells, UV light induces ROS [328] that strongly activates JNK and cause
induction of many target genes [9, 238]. Besides my findings of increased JNK activity after
different exposure times of UV light, INK activity is also reported to be sensitive to different
intensity / doses of UV light [8, 82, 268]. This might be the reason for weak elevation of INK
activity after minimum UV light exposure (5 min) in honeybee.

In addition to short and defined stimuli, my findings also show that long lasting procedure
like SL treatment also activates JNK. In this case, the potential interruption of normal sleep
pattern of honeybee by SL treatment can not be ruled out to activate JNK. Although no study
is available for JNK implication in this scenario, various cascades important in learning and
immune response (cAMP-dependent kinase, CREB and NF-kB) are reported to be activated in
brain tissues of mammals and insects after sleep deprivation [64, 132, 332]. It is also feasible
that SL treatment might increase the physical activity of honeybee to consume more energy
that lead to glucose deprivation which is known to activate JNK in mammalian cells [216,
268].

Since different external treatments (infection and stress stimuli) leads to activation of JNK
and changes in behaviour, my results suggest a principle link between all these components.
Interestingly, these effects are unique because only distinct forms of behaviour such as
sensory processing and associative learning are effected while non-associative learning
remains unaffected. In this case, the potential cross talk between different signalling pathways

and other unknown non-specific mechanism can not be ruled out.
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4.3.2 Inhibition of JNK restores stress induced JNK activity and
behavioural changes

My findings arouse a critical question whether the induced changes in behaviour are really
modulated via JNK pathway in vivo. By employing the specific JNK-inhibitor (SP600125),
my results convincingly show the down-regulation of virus and stress induced JNK activation.
Generally, SP600125 is well known to inhibit JNK and its specificity has been verified in
many studies where it is also used as an important tool to treatment of various diseases [18,
26, 31, 181, 302, 306]. My study demonstrates that JNK-inhibitor successfully rescues the
stress (UV and SL) induced changes in sensory processing, learning and memory formation.
In case of DWV infection, the reversible action of JNK-inhibitor did not allow to address the
role of JNK due to the long lasting behavioural analysis. Nevertheless, my findings provide
clear evidence for a critical inhibitory role of JNK in mechanism underlying behavioural
plasticity.

There are only a few mammalian examples describing the role of JNK in memory formation
and the involvement of JNK in sensory processing has been absolutely unknown so far. One
report in rats demonstrated that in a taste aversion paradigm, presentation of conditioned
stimulus differentially activates the ERK and JNK in the insular cortex [29]. Two other
studies in rat passive avoidance paradigm propose an opposite role of JNK-inhibitor in short-
term memory (STM; 2 h) and long-term memory (LTM; 24 h) where intra hippocampal
injection of JNK-inhibitor enhances STM but blocks LTM without affecting the locomotory /
exploratory activity of the animal [31, 32]. None of these studies demonstrate a link between
stress induced JNK activation and behaviour, and thus does not allow a direct comparison
with my data. However, my findings that increased JNK activity impairs LTM in honeybee
show parallels to studies addressing cellular mechanisms of plasticity in long term-
potentiation (LTP). LTP is widely studied as a physiological correlate of memory formation
in mammalian brain [71]. The early phase of LTP does not require protein synthesis and
involves covalent modification of pre-existing proteins, as other froms of short term plasticity
and short-term memory. The late phase of LTP requires both translation and transcription and
thus resembles the features of long-term facilitation in Aplysia and other forms of long lasting
plasticity [158]. Thus both vertebrates and invertebrates share the common conserved
mechanism underlying learning and memory formation.

One study in rat demonstrated the inhibitory effect of oxidative stress (IL-1p) on hippocampal
LTP in association with an increase in JNK activity [299]. Although this study did not

investigate the inhibitory role of JNK, it supports my results that stress induced activation of
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JNK interferes with long-term memory formation. In addition, my findings that impaired
LTM can be rescued with JNK-inhibitor are supported by previous studies showing a crucial
role of JNK in long-term potentiation. In this case, AP (beta-amyloid peptide) activates INK
and impairs the LTP: JNK-inhibitor inhibits JNK, enhances synaptic transmission, and blocks
the AB-mediated attenuation of LTP in hippocampal CA1 area in vitro [72, 305]. In another
study, application of JNK-inhibitor resulted in complete reversal of cytokine-mediated
inhibition of LTP in rat hippocampus [74].

In my results, stress induced JNK activation affects early sensory processing that usually
depends on changes in neuronal transmission. But in the literature, only few studies are
available to demonstrate that JNK can influence the mechanism of synaptic transmission. In
mammals, it is reported that JNK regulates the synaptic plasticity in hippocampus [58, 331].
In rat, JNK directly regulates the AMPA-R trafficking following changes in neuronal activity
by rapid phosphorylation [285]. These studies provide enough evidence to postulate that
similar mechanism may be true in honeybee and would enable a fast modulation of synaptic
transmission.

Recently, a study demonstrated that serotonin receptors (5-HT4) activate JNK within 10 min
[293]. Although, it remains unclear how this relates to stress, 5-HT ;o receptors are very
important in central nervous system due to their inhibitory effect on learning, memory and
neuronal activity [48, 52, 142, 159, 192, 206, 227, 256, 322]. These receptors are also known
to inhibit adenylyl cyclase (AC) and cAMP production in VUM neurons of Drosophila and in
ganglia of Aplysia [16, 35, 148, 247, 287]. Since cellular components are likely to affect the
coupling of receptors to specific signalling pathways [190], it is feasible that virus infection as

well as stress stimuli might activate JNK via 5-HT receptors.

4.4 Transcription dependence of stress modulated behaviour

Generally, activation of JNK pathway is associated with stimulation of down-stream
transcription factors (c-Jun/AP-1) in the nucleus where it regulates gene expression [39, 56].
In Drosophila, the early transcription factor AP-1 functions upstream of CREB (cyclic AMP
response-element binding protein) to control the synaptic plasticity [246]. Thus, it is possible
that JNK activates CREB which is a central component in LTM formation in Drosophila,
honeybee, rodents, and long-term facilitation in Aplysia [76, 153, 210, 264, 323]. Since the
pattern of gene expression is directly correlated with behavioural plasticity in honeybee [310],
it is possible that the stress induced changes in behaviour might involve the transcriptional

machinery. This question is addressed by injection of actinomycin-D (Act-D) during virus
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infection and exposure of stress treatments. Act-D is a widely used transcription inhibitor that
binds non-covalently to DNA, blocks RNA polymerase, prevents RNA synthesis and inhibits
replication of many RNA and DNA viruses [30, 104, 149, 231, 276, 318].

4.4.1 Transcription inhibition restores DWV induced behavioural
changes

In case of DWV infection, the transcription inhibition completely rescues the changes in
sensory processing and memory formation of honeybee. Thus it is assumed that virus induced
behavioural changes acts via transcription. Although DWV belongs to the group of positive
single stranded RNA virus (+ssRNA) that mainly replicates in cytoplasm, many studies
suggest that +ssRNA virus acts via transcription and gene expression. The injection of
Drosophila C virus (DCV; +ssRNA virus) into adult Drosophila flies induces a substantial
change in gene expression profile 24 h and 48 h after injection [86, 130]. In mice, the
influenza virus (RNA virus) causes long-term behavioural changes in anxiety and spatial
learning as well as alterations in gene expression in certain regions of the brain [27]. Recently,
Varroa infection is reported to change gene expression [213] which is also a potential
transmitting agent for DWV in honeybees. Thus it is more likely, that combination of
different factors including DWV can change the behaviour via transcription that may be a
potential reason for colony collapse disorder. Although, deregulation in neurotransmitter and
bacterial infection are known to influence the gene expression in honeybee [36, 252], none of
these studies showed the rescue of virus induced behavioural changes with inhibition of
transcription.

Since Act-D is also known to inhibit virus replication, it remains unclear if Act-D inhibits
virus or host transcription. In early studies, Act-D has been reported for its dose dependent
inhibitory effect on the replication of +ssRNA viruses in Hela and hamster kidney cells [226,
251]. The dose and experimental condition is very critical for the effectiveness of Act-D [24]
and low dose of Act-D does not inhibit +ssRNA virus [276]. Based on this, it is feasible that
Act-D may block the synthesis of components crucial for replication of DWV virus.
Moreover, it is also possible that inhibition of both transcription and replication occurs in
parallel and thus limit the infection either individually or together to rescue the behavioural

changes.
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4.4.2 Transcription inhibition restores UV induced behavioural changes

In case of UV light, my experiments confirm that by blocking transcription with Act-D, INK
modulated behavioural changes are fully restored. This suggests that UV mediated effects on
behaviour are mediated via JNK action on the transcription process. Although the neural
targets of JNK are not fully investigated, there is convincing evidence that UV radiation
immediately activates different transcription factors (AP-1; c-Fos, c-Jun, ATF) by JNK
pathway [229, 238, 314]. In mouse, UV radiation has been demonstrated to increase the
transcript levels of c-Fos and c-Jun in vivo [15, 307]. In Hela cells, UV radiation rapidly
(within 30-60 min) triggers the transcription activity of c-Jun most likely via JNK pathway
[277]. In another study, JNK activation in Hela cells and human MRCS5 cells is correlated
with transcriptional activity of c-Jun after short UV radiation (15-30 min) [201]. Taking
together, these reports support my findings that UV light (>15 min) rapidly activates the JNK
pathway that most likely acts via transcription. In honeybee, the inhibition of transcription
during learning specifically effects LTM (>3 days) but not memory until 3 days [318]. The
fact that Act-D immediately rescues UV induced effects on sensory processing, learning and
early memory formation (0-1 day) clearly argues for transcription processes different from
that reported for memory formation. Thus, my data describes a special role of Act-D in
improvement of UV light induced behavioural changes in honeybee.

Moreover, it is feasible that UV light might result in a release of alarm pheromone in
honeybee that in turns affects gene expression and behaviour. The release of alarm
pheromone in rats increases defensive behaviour, decreases exploratory and grooming
behaviour and increases the expression of transcription factor [163, 164]. In honeybee, alarm
pheromone causes a dose-dependent decrease of honeybee learning performance [296] and
induces immediate early gene expression and slow behavioural response [10]. Based on these
reports, it is hypothesized that UV increased release of alarm pheromone might be one of the

reason for change in gene expression via JNK pathway.

4.4.3 SL induced behavioural changes are non-transcriptional

Mechanical stress induced behavioural changes in sensory processing, learning and memory
formation remains totally unaffected after transcription inhibition. Thus my data clearly
demonstrates that this particular JNK induced behavioural changes is not mediated via
transcription (Figure 4.1). At that time, all JNK actions were reported to regulate transcription
while non transcriptional aspect of JNK was poorly known. Later on, my results are supported

by a recent study showing that JNK phosphorylates and dephosphorylates AMPA receptors
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(AMPA-R) within minutes resulting in decrease and increase in neuronal activity respectively
[285]. The AMPA-R is a glutamate regulated cation channels that mediate fast synaptic
transmission in the central nervous system. The dynamic regulation of these receptors is
crucial for short and long-term modification of synaptic efficiency [267].

With regard to synaptic activity, JNK activation is also reported to disrupt transmitter release
and alter presynaptic composition in Drosophila neurons within time range of 6 h [91, 215].
In rat, oxidative stress induced activation of JNK causes a decrease in glutamate release and
attenuate both early and late components of LTP while its inhibition could enhance glutamate
release to facilitate short term mnemonic trace [161, 299]. All these observations are
sufficient to formulate the idea that SL induced JNK activation might down-regulate the
neuronal activity for short duration that in turns modifies the behaviour transiently.

Although many other studies can be connected to the observed SL induced behavioural
changes, none of these studies implicate JNK. So, it is possible that SL treatment increases the
physical activity and causes energy deprivation. This in turn may be the reason for
enhancement in sucrose responsiveness of the bees in my experiments. In Drosophila,
nutritional deficiency is reported to cause impairment in associative learning and memory
[121, 320]. Another possible reason for behavioural changes might be deprived sleep during
SL treatment which is reported to impair subsequent performance on various task, both in
animals and in humans [179, 186, 242, 292]. All these stressful events may collectively alter
other mechanism in brain (temperatures, hormone concentration and metabolism) that are
sufficient to change the behaviour independent of transcription. But again very similar effects
of different stress stimuli on behaviour irrespective to transcription argue for a common

conserved process.
4.5 Acetylcholine action in Kenyon cells: a potential target of UV light

The presence of JNK in mushroom bodies (a structure important for learning) promoted me to
investigate whether UV light can also have effect on basic neurotransmission in Kenyon cells
of honeybee. Insect olfactory pathway contains central neuropile of mushroom bodies that
receive cholinergic input from the antennal lobe and are involved in olfactory learning and
memory formation [131, 194]. Studies have shown that major parts of the olfactory pathway
in insects brain are cholinergic where nicotinic acetylcholine receptors (nAChRs) mediate the
fast action of ACh at cholinergic synapses [11, 151, 236, 283].

Since action of acetylcholine (ACh) is important in olfactory signal processing, it is feasible

that any change may deteriorate the signal processing. My data proofs this hypothesis by
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measuring the ACh stimulated intracellular Ca** signal which is considered as a indicator of
neuronal activity [96, 333]. In both Drosophila and honeybee ACh stimulates Kenyon cells in
a similar way that is in agreement with the conserved function of ACh in insects. The
transgenic Drosophila (20ly-GAL4; UAS-Cameleon 2.1) with genetic fluorescence indicator
(cameleon) provides an easy tool to address the action of ACh in Kenyon cells [96]. My data
demonstrates a UV dependent decrease in ACh action which can successfully be restored by
Act-D (shortly before UV light) in vitro. However, the role of INK remains unclear since the
JNK-inhibitor is highly sensitive to UV light and does not allow to address this question in
vitro. Nevertheless, my data indicates a transcription based mechanism which is consistent
with my findings that Act-D rescues the UV induced behavioural changes.

In vertebrates and invertebrates, acetylcholinesterase (AChE) is expressed in nervous system
and muscles where it plays an essential role in degradation of acetylcholine in the synaptic
cleft [269]. UV light may increase its expression that in turn will hydrolyze ACh very quickly
and thus terminate its action. A recent study in mammalian cells is available to support this
idea where H,0O, (oxidative stress) can induce AChE expression by JNK pathway via
transcription. In this case, inhibition of JNK can suppress the stress induced AChE expression
[326]. The correlation between up-regulation of AChE and JNK activation is also reported in
cancer cell line where JNK-inhibitor can block these up-regulations [81]. In astroglia, acute
oxidative stress causes up-regulation and release of AChE followed by rapid and sustained
changes in mRNA expression of AChE [40, 41]. The direct comparison of my results with
these studies is limited because AChE mainly acts outside the cells whereas, I already have
isolated Kenyon cells for in vitro analysis. Therefore, it is most likely that this phenomenon
only applies for in vivo conditions.

Since ACh binds to AChREs, it is feasible that UV light may affect the AChRs that in turn will
reduce the ACh action. In honeybee, inhibition of nAChRs before and after training has a
distinct inhibitory effect on acquisition and memory phases in vivo [106] while their inhibition
is also reported in vitro [113, 319]. Different mammalian studies give supporting reference for
the proposed inhibitory effect of UV light on nAChRs via transcription. Oxidative stress is
reported to influence the expression of nAChRs, modify their gene expression and affect
learning and memory formation [105, 119, 120, 208, 228, 271]. A recent paper demonstrates
that oxidative stress inactivates neuronal nAChRs in a use-dependent manner and reduces the
effect of ACh at synapses junctions [51]. Although, it is clear that stress can impair
cholinergic signalling mediated mechanisms at synapses, none of these studies implicate Act-

D to rescue this impairment.
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4.6 Schematic illustration of INK modulated behaviour
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Figure 4.1: Schematic illustration of INK modulated behaviour

Different external stress stimuli and virus infection causes very similar behavioural changes in
sensory processing, associative learning and memory formation while non-associated learning
remains unaffected. The stress induced behavioural changes are modulated by the JNK
pathway and can be rescued by the JNK-inhibitor (SP600125). Using actinomycin-D, it is
demonstrated that JNK can act via two different routes: transcriptional as well as non-
transcriptional. Both routes leading to similar behavioural changes suggest a common
mechanism.
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10 SUMMARY

My work demonstrates a central role of JNK (Jun-N-terminal kinase), well known as central
component in mammalian immune and stress response, in sensory processing and associative
learning in honeybees. I describe the implication of JNK in mediating changes in behaviour
induced by deformed wing virus (DWYV) infection, and two other stress stimuli (UV light; UV
and shaking with light; SL). DWV infected honeybees (3 days after infection) show changes
in sensory processing, an impaired associative learning and memory formation, but intact
non-associative learning. DWYV infection activates JNK in a complex temporal pattern in the
mushroom bodies (MBs) and acts via transcription to induce changes in behaviour.
Interestingly, short-term UV exposure (=15 min) and long-term SL treatment (overnight)
induce similar behavioural changes as virus infection and lead to JNK activation in the brain.
Inhibition of JNK fully restores stress induced biochemical as well as behavioural changes.
UV induced behavioural changes require transcription while SL induced behavioural changes
does not require transcription. Experiments on isolated Drosophila Kenyon cells show that
UV light has an inhibitory effect on neuronal transmission and points to the MBs as the
cellular location of stress induced physiological changes. Taken together, my data provide

first evidence that JNK acts as central mediator between stress and behaviour of honeybee.
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11 ZUSAMMENFASSUNG

In meiner Dissertation habe ich die Rolle von JNK (Jun-N-terminale Kinase), einer zentralen
Komponente bei Immun- und Stressreaktionen, bei sensorischen Prozessen und assoziativen
Lernen bei der Biene untersucht. Die Befunde zeigen, dass JNK bei der Vermittlung von
Verhaltensédnderungen die durch den deformed wing virus (DWYV) und andere Stressfaktoren
(UV-licht; UV und Schiitteln mit Licht; SL) induziert werden, eine wichtige Rolle spielt.
DWYV infizierte Bienen zeigen eine verdnderte sensorische Prozessierung und eine
Beeintrachtigung des assoziativen Lernens und der Gedichtnisbildung, jedoch keine
Anderungen bei nicht-assoziativen Lernformen. DWV-Infektion fiihrt zu einem komplexen
zeitlichen  Aktivierungsmuster der JNK in den Pilzkdrpern und  bendtigt
Transkriptionsprozesse um die Verhaltensdnderungen zu induzieren. Die kurzzeitige
Exposition mit UV-Licht (>15 min) und die langzeitige SL-Behandlung (iiber Nacht) fiihrt zu
dhnlichen Verhaltensdnderungen wie die Virusinfektion und aktiviert die JNK im
Bienengehirn. Diese stressinduzierten biochemischen und Verhaltensdnderungen konnen
durch die Inhibition von JNK verhindert werden. Waihrend UV-induzierten
Verhaltenséinderungen transkriptionsabhingig sind, benotigen die durch SL-Behandlung
induzierten Verdnderungen keine Transkription. Experimente an isolierten Drosophila
Kenyonzellen zeigen einen UV-Licht induzierten und transkriptionsabhéngigen Effekt auf die
neuronale Kommunikation und deuten auf eine wichtige Rolle der Pilzkdrper bei der
Prozessierung von Stresssignalen. Zusammengefasst zeigen die Befunde erstmals, dass JNK

als zentraler Vermittler zwischen Stress und Verhalten agiert.
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