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And the beasts, too, are able both to perceivgshtorporeal from without,
through the senses of the body, and to fix thethermemory, and remember
them, and in them to seek after things suitabld,sdun things inconvenient.

St. Augustine of Hippo “On the Trinity”

Hence not only human beings and the beings whiskgss opinion

or intelligence, but also certain other animalsggss memory.

Aristotle “On Memory and Reminiscence”
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1 Introduction 1

1 Introduction

Memory is a property of our minds that let us stpest events or acquired abilities, and
transfer them into the present time and futures & kind of time machine that let us mentally
travel to langsyne, visit places seen long ago.tipeeple encountered in the past. Memory is
central to the perpetuation of the self, to ountdg as individuals, as separate human beings.
It is also an indispensable part of human reasqrigagrce of knowledge, moral life, culture
and civilization. We have to study memory to untierd the mind-body relation, comprehend
our experience of time, fight psychiatric and depehental diseases, alleviate emotional

traumas and improve educational systems.
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1.1 Learning and memory

1.1.1 Memory systems

One of the most popular models conceptualizing nrgmie cognitive psychology was
created by Atkinson and Shiffrin and is depicted=gyure 1-1 (Atkinson and Shiffrin, 1968).
This model is based on time phases of memory foomait assumes existence of three
memory stores: sensory store capable of storinigeldlramounts of information for very brief
periods (milliseconds); short-term memory (STM)ristg information for somewhat longer
times (seconds), but with very limited capacitypdeterm memory (LTM) having very large
capacity and capable of storing information fonmMeng periods (Sternberg, 2006).

This model become very popular in cognitive and evolar neurobiology and with minor
modification will be used in this thesis. There amvever many other models which can be
used to conceptualize memory system (Murdock, 2003)

( enviromental | ( sensory ) [ short-term cons_»olidation (1 t 3
- ong-term
[ input J > L registers J > l memory J +— l memory J

retrieval

response
output

Information from environment is stored in sensory egisters and later transferred to STM from which itmay be used

Figure 1-1 Atkinson-Shiffrin model of memory.

to generate behavioural output or transmitted (conslidated) to LTM for permanent store. Memories storel in LTM

may be retrieved to STM and used to create behavioaf responses. Adapted from Sternberg, 2006.

Long-term memory can be divided into declarativel ammocedural one. Declarative (or
explicit) memory requires conscious recall and esgoimformation about facts (semantic
memory) and events (episodic memory). The othenfof long-term memory is procedural
(implicit) memory. It is not based on consciousatt@nd can be studied in invertebrate
models as well. Procedural memory can be furthledisided,inter alia, into: nonassociative
(habituation and sensitisation) and associativesgtal and operant conditioning) (Kandel et
al., 2000).

During classical conditioning paradigm, animalgheabout the temporal dependence of two

stimuli and try to detect the most salient enviremtal stimulus preceding unexpected
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appetitive or aversive stimulus (Menzel et al., 200n laboratory conditions, the animal is
presented with a neutral stimulus (conditioned shis, CS) and subsequently with an
unconditioned stimulus (US), which elicits an unditioned response (UR). After a few
(sometimes even one) trials the animal associagewith US, and as a result, CS is now by

itself able to evoke UR, which becomes the condétresponse (CR).

1.1.2 Cellular and molecular basis of memory formation

For many years scientist were trying to relate beha and psychological phenomena with
brain structures and functions, but only in theosechalf of the 20 century it became
possible to research the issue with full sciensticutiny.

The most important ideas regarding possible cellm@chanisms of memory formation came
from Konorski (Konorski, 1948) and Hebb (Hebb, 1p4®0 suggested, that strengthening of
synapses between neurons that are active at the samg, is the cellular mechanism of
memory formation. Subsequent decades of reseaadmgeavith neural basis of learning and
memory in systematically diverse range of organisted to corroboration of the
abovementioned idea that the cellular analogueeafning and memory is experience-
dependent modulation of synaptic strength and tsirec(Kandel, 2001;Lamprecht and
LeDoux, 2004).

It is widely believed that cellular models of lotgsm memory formation are LTP, LTD and
LTF. These phenomena are based on strengtheninpngiterm potentiation (LTP), or
weakening, in long-term depression (LTD), of symaptonnections in mammalian
hippocampus (Lynch, 2004;Pastalkova et al., 200@jddk et al., 2006). Long-term
facilitation (LTF) is modulation of sensory neurenmotor neuron synapses in a mollusc
Aplysia (Hawkins et al., 2006).

Recent years brought also enormous progress inrstadeing molecular basis of memory
formation and pointed out that general strategissduby neurons to process and store
information are conserved among species evolulipred different as molluscsAplysia)
(Hawkins et al., 2006), insects (honeybBepsophila) (Schwarzel and Muller, 2006) and
mammals (Alberini et al., 2006).

In general, STM is said to depend on covalent natibn of pre-existing proteins while
LTM formation requires protein translation and geranscription that lead to long-lasting

morphological changes in neuronal connections (Kgr001).
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1.1.3 Learning and memory in Aplysia californica

Aplysia californica, (California sea hare) was introduced to neurolgiploy Eric Kandel as a
radically simple learning and memory model. Upontlgetouching of the siphon, the mollusc
contracts and withdraws the gill. This gill-withdral reflex may be habituated, sensitised and
classically conditioned (Hawkins et al., 2006). S#sation is the main experimental
procedure iMAplysia and it has at least two phases: transient onadastinutes which can be
converted to an enduring one (long-term sensitieatLTS) by repeated, spaced trials
(Castellucci et al., 1986). Neuronal process resibs for sensitisation is the heterosynaptic
facilitation (Kandel, 2001), and this phenomenorsveatensively studied at the molecular
level. The most important factors of LTM formationthe species are serotonin induced PKA
(cAMP-dependent protein kinase A), MAPK (mitogeriragated protein kinase) and CREB
(cyclic AMP response element binding protein) aation as well as local and dendritic
protein synthesis (Casadio et al., 1999;Hawkired.e2006).

1.1.4 Learning and memory in the fruit fly (Drosophila melanogaster)

Since its introduction three decades ago, the iclssonditioning paradigm iDrosophila
brought substantial knowledge about genetics ahleg and memory (Keene and Waddell,
2007;Tully and Quinn, 1985). The most popular papadn Drosophila is the aversive odour
conditioning. This paradigm is based on learninglifterentiate between two odours: one
odour (CS+) is paired with an aversive electroshsiikulus (US), while the other odour
(CS-) remains "unpunished" (McGuire et al., 2005).

Basing on studies of mutants and transgenic orgemisiemory in the fruit fly can be divided
into 4 phases: STM appearing immediately afternliegr and lasting to 1h; MTM lasting a
few hours; ARM (anaesthesia resistant memory) bémmmed in the range of hours and
decaying after 1 day; and LTM lasting for days (Mdies et al., 2005). ARM is formed after
massed conditioning and is not dependent on praigithesis, whereas LTM is created after
multiple spaced conditioning and depends on tréonslaprocesses (Mery and Kawecki,
2005;Tully et al., 1994).

Genetic studies of memory formation in the frujt lkad to discrimination of several genes
involved in this processlunce (encoding cCAMP phosphodiesterase) andbaga (encoding
adenylyl cyclase) engaged in SThinnesiac (encoding a putative neuropeptide) involved in
MTM andradish partaking in ARM. There are also several genesding transcription and
translation factors involved in LTMdCREB2 (repressor of transcription factpritaufen

(MRNA localisation) pumilio (MRNA binding), oskar (translational controlKeene and
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Waddell, 2007;Margulies et al., 2005). Most of #hesutations are localised in the mushroom
bodies pointing to the foremost function of thisusture in memory formation (Keene and
Waddell, 2007). These mutants suggest the centtal af PKA, protein translation and

transcription in memory formation processes inftje

1.1.5 Learning and memory in the honeybee (Apis mellifera)

Honeybee is a perfect model animal for studyingnieg and memory in a relatively
uncomplicated nervous system. In this insect, care address the problem at all levels of
memory organisation: behaviour, circuits, neuronsl anolecules. Bees exercise diverse
cognitive functions with a very limited brain capigcconsisting only of about one million of
neurons. Honeybees use elementary forms of lear(uiagsical, operant) as well as many
nonelementary forms of learning such as rule, cdué or observatory learning (Menzel et
al., 2006;Menzel et al., 2007). In natural condisdhey learn in a wide range of situations
e.g. foraging, when animals associate flower patarsesuch as smell, colour, shape and
location with food rewards (Menzel and Muller, 1896

In the laboratory, memory can be studied usingsatas conditioning of restrained animals
(Bitterman et al., 1983;Menzel et al., 1974) utigs observation that the bee extends its
proboscis as reaction to the application of sucsmetion to the antennae, proboscis or the
tarsi of the front legs. This phenomenon is calfgdboscis extension response (PER)
(Menzel, 1990). PER may be conditioned classicBlywabara, 1956;Takeda, 1961) and
during this procedure a neutral odour (CS) is a&gpshortly before the sucrose presentation
(US) to the antennae or proboscis. As the rehdtahimal associates both stimuli and reacts
to an odour with proboscis extension (CR) (Bittemmedaal., 1983). A single conditioning trial
consisting of an odour presented 1 to 3 secondwdeaiicrose, typically leads to 50% PER
probability and decays after 1 day. When bees @gepted with multiple conditioning trials,
the response reaches 80-90% PER probability atsl daer a few days (Menzel and Muller,
1996Db).

In the honeybee, the olfactory information (CSpé&sceived through the chemoreceptors on
antennae and mouthparts and is transmitted toltmeeguli of the antennal lobe (AL). Then
signals are delivered through antenno-glomerultnasts (AGTs) to the calyces of the
mushroom bodies (MB) and the lateral protocerelotad (LPL) (Menzel and Muller, 1996Db).
Sucrose (US) is perceived by the sensory neuronth@rantennae and proboscis and this
information is transferred to the subesophagal amgHammer and Menzel, 1995). One of

the neurons localised there, the VM (ventral unpaired median mx1 neuron), sends
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arborisations that converge with the olfactory (@&thway in mushroom body calyces,
antennal lobes and lateral protocerebral lobe (Meaad Muller, 1996b). This neuron seems
to be critically involved in memory processes asubstitutes the sucrose input in classical
conditioning: its depolarisation (Hammer, 1993)tbe application of putative transmitter
(octopamine) (Hammer and Menzel, 1998) is sufficien replace the US in the CS-US
conditioning protocol.

The short-term memory trace can be localized toAhse and a-lobes of the MBs within
minutes after conditioning (Menzel et al., 1974 veell to the calyces of the MBs (Erber et
al., 1980). It seems that honeybee mushroom bodiesthe most important place of
associative memory trace development in the spdéienzel and Muller, 1996a). Other
neurons, such as an MB-extrinsic neuron, the PELalso involved in associative learning
(Mauelshagen, 1993;Menzel and Manz, 2005;0kadh, &007).

Memory in the honeybee can be divided into 3 phaS&# (short-term memory) lasting in
the range of minutes, MTM (mid-term memory) lastfog hours and the stable LTM (long-
term memory) lasting for days and weeks. The ldsisp may be dissected into two
subphases: eLTM (early LTM) lasting from 1 to 2 slaywhich depends on translation (new
protein synthesis) and ILTM (late LTM) lasting frold days on and depending on
transcription (new mRNA synthesis) (Schwarzel andl&t, 2006).

On the molecular level, memory in the bee is medidtty factors such as PKA, PKC (protein
kinase C), glutamate, MAPK or CREB, that are kndwom other model systems as well
(Muller, 2002;Schwarzel and Muller, 2006).

In the honeybee, as in other model systems, mailtiglining trials render a prolonged PKA
activation (in the range of 2-3 min) and this iguieed for LTM induction (Muller, 2000).
This prolonged activation is mediated by NO/cGMPstepn in the ALs (Muller and
Hildebrandt, 2002). Additionally, downregulation thfe amount of catalytic subunit of the
PKA amount in the brain also deteriorates long-teremory performance (Fiala et al., 1999).
The other second messenger system used in LTM fammacross species is PKC system
(Selcher et al.,, 2002) and in the honeybee, inbibiof PKC leads to an LTM deficit
(Grunbaum and Muller, 1998). MAPK pathway is imptied in long-term memory formation
in mammals (Kelleher, 1l et al., 2004a) as wellimshe bee (Plekhanova, 2005). Glutamate
was shown to be involved in LTM formation in thenlkegbee as local release of glutamate in
the mushroom bodies increases long-term memoryopeaince (Locatelli et al., 2005).
Moreover, blocking of NMDA receptor or glutamatertsporter during training leads to
impairment of LTM (Si et al., 2004). Honeybee hootpbf the CREB was found in the brain



1 Introduction 7

of the insect (Eisenhardt et al., 2003) and thasdgcription factor is involved in LTM of the

insect (Eisenhardt, personal communication).
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1.2 Protein translation processes

1.2.1 Introduction

As written above, prolonged and stable forms of wwnand synaptic plasticity require

synthesis of new proteins. In eukaryotic cellspstation is a very complex process requiring
precise and not yet fully understood control systewell as substantial amount of cellular
energy. Translation is conventionally divided irfBanain phases: initiation, elongation and
termination. Each of the phases requires its ovinokdnighly specialized proteins called

eukaryotic initiation (elF), elongation (eEF) arelease (eRF) factors, respectively (Merrick
and Nyborg, 2000).

cell-surface _ .
receptors energy amino acids

N4

signalling pathways
(e.g. TOR, MAPKSs)

v N\

general protein translation of
synthesis specific MRNAs
cell growth and quick response to
proliferation changing conditions

Figure 1-2 Overview of the translation control sygem in eukaryotes.
Information from extra- and intra- cellular stimuli converges on signalling pathways (e.g. MAPKs, TOR)ntrolling
translation factors and RNA-binding proteins. Geneal translation is responsible for cell growth and poliferation,

whereas specific mMRNAs are translated as a quick sponse to changing conditions. Adapted from Prou®007.

Translational processes may be regulated at tle dédranslational factors and at the level of
signalling pathways modulating these factors. Slgigppathways integrate extracellular (e.g.
information from surface receptors) and intracallule.g. energy level, amino acids
availability) signals and thus provide central amigégrative targets for translational control.
Regarding specificity of translation, this procesay be divided into two types. First type is

general protein synthesis, being controlled by gantranslation factors. Second type is
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specific mMRNAs translation being controlled by seilmthanges in general translation factors
activity as well as specific RNA-binding proteit@@eneral protein synthesis is responsible for
cellular growth and proliferation, whereas transtatof specific mMRNAs has critical role in
rapid synthesis of specific proteins as a quicknengo changing conditions. Overview of

eukaryotic translation system is presented on Eigu? (Proud, 2007).

1.2.2 Control of protein synthesis by translation factors

Protein synthesis processes may be controlledealketrel of translation factors. Each of the
translation phases (initiation, elongation and teation) requires its own set of factors. Most
control is exerted on initiation phase, but there also many examples of modulating
elongation. Termination is usually thought to beegulated and will not be discussed here.
There are a few mechanisms by which initiation phzen be started, and two of them seem
to be particularly important in neurons: cap-demsdinitiation, which is the classic,
“handbook” form of initiation and cap-independenitiation that is an unorthodox way of

initiating translation.

1.2.2.1 Cap-dependent initiation

Cap-dependent initiation of protein synthesis is tipical way of starting translation and
mechanism on which most of translational controéxerted (Hershey and Merrick, 2000).
One of the most important events during this pregesactivating of the 5’-cap structure (7-
methylguanosine attached to the 5-end of primaapdcript) of the mRNA by binding of
elF4E (eukaryotic initiation factor 4E) and othettiation factors. This enables binding of the
large ribosomal subunit to the mMRNA and scanningHe first start codon (Lopez-Lastra et
al., 2005;Merrick, 2004).

1.2.2.2 Cap-independent initiation through IRES

One of the unorthodox ways of initiating translatis the cap-independent initiation. It was
discovered 20 years ago, that translation machiocemyd be assembled independently of 5'-
cap structure, at positions very close to the stadbn of mMRNA. These positions are called
internal ribosome entry sites (IRES) and contaiecHfc, although unrelated, secondary
structures. IRES seems to mimic elF4E and renadiation independent of elF4E and cap
(Lopez-Lastra et al., 2005). These type of trarmtanitiation is enhanced when general, cap-
dependent initiation is impaired, and may be usegrovide protein synthesis from specific
MRNAs during general protein synthesis impairm&atird et al., 2006). IRES sequences are
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found in many vertebrate (Mokrejs et al., 2006) anertebrate (e.gAplysia neurons) (Ross
et al., 2006) mMRNAs.

1.2.2.3 Elongation phase

After localisation of the start codon during iniitan phase, the main part of protein synthesis
cycle, elongation, begins. Elongation consumes @986 of energy used during translation
(Proud, 2007) and one amino acid is added to theigg polypeptide at a time. Ribosome
selects aa-tRNA (amino acid — tRNA complex) acaagdp the sequence of the triplet codon
on the mRNA strand and forms a peptide bond betweegrowing peptide and the incoming
amino acid. Three elongation factors are involvedcatalysis of this process: e elF1
(EF1A), eEFB (eEF1B) and eEF2 — they secure speed and accafdhbg process. eEF2 is
the main elongation factor and catalyses trandlmtaif the growing peptide chain on the
ribosome — it physically forces the peptidyl-tRNAely formed peptide — tRNA complex)
out of the A (amino acid) site to the P (peptidé&@ sf the ribosome (Merrick and Nyborg,
2000).

1.2.3 Signalling pathways controlling translation

1.2.3.1 Control of the initiation phase (elF4E)

Initiation phase is influenced by many factors @nthe last control point for synthesis of a
protein from given mRNA (Mathews et al., 2000).

One of the most important players controlling cgpe&hdent initiation of translation is elF4E.
This factor is sequestrated and inactivated by #HEFA4E binding protein), which in turn is
deactivated by TOR (Proud, 2007). Phosphorylatibrel64E plays an important role in
controlling binding of the protein to mMRNA cap stture, but the overall effect of
phosphorylation is not clear as data are contradidKlann et al., 2004). Deactivation of the
factor was reported to function as a switch frorp-dapendent to cap-independent (IRES-
dependent) initiation of translation Aplysia neurons (Dyer et al., 2003). Figure 1-3 depicts a

scheme presenting control over elF4E.
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[ mTOR ]

|
[ 4E-BP ]
|

[ elF4E ]
cap-depenent IRES-dependent
initiation initiation

Figure 1-3 Function and regulation of elF4E.
elF4E is a positive regulator of cap-dependent iniéition of translation and negative regulator of capndependent
(IRES-dependent) one. This factor can be sequesterbgl 4E-BP, which in turn is inhibited by TOR.

1.2.3.2 Control of the elongation phase (eEF2)

Control of the elongation phase of translation esiaentrated on eEF2 phosphorylation at
Thr56 (Browne and Proud, 2002). Phosphorylated elSRihable to catalyze translocation
(Ryazanov and Davydova, 1989) and thus substantiareases the rate of elongation and
handicaps protein synthesis (Ryazanov et al., 1988) mammalian tissues eEF2 is
phosphorylated by a specific kinase - eEF2 kina&#2K) (Ryazanov et al., 1988), but this
enzyme was not found in insects. Moreover, inssetsn to lack the whole family of non-
orthodoxa-kinases (which comprises of eEF2K and a few oémziymes) (Ryazanov, 2002).
In mammalian tissues (Figure 1-4) eEF2K is activdig C&'/calmodulin and cAMP/PKA
(Ryazanov et al., 1988), as well as S6K (S6 kinase) AMPK (5'AMP-dependent protein
kinase) (Browne and Proud, 2002).

On the other hand, eEF2 is activated by dephosfaimmy catalysed by PP2A (protein
phosphatase 2A) (Browne and Proud, 2002). PP2Agigetredinter alia by PKA (Ahn et al.,
2007). It seems thus that PKA may also activate2eHut this was not so far shown
experimentally. Surprisingly, cAMP was reported dotivate eEF2 in a non-PKA way
(Feschenko et al., 2002). This complicates the alv@icture of CAMP-PKA-PP2A-eEF2

pathway, but constituents of such pathway do exist.
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Figure 1-4 Factors controlling eEF2 activity in manmalian cells.

The protein is inactivated by phosphorylation throudh eEF2K, and activated by dephosphorylation catalyskthrough
PP2A. AMPK, Ca*'/calmodulin and PKA activate eEF2K what blocks eEF2TOR-S6K pathway inhibit eEF2K what
activates eEF2. On the other hand, PKA is able to éance PP2A function and thus probably activate eEFpbut see

remarks in the text).
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1.3 Protein translation in memory formation and synaptic plasticity

Involvement of protein synthesis in memory formatisas suggested over four decades ago
(Flexner et al., 1963). In this pioneering stuaracerebral injections of puromycin, a protein
synthesis inhibitor (PSI), abolished memory formatin rodents. Subsequent wave of
experiments lead to general conclusion, that pnadgnthesis inhibitors injected to the brain
shortly before training do not inhibit acquisitiphase, and animals exhibit normal memory
performance for a short time. However, in the raofyjdays memory performance gradually
deteriorates to the baseline. Degree of this dwtdron depends on species, training protocol,
blocking agent etc, but usually can be observeth@énrange of days. PSls are most effective
when injected shortly before training, and as thierval between training and injection
increases, memory performance becomes resistahettranslation blockers. This suggests
the existence of a short, well-defined time windawund training, during which protein
synthesis processes are specifically involved inmorg formation. This concept was
expressed as “brain protein synthesis during ortlshafter training is required for the
establishment of long-term memory’(Davis and Squit®84). In spite of some criticism
(Gold, 2008), this idea is still a tenet of molesuheurobiology, and has been reformulated
recently (Klann and Sweatt, 2008).

1.3.1 Translation in neurons: importance of dendritic protein synthesis

Ramon y Cajal discovered that survival of dendréed neuritis depends on the cell body as
the outgrowths degenerate upon dissection frontéiebody. Subsequently he formulated a
thesis that the cell body is the “trophic centreha neuron”. This idea was supported by the
discovery of RNA and protein synthesis apparatusth@ cell bodies of neurons and
macromolecular transport mechanisms in axons andrides. These findings led to the tenet
saying that proteins are build exclusively in tbena and are subsequently transported to the
outgrowths (Steward and Schuman, 2003). This cdnegys not refuted by discovery of
ribosomes in dendrites (Bunge et al., 1965). Acuege of dendritic protein synthesis was
brought by experiments demonstrating perikaryoregphdent translation in dendritic spines
(Steward and Fass, 1983) and existence of polyibhescomplexes in the same structures in
rat hippocampus (Steward and Levy, 1982). The quime was corroborated by direct proof
showing that fractionated synapses incorporateolaoeled amino acids into proteins (Rao
and Steward, 1991).
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1.3.2 Dendritic protein synthesis and neural activity

Research over the last 10 years showed the impertah protein synthesis processes in
neural activity. BDNF-induced enhancement of syicaptansmission requires dendritic

protein synthesis (Kang and Schuman, 1996), and discovery initiated a wave of

experiments based on an idea that activity-indymmetein synthesis occurs at the stimulated
synapses rather then in cell bodies (Kellehegtil., 2004b).

Modern assumptions view local, dendritic proteianslation as an important factor in

neuronal activity during synaptic plasticity and may formation (Steward and Schuman,
2003). They point to its central role in stabilgiractivity-evoked changes in synaptic
strength, in a single synapse-restricted way (Kellglll et al., 2004b). Local regulation of

translation in dendrites is thought to provide libeal sites with the possibility to control its

function in an autonomous, nucleus-independent aaywell as facilitate biochemical

economy (Kindler et al., 2005).

1.3.3 Protein translation during LTP and LTD

Based on the dependence of LTP and LTD on new ipreigthesis, these phenomena are
differentiated into two phases. The first stages called early-LTP and early-LTD (E-LTP,
E-LTD) that last usually from 1 to 3 hours and dx depend on translation. The next phases
are called late-LTP or late-LTD (L-LTP, L-LTD). Theare quite persistent, last over 8 h, and
require new protein synthesis (Abraham and Willia2@08;Sutton and Schuman, 2006). L-
LTP and L-LTD are considered neural substratesTiVland much of our knowledge about
translation during memory-related processes comes fstudying these phenomena in
mammalian hippocampal slices (Govindarajan et28l06). Although LTP and LTD change
the synaptic strength in opposite directions, tpessumably rely on common biochemical
pathways such as MAPK and mTOR dependent translétielleher, 111 et al., 2004b).
Although it is very often supposed that LTP indugeseral protein synthesis enhancement
(Kelleher, 11l et al., 2004b), direct evidence &ry limited (Feig and Lipton, 1993;Kelleher,
lll et al.,, 2004a) and most of such assumptionskbased only on observed activation of
translation control pathways (Kelleher, Ill et @004b). There are also results that contradict
this idea: some researchers report a decreadgerniovo protein synthesis after LTP induction
(Chotiner et al., 2003). In my opinion, the issueether LTP induction augments or retards
general levels of protein synthesis remains unvesbhnd a final conclusion cannot yet be

made.
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Amount of translation machineries available at flyeapse is very limited (Ostroff et al.,
2002) and this suggests that there is a competibetween mRNAs for ribosomes.
Consequently, there is a postulate for an mRNAsctieh mechanism that decides which
MRNAS are bound to be translated into proteins upgraptic stimulation (Schuman et al.,
2006). According to this idea, the overall ratgaiftein synthesis is fairly stable, and does not
change significantly after stimulation. What change the type of mRNAs from which
proteins are translated and the general proteithegis is not significantly upregulated.

There are many indications that local, dendrigm$lation is the most important form of LTP-
related protein synthesis in neurons, while peyi&bone plays merely a permissive role. For
example LTP may be induced in hippocampal slicesifwhich cell bodies are removed and
this process still requires new protein syntheseng and Schuman, 1996). The similar effect
Is observed after LTD induction (Huber et al., 200®dditionally, focal application of PSls
to dendritic regions inhibits LTP in intact slicéBradshaw et al., 2003). Importance of
dendritic translation was directly proved in angelet experiment, in which dendritic
targeting of CaMKI& was impaired. There was no change in E-LTP, buTP; as well asn
vivo memory performance, were strongly reduced (Mibéral., 2002). Another example
shows that following tetanisation, polyribosomemngiocate from dendritic shafts to spines
(Ostroff et al., 2002). Protein translation wasoaihown to contribute integrally to the
enlargement of dendritic spines after LTP inductiranaka et al., 2008). All these
experiments suggest that local, dendritic, ratheant perikaryal, protein synthesis is
indispensable for L-LTP.

If protein translation is a crucial process dursyhaptic plasticity one has to ask, which
proteins are specifically translated as the restilL TP. A few proteins are very quickly
synthesised following stimulation leading to LTRrsEdescribed protein was CaMKIl, whose
amount in dendrites increases as fast as 3 min efige of LTP stimulation (Ouyang et al.,
1999). Other quickly translated mRNAs includater alia, fragile X mental retardation
protein (FMRP) (Hou et al., 2006) and Arc (Chotieeal., 2003;Messaoudi et al., 2007). The
other group of such mRNAs are 5’TOP mRNAs that celéenents of translation machinery:
elongation factors and ribosomal proteins suchedsle (Tsokas et al., 2005) or eEF2, rpS6
(ribosomal protein S6) or PABP (poly(A) binding peim) (Tsokas et al., 2007).

Protein translation is usually thought to merelpvyide new proteins for building synapses
during memory formation and synaptic plasticity.nBw set of experiments suggests that
translation and its control system may also playireegrative and control function during

neuronal activity. Such integrative role is basedfa@lowing phenomenon: major pathways
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controlling translation (e.g. MAPK and TOR) oncdieated, can maintain this state over
minutes. L-LTP and L-LTD evoked translation depeadsactivation of this kinases, thus the
pathways enable integration of inputs in the ranfeminutes. This long-range, kinase-
dependent integration is referred to as synaptegnation in translational activation (SITA)
(Govindarajan et al., 2006). Translation machineay also decode electrical activity of
postsynaptic neurons and transform them into bimoted signals: one of the elongation
factors (eEF2) is activated by action potentialgjlevminiature neurotransmission turns the
factor off (Sutton et al., 2007). Thus, proteinté@sis system can react in opposite directions
to small changes in electrical activity, what prasibly is of great importance during memory
formation.

One of the initiation factors (el bidirectionally regulates synaptic plasticity am@émory
and functions as the “master switch” from shortlotng-term synaptic plasticity and memory.
Moreover, this protein controls an important traipgon factor (ATF4/CREB2) (Costa-
Mattioli et al., 2007). This experiment suggestattin neurons, protein synthesis system
controls mRNA synthesis and proposes a new paradiggnming that translation governs

transcription (Hoeffer and Klann, 2007).

1.3.4 Protein synthesis system during spatial learning and contextual

conditioning in mammals

In contrast to synaptic plasticity, detailed engagst of the translation system in memory
formation is much less studied. There are howeeponts describing memory deficits in
transgenic rodents with an impaired protein tramstasystem. For example interfering with
regulation of MAPK in mice, deteriorates spatiari@ng and contextual fear conditioning
(Kelleher, 11l et al., 2004a). Downregulation of gai GCN2 kinase (inhibitor of translation
initiation factor elF2) renders very peculiar properties of spatial mgmbiM is enhanced

after training in weak procedures while memory &edorated after strong conditioning.
Similar phenomenon is observed in LTP (Costa-Miatgo al., 2005). Deletion of 4E-BP

reduces spatial and conditioned fear memory in rfBemko et al., 2005). Another example is
that extinction is reduced in mice lacking CPEB t¢pyasmic polyadenylation element
binding protein - a protein activating dormant mRN@erger-Sweeney et al., 2006).
Interestingly, one of initiation factors (el&Ract as switch from short- to long-term memory
(Costa-Mattioli et al., 2007). There are also ekwpents directly addressing local, dendritic
protein translation during memory formation. Impa@nt of CaMKIb mRNA targeting to

dendrites result in deficits in spatial memory asdociative fear conditioning (Miller et al.,
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2002). Another interesting experiment shows thagrafear conditioning in mice, newly
synthesised AMPA receptors are recruited to theciipetype of dendritic spines in
hippocampus (Matsuo et al., 2008).

These experiments provide a sound basis for themahat protein translation is a crucial

factor in memory formation processes in rodents.

1.3.5 Protein translation during synaptic plasticity and memory
formation in Aplysia

Protein translation processes play very importatgé in memory formation and synaptic
plasticity in the mollus®plysia (Hawkins et al., 2006). In the species, it waswshdhat
individual synapses can be modulated independegithng rise to the synaptic specificity
during formation of cellular analogues (long-teracifitation) of memory. This synapse-
specific LTF depends on the local protein synthasihe presynaptic cell and is blocked by
rapamycin (Casadio et al., 1999;Matrtin et al., J9%However, somatic protein synthesis
takes also part in LTF formation (Guan and ClafQ&).

Long-term sensitisation (LTS) and LTF Aplysia depend on changes in synaptic structure,
formation of new synapses and activation of silemes (Hawkins et al., 2006). After LTS
induction there is an increase in number, size edicles in active zones of the synapses
(Bailey and Chen, 1983), as well as a strong irsgea the number of varicosities per single
sensory neuron (Bailey and Chen, 1988). Rapid abin of silent synapses can also be
observed during LTF and this process is dependerttamslation but not on transcription.
Generation of new varicosities depends howeverabh tsanscription and translation (Kim et
al., 2003). During synaptic plasticity mRNAs ard paly simply translated, but also rapidly
translocated to the distal parts of neurites arglgiocess is indispensable for maintenance of
the newly formed connections (Lyles et al., 2006).

Very interesting question is how synaptic enhanacegman be stable during intensive protein
turnover. One of such mechanisms could be a matsdon CPEB. Whekplysia CPEB is
activated by serotonin it acquires prion-like, gefpetuating properties that can enhance
protein translation at activated synapses in assedfaining, synapse-specific and long-term
manner (Si et al., 2003a;Si et al., 2003b).

All these experiments point to the central rolguaitein translation processes in memory and

synaptic plasticity irAplysia.
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1.3.6 Protein translation during memory formation in Drosophila

Surprisingly, translational processes during memfagmation in Drosophila were not
studied intensively, but also in this species protenslation is an indispensable part of long-
term memory formation processes.

The first three phases of memoryDmosophila: STM, MTM and ARM do not depend on
protein translation, whereas LTM does (Keene andid&h, 2007). For example, feeding
flies for a long time with a protein synthesis inkor (cycloheximide) leads to LTM
impairment while ARM remains insensitive to theatraent (Mery and Kawecki, 2005;Tully
et al., 1994). Also the pathways controlling tratisih Saufen/pumilio) were shown to be
indispensable for LTM formation (Dubnau et al., 3p0One of the proteins critically
involved in memory in many species is CaMKII. AftefM induction, its mMRNAs in specific
glomeruli of antennal lobes rapidly translocat@tstsynaptic sites and the protein is quickly
translated there. Proteasome and RNA interfereRi8Q) pathway also partake in this
process (Ashraf et al., 2006).

1.3.7 Protein translation during memory formation in the honeybee

First experiments regarding translation during megnformation in the honeybee led to a
surprising notion that the honeybee is quite aneption, as it seemed that new protein
synthesis is not necessary for memory creationlobggimide, a protein synthesis inhibitor,
failed to reduce LTM performance in a series ofexxpents (Menzel et al., 1993;Wittstock et
al., 1993;Wittstock and Menzel, 1994). Subsequesulis contradicted this hypothesis:
another PSI, anisomycin, did impair memory 4 dafysraconditioning (Wustenberg et al.,
1998). Further results corroborated the idea thatep translation is involved in LTM in this
insect. Translation blocker emetine injected befériials olfactory conditioning decreases
memory performance frontdday on, leaving acquisition and STM intact. Injegtemetine
before 1 trial conditioning does not influence meynorhese experiments were done on
hungry animals - when bees receive additional fbefbre conditioning they do not form
typical LTM. Moreover, this memory is independefitpootein synthesis as one of the PSls
(emetine) does not deteriorate memory scores irgiyuanimals (Friedrich et al., 2004).
Another example of protein synthesis processesiguriemory in the bee shows that emetine
injected before extinction trials leads to decrezfsthe spontaneous recovery (Stollhoff et al.,
2005).
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While one can be sure that memory processes imdaheybee depend on protein synthesis,
virtually nothing is known about specific involventeof translation factors and signalling

pathways controlling translation in this process.
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1.4 Aims of this work

In the previous chapter, translation processesngumemory formation and synaptic
plasticity were presented. Although it is well knothat memory formation critically depends
on new protein synthesis, the specific role of dfaton factors in this process is poorly
investigated. Much attention was given to the atitin phase of translation while elongation
remains unsatisfactorily researched. Protein swmhprocesses during memory formation
were mainly studied in vertebrates, and this fisdnot well understood in insects like
honeybee an®rosophila. This work will try to use bottom-up as well apidown approach
to tackle this issue. Most of research aiming atidation how biochemical pathways work
during memory processes tries to manipulate thegbways and search for behavioural
changes. The opposite approach: manipulation o&webtr and searching for biochemical
changes is much less common. In this thesis, lodtegies will be used. On one hand it will
be asked how blocking of translation or blocking pvbcesses that modulate translation
influence memory and on the other hand how learndigglates translational machinery. The
major aim will be to identify the translation factoand translation regulatory pathways that
are modulated by olfactory learning in the brairthef honeybee. Subsequent manipulation of
the translation machinery and its control systerh lélp to corroborate the involvement of
specific proteins in memory formation. Moreoverpesments are planned to address the
problem of how the feeding status affects learrand how these processes interrelate with

translation. Finally, the role of protein degradatin memory formation will be addressed.
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2 Materials and methods

2.1 Materials

211

Antibodies and enzymes

pheEF2 (phospho-eEF2 (Thr56))
eEF2

phS6K (phospho-p70 S6 kinase)
anti-rabbit IgG, biotin conjugated
anti-rabbit IgG, Cy3 conjugated
anti-rabbit IgG, peroxidase antibody

ExtrAvidin—Alkaline Phosphatase

Chemicals

ATP
bromo-cAMP
carnation oil
CNB

DMNB
fostriecin
LY294002
MG132
okadaic acid
rapamycin
SB 203580

Western Lightning (Enhanced Luminol)

ECL Plus

The rest of chemicals was bought from

Cell Signaling Tedbgy
Cell Signaling Technology
Cell Signaling Tetidgy

Sigma-Aldrich
Sigma-Aldrich
Sigma-Altric
Sigma-Aldrich

Sigma-Aldrich
Sigma-Aldrich
local pharmacy
Invitrogen
Invitrogen
Sigma-Aldrich
Cell Signaling Technology
Tocris
Calbiochem
Sigma-Aldrich
Tocris
PerkinElmer

Amersham

o Applichem (MgC}, NaCl, NaHPO,, Tris, SDS)

0 Roth (KH,PQ,, BSA, glycin, HCI, KCI, Roti-Histol, Roti-Histokit glycerol)

o Sigma-Aldrich (TWEEN, EGTA, UREA, EDTA, natrium ad, pNPP,
acrylamide, bis-acrylamide APS, mercaptoethanolT NBiton X-100)

o Fluka (paraffin)
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o0 Z-Chem (paraformaldehyde, isopropanol)

2.1.3 Equipment

Bee tubes (copper, aluminium): self-made

Binocular: SZ40 (Olympus)

Blotting apparatus: Trans-BlotSD (BioRad)

Digital camera: ProgRes C10 (Jenoptik)
ELISA-reader: SLT 400 ATX and saffréTecan)
Fluorescence microscope: Leitz DM RB (Leica Micisisyns)
Gel electrophoresis apparatus: self-made
Homogenisator: glass-teflon Duall 1 ml (Kimble Kes)
Microinjector: Picospritzer Il (General Valve Corgtion)
Micropipette puller: P-97 (Sutter Instrument Co.)
Microtome: Autocut 2040 (Reichert-Jung)
Photo-adapter: SZ-CTV (Olypmus)

Sonicator : HTU Soni 130 (G. Heinemann)

UV lamp: UV Flash (T.I.L.L. Photonics)

2.1.4 Consumables

autoradiography film developer: G150 (Agfa)

autoradiography film fixer: G354 (Agfa)

autoradiography film: X-OMAT AR (Kodak)

dental wax: medium (Ubert)

ELISA 96-well microplates: Falcon 353915 (BD Bic=utes)
Immulon 1B (Thermo Labsystems)

glass capillary piston: Capilettor Stick 1 — 5 Sélzer)

glass capillary: Capilettor 1 — 5 ul (Selzer)

microscope slide: SuperFrost white (Roth)

nitrocellulose membrane: Optitran BA-S 83 (Schieic& Schuell)

silicon: Baysilone medium viscosity (Bayer)

sucrose: sugar from a local shop

syringe for odour application: 20 ml (Roth)

test tubes: 1,5 ml; 0,3 ml (Eppendorf)

toothpicks: local shop
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tweezers: Dumont precision tweezers 5 and 2 (Dumont

Whatman filter paper: (Schleicher und Schuell)

2.1.5 Buffers

Western Blotting buffers:

all buffers were prepared with MiliQ water

PBS (Phosphate Buffered Saline): NaCl 137 mM; K@ &M; NaHPO, 10 mM;
KHPO, 1,7 mM

Blocking buffer: BSA 1%; TWEEN 0,3%; in PBS

Homogenisation buffer: EGTA 5 mM; in PBS

Blotting buffer: methanol 20%; Tris 50 mM; glyci® 2nM; SDS 14QuM

Resolving buffer: Tris 1,5 M; SDS 0,4% (w/v); pHB§HCI adjusted)

Stacking buffer: Tris 0,5 M; SDS 0,4% (w/v); pH §HCI adjusted)

Running buffer: Tris 25 mM; glycin 192 mM; SDS 1%/Y)

Acrylamid 30%: acrylamid 30% (w/v); bisacrylamid®p (w/v)

APS: ammonium persulfate 10% (w/v)

Loading (sample) buffer: Tris-HCI 0,5 M; SDS 5%nercaptoethanol 5%; glycerol
20%; pH 6,8; bromophenol blue

ELISA buffers:

all buffers were prepared with MiliQ water

PBS (Phosphate Buffered Saline): NaCl 137 mM; KCIaM; NgHPO, 10 mM,;
Homogenisation buffer: EGTA 1 mM; EDTA 1 mM; UREAV,; in PBS
Blocking buffer: 0,5% BSA in PBS

RxN: 0,1 M Tris-HCI; pH 8,7; 1 mM MgGl

Staining solution for ELISA: 1 mM pNPP in RxN buffe

Immunohistochemistry buffers:

PBST: PBS; 1% BSA; 0,1% Triton X100

Blocking buffer: 0,5 % BSA; 0,1 % Triton X-100 irBB

paraformaldehyd solution: 50 ml 8 % paraformaldeh§@ ml 0,2 M phosphate
buffer; dissolved with 1 M NaOH
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e Phosphate buffer:
0 2 parts of base solution A + 8 parts of base smiu
0 base solution A: 0,2 M KHPOy
0 base solution B: 0,2 M NHPO, 2H,0

2.1.6 Injection solutions

« following concentrations express concentrationgnggctions solutions and not the
final concentrations in the honeybee tissues

o fostriecin 100 uM or 500 uM in 1 pl of PBS; comtrbpul of PBS

e MG132 10 mM in 1 pl of 50% DMSO in water; contralpl of 50% DMSO in water

e okadaic acid 100 pM in 0,2 pl of 10% DMSO in PB8ntrol: 0,2 pl of 10% DMSO
in PBS (experiments with memory blocking, headdtgd)

e okadaic acid 100 uM in 1 pl of 10% ethanol in PB&atrol: 1 pl of 10% ethanol in
PBS (experiments with learning induced eEF2 dephasgation, thorax injected)

e rapamycin 100 uM in 1 ul of 4% ethanol in PBS; contl ul of 4% ethanol in PBS
(experiments with memory blocking)

 SB 203580 10 mM in 1 ul#D; control: 1 ul HO
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2.2 Experimental animals

Honeybee foragergApis mellifera carnica) were caught from spring to autumn with
transparent, pyramid boxes while they were flyingt of their hives for foraging. To
maximize caching of foragers, the box was kept 40 &m distance from the hive entrance.
The bees were transferred to small glass contaiskostly anesthetised on ice and restrained
in metal tubes. Their heads and abdomens were fixtdan adhesive tape and heads were
additionally fastened with warm dental wax. Thenaals could not move their heads, but
were permitted to freely move the antennae, maeslibind proboscis. Bees were kept in
plastic, humid and dark boxes at room temperathreughout the experimental period,
except for the experimental procedure itself. Inqus of very hot weather, boxes with bees
were placed in an air-conditioned room. The animadge fed with 4-6 drops of 1 M sucrose
solutionat about 5 - 7 p.m. Those animals that did notrektbe proboscis and accept food
were eliminated from further procedures. After baitg and harnessing, bees were let to
adapt to the new environment through the nightthegt were taken to the experiment on the
subsequent day.

During winter bees were caught to biochemical expemts from a glasshouse with an
artificial illumination and constant temperaturdeThives stood in flight chambers and bees
were allowed to flight freely to the feeders placadside of the hives. They were caught
while flying and treated further like the summeesbe

Bees were fed with 4-6 drops with 1 M sucrose smhuat about 5 - 7 p.m. throughout
experimental period.

In all ELISA, Western blotting and glutamate uncapexperiments honeybees, directly after
harnessing in tubes, had a small part of the hepdute removed. The dissected area was
limited by compound eyes, ocelli and antennae. gifloeedure was done to enable ethanol
penetration during fixing or to permit visual aceés the brain during UV flashing.
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2.3 Methods

2.3.1 Olfactory (PER) conditioning

Bees were classically conditioned for probosciesion response (PER) using carnation
(clove oil derivate) odour as the conditioned stusuCS) and 1M sucrose solution in tap
water as the unconditioned stimulus (US).

The insects were kept in covered boxes and thercewes removed 30 min before
conditioning to allow adjustment to the environmétbneybees in tubes were taken from the
box and placed in front of the exhaust pipe. Thjgigment provided an air stream for odour
application and prohibited spreading of the odouthe ambient environment. Animals were
left for accommodation in front of the exhaust pipel10-15 s. Odour was applied using a 20
ml syringe containing a small piece of filter papmaded with 4.l of carnation oil. The tip of
the syringe was kept about 2 cm from the bee. Tweiowas presented for 5 s. Sucrose was
given to the antenna and extended proboscis 3es thi¢ onset of odour application, on a
toothpick dipped in 1M sucrose solution. If the lppecis was already extended, then sucrose
was applied directly to it. In any case, animalsenalowed to lick the sucrose for 5 s. After
the end of US application bees were left in fronthe exhaust tube for 5 s and then put back
to the box. The acquisition series consisted eilfidracquisition trial (1 trial conditioning) or

3 trials (3 trial conditioning) with 2 min inter#d interval (ITI).

During conditioning trials, reaction of the bee wsa®red as positive when proboscis was
extracted to the height of mandibles in a planalferto the table during initial 2 s of odour
presentation (hence before sucrose application).

During retention tests, bees were presented withatian oil odour for 5 s. The reaction was
considered positive if the insect fully extendedptoboscis during odour presentation.

In some experiments, control group was used amskthees received sucrose only and were
considered to be the “non-learning” control, oppb&ethe bees that undergone conditioning
procedure. These “sucrose only” bees were treatadtlg like conditioned bees with the
exception that no odour was presented.

Percentage of bees extending proboscis during calopiication was used as a measure of
memory performance. Fisher exactXf tests were used to test for significant difference

between groups.
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2.3.2 Drug injections

Thorax injections:

Drugs in the volume of il were injected into the thorax hemolymph usingaadoperated,
siliconised, glass microcapillary (1-5 ul, Selzéekj. first, a small hole was poked with a
preparation needle in the exoskeleton between moéson and scutellum. Then, a
microcapillary was used to inject the drug soluti@ontrol animals were treated alike, with
the exception that vehicle solution was used a&sirgn.

Brain injections:

Injections to the brain were done using sharp-figsg microcapillaries. Volume of the
injection was 0,2ul and was applied in 5 pulses during 2 sec usingieroinjector
Picospritzer Il (General Valve Corporation). Atsfira small hole was poked in the head
exoskeleton in the area between ocelli and themagpgip microcapillary was used to inject

the drug solution.

2.3.3 Western blotting

To verify if commercially available antibodies dited against mammalian proteins may be
used in honeybee tissues Western blotting techm@seused.

Bees in tubes were put for 30 min to 50% ethand& Q) to stop all reactions and fix the
brain. Later their heads were cut off and mountedaovax dish. The glands and tracheas
covering the brain were removed as well as oceflijcal lobes and antennal nerves. The
central part of the brain was homogenised in B0&f ice-cold homogenisation buffer (1 mM
EDTA; 1 mM EGTA in PBS) in teflon-glass homogeniZ&rml) powered electrically (900
rpm) by 15 up-down strokes. Immediately after tHagding buffer was added to the
homogenate in the proportion 1:4. Homogenates aestgned markers were heated for 2
min in a boiling water bath.

Then it was checked if antibodies detect in theelybee and mouse brains proteins with the
same molecular weight. Small pieces of mouse farabr(~50 mg) were taken from liquid
nitrogen, defreezed and homogenised in 1 ml obtiféer and treated further like honeybee
brains.

To separate the proteins according to the molecwaight and electrical charge
electrophoresis was used. The SDS-PAGE gels wareeganto a space between two glass
plates. 25ul of bee and mouse homogenate samples as well &cufar weight markers
were loaded on the 4,5% stacking gel and 12% rewplgel. The plates were put into a

running buffer in a self-made electrophoresis agipar and 25 mA electric current was
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applied. The electrophoresis was stopped afterta®@umin, when first proteins reached the
lower edge of the gel.

After electrophoresis, gels were removed from thpasatus and were put shortly into the
blotting buffer. Next, semi-dry electrotransfer wased to blot the gels on the nitrocellulose
membrane (Optitran BA-S 83, Schleicher & Schudlhree layers of filter paper wetted in
the blotting buffer were placed on the blotting mmae (Trans-BlotSD, BioRad). On top of it
were placed: wet nitrocellulose membrane, elecwogdis gel and next three layers of wet
filter paper. Excess of buffer was removed andtedg@ansfer was run for 40 min (0,4 mA per
membrane).

After electrotransfer, the nitrocellulose membrawese blocked: they were transferred to the
blocking buffer (1% BSA,; 0,3% TWEEN in PBS) andfiet 90 min under mild shaking.
Solutions of primary antibodies (pheEF2, eEF2, p)S@ere prepared in concentration
1:1000 in blocking buffer with small amount of natn azide. The nitrocellulose membranes
were cut into parts, transferred to small foil b&ggt ml), filled with solutions of respective
antibodies and left overnight at@under mild shaking.

After binding of the primary antibody, the membraneere washed 3 times for 10 min in
PBS and then transferred to the secondary antibollion (anti-rabbit IgG conjugated with
horseradish peroxidase (HRP), 1:10.000 in blockiaffer) for 1 h in room temperature with
light shaking.

The localisation of antibody binding was visualiaeging chemiluminescence reaction. The
membranes were washed 3 times per 10 min in PB&1ove unbound antibody. Then they
were put for 1 min to 10 ml of Western blot chemiloescence reagents (ECL Plus,
Amersham or Western Lightning, PerkinElmer). Neékgy were put between two sheets of
foil and placed for varying time (10 s to 5 min)den autoradiography film (Kodak Biomax
XAR-5, Kodak) in dark room with red light, until bpal sensitivity/resolution balance was
reached. Then, they were washed in developer faim2 fixed in fixer for 5 min, washed in

water for at least 10 min and finally dried in waam

2.3.4 ELISA

ELISA (Enzyme-Linked ImmunoSorbent Assay) was uketheasure quantitatively relative
amount of proteins (phosphorylated and total amaafter different experimental treatments.
After experimental procedure (e.g. conditioningjtginate uncaging, feeding etc.) bees were
put to -5C 50% ethanol for 30 min to 1 h. Then their headseveut off and placed on a wax

dish. The glands and tracheas were removed asweltelli, optic lobes and antennal nerves.
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The central part of the braim{er alia mushroom bodies, protocerebral lobe, antennaklobe
was homogenised in 1 ml of ice cold homogenisahiofier (1 mM EDTA; 1 mM EGTA; 1

M UREA in PBS) in teflon-glass electrical homogeaiZ900 rpm) by 15 up-down strokes.
After that the samples were sonicated for 10 s (8d%rgy output) in a sonicator (HTU Soni
130, G. Heinemann)

In the next step, ELISA plates (Falcon 353915, BibsBiences or Immulon 1B, Thermo
Labsystems) were filled with 5@ of cold homogenisation buffer. The homogenate dam
(50 ul) were added to the first column in a semi-randaanner and a series of dilutions was
made by removing 5@l of sample from one column and adding it to th&trelumn. To
obtain the blank value, the last column was lethaiit homogenates. Afterwards, 10I0of
homogenisation buffer was added to all wells onpiage. The plates were left for 1 h 8€5
for coating.

After coating, the samples were removed from tla@epand 30Qu of blocking buffer (0,5 —
1% BSA in PBS) was added to each well. The plateeeft for 1,5 h in room temperature
with gentle shaking.

After blocking, content of the wells was removed d&®0pul of primary antibodies solution
(eEF2, pheEF2, phS6K, 1:1000 in blocking buffersweaded. Subsequently the plates were
left overnight in a cold room {&) with gentle shaking.

Afterwards, the primary antibody solution was remwand the plates were washed with PBS
(3 times for 5-10 min). 100l of secondary antibody solution (anti-rabbit IgGetih 1:4000

in blocking buffer) was applied for 1,5 h in rooemtperature with mild shaking.

The secondary antibodies were removed by washing ®BS (3 times for 5-10 min).
Afterwards, 100ul of alkaline phosphatase (ExtrAvidin — Alkaline d¥phatase, 1:10000 in
blocking buffer) was added and plates were left4dmin in room temperature with gentle
shaking.

The alkaline phosphatase was removed by washing RBS (3 times for 5-10 min) and
PNPP colour reaction was used to visualise amotiminogens in wells. 20@l of 1 mM
PNPP in RXN buffer was added to each well and thgep were kept overnight in darkness at
4°C or at room temperature until the colour reacti@s apparent.

Amount of the antigens was quantified by measureéroérnthe optical density of separate
wells with ELISA plate reader (SLT 400 ATX or Saflr Tecan) at the wavelength 405 nm
versus 620 nm background.

The optical density of series of dilutions resulteda linear function of concentration. The

slope of the function indicated relative concemratof the antigen and was used in further
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calculations. Each plate was coated with samplas ftontrol and experimental groups in a
given experiment. To enable comparison of resulbsnfdifferent experiments (and thus
different plates), the slopes from experimental eontrol group were normalized relative to
the mean of the plate. Such normalized values fsomilar experiments were pooled and
group means were compared for significant diffeesnc
Values are expressed as:
* means of normalized measurements:
o eEF2: total amount of eEF2 irrespective of any phosylation (eEF2
antibody)
o0 pheEF2: amount of eEF2 antigens phosphorylated hab6T (pospho-eEF2
antibody)
o phS6K: amount of S6K antigens phosphorylated aB8®i(phospho-S6 kinase
antibody)
* means of calculated ratios:
0 pheEF2/eEF2: dividing normalised amount of pheER@ugh normalised
amount of eEF2, and then taking mean
o0 phS6K/eEF2: dividing normalised amount of phS6Kotlyh normalised

amount of eEF2, and then taking mean

2.3.5 Photolysis of caged glutamate

To determine influence of glutamate on translatroachinery in mushroom bodies and
protocerebral lobe of the bee brain, glutamate ywhstolytically released from caged
glutamate compounds (CNB and DMNB) with the helfdflight flashes.

Bees with big amount of glands covering brain wexeluded from the experiments as this
would prevent direct access of the UV light to bnain. Otherwise, residual glands, tracheae
and neurolemma covering the brain were left intact.

General procedure was described elsewhere (Lacateall., 2005), in particular: thoraces of
bees were injected 15 min before photolytic stimakawith 1 ul of mixture of 1 mM CNB
[L-glutamic acid, y-(a-carboxy-2-nitrobenzyl) ester, trifluoroacetic acsadlt] and 1 mM
DMNB [L-glutamic acid, a-(4,5-dimethoxy-2-nitrobenzyl) ester, hydrochlofide 5%
DMSO/PBS. Controls were injected with vehicle (5%180 in PBS) and were treated like
experimental group - in particular, they receivied $ame UV light stimulation.

UV illumination was supplied by a UV Flash lampI(L.L. Photonics) that generated flashes
between 340 and 390 nm wavelength, 0,5 ms duratidril3” photons/mrhin the back focal
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plane of the microscope. The generated light wasdlled into the photo-adapter port (SZ-
CTV, Olympus) of a binocular (SZ40, Olympus). A magith an aperture in the plane of
focus abridged illumination to the mushroom bodies protocerebral lobe in the specimen
plane of the binocular.

Honeybees were killed 15 min after flashing ifG550% ethanol and standard ELISA
procedure was used to determine amount of antigdfis2, pheEF2 and phS6K.

2.3.6 In vitro phosphorylation of eEF2

The bees were caught from winter flight chamberd Bnmediately cooled on ice. Their
heads were cut off, the glands and tracheas cayéhnim brain as well as ocelli, optic lobes
and antennal nerves were removed. The centrabpére brain inter alia mushroom bodies,
protocerebral lobe, antennal lobes) was disseateldhamogenized in 1 ml of the ice-cold
buffer (1 mM EGTA in PBS) in Teflon-glass homogeamisl5 up-down strokes, 900 rpm. The
homogenate of each individual brain was divided Biparts, kept on ice and the parts were
treated separately from this moment on.
The homogenates were transferred to room temper&iui7 min and the following solutions
were added (final concentrations):

* CAMP group: 2QuM bromo-cAMP; 10 mM MgCJ; 50 uM ATP

« Cd&" group: 2,5 mM CaG] 10 mM MgCh; 50 uM ATP

» control group: 10 mM MgGJ 50uM ATP
The samples were left for 15 min in room tempertior incubation and the reaction was
terminated by addition of 1 M UREA. Subsequently]J¥A was conducted to determine the
concentration of eEF2 and pheEF2 antigens.

2.3.7 Immunohistochemistry

The heads of honeybees were cut off, mounted oaxaplate and cooled on ice. The upper
part of the head capsule was cut off and trachdagamds were removed with fine tweezers.
The whole head capsule with an intact brain was@u80 min into a 4% paraformaldehyde
solution on ice, the brains were dissected andquut,5 h into 4% paraformaldehyde €4
Then, the brains were washed 3 times for 15 mid,InM phosphate buffer. Next, they were
dehydratated in 60% isopropanol for 1 h in roomperature or left overnight al® with
gentle shaking. The organs were put into solut@mcreasing isopropanol concentrations
(90% and two times 100%) for 1 h each. Next, thainsr were put for 1 h into 100%
isopropanol at 45°C, and for 1 h into paraffin-ismganol 1:1 mixture at ?C. They were
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transferred to paraffin and left overnight a’®0Next morning they were put to a fresh
paraffin solution for 2 h (6C) and then put on ice until stiffening. The blockspairaffin
were cut to fit into the microtome (Autocut 204Cgi€hert-Jung) and series of 7 um slices
were cut and placed (with distilled water) ontoypbtlysin coated glass object holder. Next,
they were dried by & on a heater until drying and incubated &G4 drying chamber
overnight. The paraffin on the slices had to beawesd to let antibodies penetrate the tissue.
At first, the object holders were transferred fant to Roti-Histol and then to the decreasing
concentrations of ethanol (96%, 90%, 80%, 70%, 208tin each). At the end they were put
for 2 min to the distilled water and then shortlgsiked in PBS with 0,1% Triton X-100. For
blocking, the slices were incubated for 30 min lacking buffer (PBST + BSA 0,5%) and
then they were washed in PBST (3 times x 5 min)xtNéhey were put into primary
antibodies solution (anti-eEF2 1:200) in blockingffer and left overnight at’€. Next
morning, the primary antibodies were washed outh WiBST (3 * 5 min) and the slices were
incubated for 1,5 h at room temperature with twitedent antibodies and dyes:

* secondary antibodies (anti-rabbit IgG alkaline gith@dase conjugated) 1:400 in blocking
buffer. The slices were washed with PBST (3 * 5)naind dying solution (NBT) was applied
for 0,5 — 2 h and next once again washed with PBET 5 min). All procedures from
blocking on were done in a dark plate. By dyeingrwvavater was applied additionally to
speed up the process. Next, they were shortly vdasité distilled water and transferred into
a series of increasing ethanol concentrations (508%, 80%, 96%, 100%) for 2 min each.
At the end they were put for 5 min into Roti-Histold a drop of Roti-Histokitt was applied
onto the slice and they were covered with a colassy

e secondary antibodies (anti-rabbit IgG Cy3 conjudpiie400 in blocking buffer. The slice
were once again washed with PBST (3 * 5 min) and cevered in glycerine.

The slices were then inspected using a fluoresceniceoscope (Leitz DM RB, Leica

Microsystems).

2.3.8 Satiation experiments

On the day preceding the experiment, the animate weated like for ELISA, in particular,

head capsule window was cut off and they were fdith v drops of sucrose. On the
experimental day, the animals were divided into gsmaups: fed and hungry. The fed animals
received as many drops of sucrose as they pleagel® hungry bees did not receive any

food. With exception for feeding, both groups weeated alike. Directly after feeding or 30
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min later bees were killed in cold ethanol and EA.I®&as used to determine amount of

antigens.

2.4 Data analysis

Data analyses were performed using software: ERO€I0, 2002 and 2003 (Microsoft
Corporation) and Statistica 5.5 (StatSoft Inc.).
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3 Results

3.1 Commercially available antibodies against eEF2 and S6K can
be used in honeybee tissues.

The first part of the project was to determine waho¢ the commercially available antibodies
can be used to investigate honeybee proteins tgkamgin regulation of translation and/or
being part of the translation machinery. This wakieved by BLAST-searching for the
appropriate amino acid sequences in the Honeybeain BEST Project library
(http://titan.biotec.uiuc.edu/bee/honeybee_prdpat). The next step was Western blotting of
honeybee brain homogenates with antibodies raigathst mammalian proteins.

3.1.1 eEF2

The eEF2 antibody (Cell Signaling, #2332) recognilketerminus of the human eEF2 and
thus determines total levels of eEF2 protein indepetly of its phosphorylation status. The
phospho-eEF2 (Thr56) (Cell Signaling, #2331) ardipdetects sequence around threonine
56 only when the amino acid is phosphorylated. Tighmut the thesis, these polyclonal
antibodies will be referred to as eEF2 and pheEéspectively. Human eEF2 sequence
(NP_001952) was blasted against honeybee brainda&base and a sequence showing very
high similarity to the N-terminus was detected ion@g499. There were no other sequences
in the bee database showing similarity to this rfragt of the human eEF2. Region
surrounding Thr56 also showed very high similaiityboth species. The sequences are
aligned and depicted on Figure 3-1. Sequence gsityilaf the whole contig (1002
nucleotides) to the human eEF2 is 65% identitiat 246 positives. This suggests that the
detected sequence codes the bee homologue of eBtenp Regions detected by eEF2 and
pheEF2 antibodies (N-terminus and Thr56 respegfiv@iow very high sequence similarity,
suggesting that both antibodies can be potentiséd in the honeybee brain tissue.

Western blotting of mouse and honeybee brain hommige with eEF2 and pheEF2
antibodies showed that in both species the antsoghecifically detect proteins that migrated
to an apparent molecular weight of about 100 kDguife 3-2). This is in agreement with the
predicted molecular weight of eEF2 from mammals k&&; P13639, UniProtKB/Swiss-
Prot). The pheEF2 antibody has very high spedffiaiily for Thr56 phosphorylated eEF2 in
mammalian tissues (Cell Signaling information miatej and sequence similarity at this

region between honeybee and human eEF2 is neaflY 1€b one can assume that the
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antibody specifically detects honeybee eEF2 regrmund Thr56 only when the amino acid
is phosphorylated.

These combined results from database search andeiVeblotting demonstrate that
mammalian-derived eEF2 and pheEF2 antibodies caoskbd to detect total amount and

phosphorylation status of eEF2 in the honeybee.

*

2 VNFTVDQIRAIMDKKANIRNMSVIAHVDHGKSTLTDSLVCKAGIIASARAGETRETDTRK 61 human sequence
VNFTVD+IRA+MDKK NIRNMSVIAHVDHGKSTLTDSLV KAGIIA A+AGETRETDTRK overlapping sequence
2971 VNFTVDEIRAMMDKKKNIRNMSVIAHVDHGKSTLTDSLVSKAGIIAGAKAGETRFTDTRK 3150 honeybee sequence

Figure 3-1 Amino acid sequences of mammalian and heybee eEF2 protein have very strong similarity in
regions detected by eEF2 and pheEF2 antibodies.

The upper row shows human N-terminal eEF2 sequence g§n001952, PubMed), the bottom one the honeybee
sequence (translated from Contig499, Honeybee BraigST Project), and the middle row shows the overlappg
sequence between human and honeybee amino acid senges. The numbers denote nucleotide position. Thetergsk
and bolded “T” marks threonine at position 56 detectd by pheEF2 antibody, and the black line marks se@nce
presumably detected by eEF2 antibody.

eEF2 pheEF2
116 kDa

84 kDa

Figure 3-2 eEF2 and pheEF2 antibodies specificallgetect in mouse and bee brain tissues a protein it
the same molecular weight.

Western blots of mouse and honeybee brain homogemat with eEF2 (left pane) and pheEF2 (right pane)
antibodies demonstrate that the antibodies in bottspecies specifically detect a protein with molecula
weight ~100 kDa.
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3.1.2 S6K

The same procedure as above was used to detersafdlity of the S6K antibody. The
phospho-S6 kinase (Thr389) antibody (Cell Signali#@205) detects mammalian (rat) p70
and p85 S6 kinases only when these enzymes arphpirgtated at Thr389 in p70 (or Thr412
in p85). This polyclonal antibody will be referrémlas phS6K, throughout the thesis. The rat
S6K protein sequence (AAA42103, PubMed) was blastggdinst honeybee database and
aligned with a predicted sequence of honeybee 8K 895876, PubMed). There are 65%
identities and 79% positives between these seqaembat suggest their homology. In the
region detected by phS6K antibody, there is a gl sequence similarity (Figure 3-3) what
indicates, that this antibody can be used to déimoeybee proteins.

*
384 VFLGFTYVAPSVLE 397 rat sequence
VE GFTYVAPS+LE overlapping sequence
385 VE*GFTYVAPSILE 398 honeybee sequence

Figure 3-3 Amino acid sequences of mammalian and heybee S6K protein have very strong similarity in
region detected by the phS6K antibody.

The upper row demonstrates rat S6K sequence (AAA42B0PubMed) surrounding Thr389, the middle row showshe

overlapping sequence between rat and honeybee amiagid sequences, and the bottom row presents the rreybee
protein sequence (XP_395876, PubMed). Numbers deeoamino acid position. The asterisk and bolded “T” rarks

Thr389 recognised by the phS6K antibody.

Western blot analysis of phS6K antibody (Figure)3détects in both homogenates two
proteins of the molecular weight about 70 and 8% ,khich correspond presumably to the
p70 and to the p85 isoform of the S6K. This indisathat the antibody raised against
mammalian sequence may be used to detect the heme$6K protein when it is
phosphorylated at Thr389.

The antibody against total amount of S6K (Cell &lgrg #9202) could not be applied as

sequence differences between honeybee and ratocelarge.
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84 kDa

58 kDa

Figure 3-4 phS6K antibody specifically detects in wuse and bee brain tissues proteins with the same
molecular weight.

Western blot of mouse (left lane) and honeybee braihomogenates (right lane) with phS6K antibody. Thentibody
detects the protein only when it is phosphorylatedbn Thr389. The antibody detects two proteins with miecular
weight about 70 and 85 kDa in both species.

3.1.3 Antibodies against other components of the translation control

system

Other commercially available antibodies that coptissibly be used in honeybee to study
translation control system were tested, but eithersequence differences were too big or the
Western blots did not give a clear, single band® fEsted candidate antibodies (against total
amount and phosphorylation places) were: 4E-BP1, &&F2K, elF4E, elF2A, elF4G, Mnk,
S6, TOR and tuberin.
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3.2 eEF2 phosphorylation is modulated by cAMP and Ca*" in vitro

3.2.1 Sequences similar to mammalian eEF2K do not exist in the

honeybee

Sequences similar to mammalian eEF2K were not fonridsects and the wholekinases
family seems to be missing in this group of inviertées (Ryazanov, 2002). Moreover, no
eEF2K activity was reported in the md@podoptera (Oldfield and Proud, 1993). Thus, it was
vital to check if sequences homologous to the maimma&inase exist in the honeybee.
Blasting of human eEF2K sequence (NP_037434, Publsigainst honeybee genome, gave
either negative results or only very weak consemssagiences at the C-terminus of eEF2K.
This result points out to the conclusion that hdiezy as it seems to be the case in other
insects, does not have sequences similar to mammeiF2K.

3.2.2 cAMP and Ca* increase phosphorylation of eEF2 in vitro

Honeybee eEF2 has the conserved phosphorylatiomidpmuhich is the main control target
for eEF2 activity. Therefore, in spite of the sustgens described above, that bees did not
possess eEF2K, it seemed very strange, that suam@ortant translation factor lacked its
kinase. Besides, phosphorylated eEF2 exists ilbéeebrain, what can bee seen on Western
blots presented on Figure 3-2. Thus, it was crucatheck if eEF2 phosphorylation in the
honeybee is regulated in a way known from vertelstaf this was the case, it would suggest
the existence of a functional homologue of the ¢€F2

In mammals cAMP and Ghregulate eEF2 phosphorylation through eEF2K (Nyggtral.,
1991). cAMP is a natural activator of PKA (Skalheggd Tasken, 2000) and the latter
directly phosphorylates eEF2K and thus inactivates2 (Diggle et al., 2001). To check if
eEF2 is regulated in the “eEF2K way”, cCAMP (28 bromo-cAMP) was added to the
honeybee brain homogenates and amount of pheEF2Efzl antigens was determined using
ELISA.

The result of the experiment (Figure 3-5) shows t#MP does not influence total amount of
the antigen (eEF2), but highly (about 20%) and ifigantly (p<0,05; Wilcoxon signed ranks
test) increases both amount of the phosphorylatedem (pheEF2) and pheEF2/eEF2 ratio.
This finding suggests that in the honeybee braiMBAnduces eEF2 phosphorylation, as it

was shown in mammalian tissues containing eEF2&u@,r2000).
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Figure 3-5 cAMP increases phosphorylation of eEF2aving total amount of the protein unchanged.
Honeybee brain homogenates were stimulated with 30M bromo-cAMP and 15 min later the amount of antigers was
determined using ELISA. cAMP increased phosphorylatia of eEF2 but left total amount of the protein unchaged.
Bars represent the relative amount of Thr56 phosphylated eEF2 (pheEF2), the total amount of eEF2 (eEFZnd the
calculated ratio (pheEF2/eEF2). White bars (CONT) repesent the mean (+/- S.E.M) of 10 ELISA measurements i
control group and are expressed as 100%. The grey k= (CAMP) represent the mean (+/- S.E.M) of 10 ELISA
measurements in cAMP stimulated homogenates and aexpressed as % of the control group. * p<0,05 Witxon

signed ranks test.

In mammals, the second potent pathway inhibitingFZEfunction depends on
Cd"*/calmodulin. Calcium increases eEF2 phosphorylaémels via activation of eEF2K in
mammalian, non-neuronal (Proud, 2000) and neurdzaka et al., 2007) tissues.

To determine if calcium increases eEF2 phosphaoylah the honeybee brain, homogenates
from this tissue were stimulated with 2,5 mM Ca@hd 15 min later the amount of eEF2
antigens was determined. There was a 10% increasanount of phosphorylated eEF2
(pheEF2) (p<0,05 paired t-test), 13% decreasetal &mmount (eEF2) of the protein (p<0,05
paired t-test) and 23% increase in pheEF2/eER2 (p£i0,05 paired t-test) (Figure 3-6).

This outcome suggests that calcium increases eB&&pporylation in bee brain and points to
the notion that in the bee eEF2 is regulated inndlar way as in mammalian tissues

containing eEF2K.
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Figure 3-6 Calcium application increases phosphorgtion of eEF2 and decreases total amount of the
protein.

Honeybee brain homogenates were stimulated with 2,5#M Ca®" and 15 min later the amount of antigens was
determined using ELISA. Calcium application increasedghosphorylation and decreased total amount of eEF2.

Bars represent the relative amount of Thr56 phosphylated eEF2 (pheEF2), the total amount of eEF2 (eEF2nd
calculated ratio (pheEF2/eEF2). White bars (CONT) repesent the mean (+/- S.E.M) of 10 ELISA measurement$ o
control group and are expressed as 100%. The grey tsa(cAMP) represent the mean (+/- S.E.M) of 10 ELISA
measurements of cCAMP stimulated homogenates and aexpressed as % of the control group. * p<0,05; *p<0,01

paired t-test.

Taken together, the presence of phosphorylated e&%F2well as increase of eEF2
phosphorylation by cAMP and €aindicate, that the honeybee possesses an enzyme (0
enzymes) phosphorylating eEF2. This kinase(s) guladed in a way characteristic for
mammalian eEF2K and thus is a functional homolommammalian eEF2K. Non-detection of
mammalian eEF2K sequences in bees (as well asén misects) suggests that the amino acid
sequence of insect “eEF2K” is very different frots mammalian counterpart. Although
eEF2K has not yet been directly identified in insebe data show that the regulation of eEF2

function seems to be conserved throughout species.
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3.3 eEF2 protein in the brain is primarily localised in neuropiles of
protocerebral and a-lobes

Since localisation of protein synthesis machin@ryhie insect brain was not addressed up to
day, the next experiment aimed at describing leatibn of eEF2 in the honeybee brain.

To address this question immunohistochemistry wssdu Bee brains were sliced and
incubated with eEF2 antibodies detecting protentependently of phosphorylation status.
Two kinds of staining (Cy3 and NBT-BCIP) were apglito visualise eEF2 (Figure 3-7).

The most intensive staining is found in the protebeal lobes (1-pc) with the lateral
protocerebral lobes (1-lpc) and the protein is alamtly detected throughout the structure.
Separate bands with strong staining are also preséimea-lobes of the MBs (Id). The rest

of MBs shows only weak staining with some internagelilabelling in the lip region (3-lip)
and basal ring (3-br) of the calyces. Some stairgragso located in the peduncles of the MBs
(2-mbp). Small amount of the eEF2 is also presenthe central complex (4-cc). Parallel
experiments without the eEF2 antibody reveal no umatabelling, confirming that the
staining is due to specific binding of the eEF2lady to its antigen.

Structures stained with eEF2 antibody consists gmilgnof neuropil (Bullock and Horridge,
1965), what suggests that in the honeybee brai éElocalised primarily in the axonal and
dendritic compartment. This indicates that the oawghs and not the perikarya are the most

intensive places of protein synthesis in the be@br
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Figure 3-7 eEF2 immunostaining of representative hteybee brain sections reveal most intensive staimgn

in the protocerebral lobes and in thex-lobes of the MBs.

Localisation of eEF2 protein was determined using imnmohistochemistry. eEF2 in the honeybee brain is almdant in

neuropils of the protocerebral lobe (1 - pc and 1 lpc) and distinct bands ofa-lobe (1 -al) of the MB. Some eEF2
staining is found in mushroom body peduncles (2 - bp), basal ring (3 - br) and lip region (3 - lip) é the MB calyces
and central complex (4 - cc).

Photos marked with A denote fluorescence stainingith Cy3, marked with B — staining with NBT-BCIP.

1 - protocerebral lobe anda-lobes, 2 - mushroom body peduncle, 3 - mushroom tp calyx, 4 - central complex;

al - a-lobe, br - basal ring, cc - central complex, col eollar, lip - lip region, Ipc - lateral protocerebral lobe, mbp -

mushroom body peduncle, pc - protocerebral lobe.
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3.4 Conditioning increases eEF2 activity in the brain as compared
to sucrose stimuli

Learning and memory is crucially dependent on nestgin synthesis as translational block
during or shortly after conditioning deterioratesd-term memory performance (Davis and
Squire, 1984). In spite of much work about tramsfatduring synaptic plasticity, little is
known how memory formation regulates protein sysithanachinery and the translation
control systemin vivo. In addition, most of the memory-related researchcentrates on
translation initiation, leaving elongation a relaly unexplored subject. Experiments dealing
with elongation during plasticity and memory forioat are contradictory. For example in
Aplysia eEF2 phosphorylation level is decreased afteratido of synaptic plasticity-like
process (Carroll et al., 2004), while in rats |e&agnevent induces opposite effect (Belelovsky
et al., 2005).

Nothing is known about the regulation of the eldigyaphase in the honeybee, so | tried to
determine, if learning trials, leading to long-temnemory formation, influence the elongation
phase of protein synthesis. To investigate thisidadtify time window of potential changes,
the amount of eEF2 antigens (phosphorylated arad ¢&F2) in the brain was measured at
different times after learning trials.

The bees were trained according to the PER comndiigpprotocol. One group of bees was
conditioned 3 times with 2 min inter-trial interv@dll'l) (COND group). The control group
(SUCR group) received 3 times sucrose solutionSBLWas used to determine the amount of
antigens in three time windows after training: dihe after the end of conditioning (0 min),
10 min or 120 min after conditioning.

When bees were sacrificed directly after learnimgls there was no significant difference
between conditioned and sucrose group, in terne62 phosphorylation level, total amount
and relative phosphorylation (Figure 3-8, uppepbjalO min after learning trials, there was
no difference in total amount of eEF2 between theddioned (COND) and control (SUCR)
animals, but the relative phosphorylation levelgph2/eEF2) was significantly decreased in
the conditioned group (p<0,05 unpaired t-test) (Feg3-8, middle graph). 120 min after
learning trials the eEF2 phosphorylation level amditioned (COND) group came back to the
control (SUCR) level and the total amount of thetgin remained unchanged (Figure 3-8,

lower graph).
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Figure 3-8 Conditioning transiently decreases phogrylation of eEF2.

Bees were trained according to the 3 trial olfactor conditioning paradigm and amount of eEF2 antigenswvas
determined using ELISA. Directly after 3 trial conditioning, there is no change in either total amount o
phosphorylation level of the protein (upper graph -0 min). 10 minutes later total amount of eEF2 is 8t unchanged,
while phosphorylation of eEF2 (measured as pheEF2/€R ratio) decreases (middle graph — 10 min). The
phosphorylation level comes back to the control l@f by 120 min after conditioning (lower graph — 120min).

White bars (SUCR) represent mean (+/- S.E.M) of N nasurements of control group (bees receiving sucrosaly) and
are expressed as 100%. The grey bars (COND) repregemean (+/- S.E.M) of N measurements of experimerita
(conditioned) group and are expressed as percent @fie control group. Bars represent relative amountof Thr56
phosphorylated eEF2 (pheEF2), total amount of eEF2 (eEff and calculated ratio of pheEF2/eEF2. * p<0,05 unged
t-test.
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To visualise time dependence of these changesphle&F2/eEF2 ratios were plotted as
function of time (Figure 3-9). As stated above, rialtconditioning induces a transient
decrease of phosphorylation 10 min and 120 min $atfter conditioning this decrement
comes back to the baseline.
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0,6 |

0,5 -
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Figure 3-9 Conditioning evokes a transient decreada phosphorylation of eEF2.

The graph presents the eEF2 phosphorylation status (@EF2/eEF2 ratio) at specific times after the end of
conditioning. Bars represent values from conditiond bees expressed as % of sucrose control. Dasheawlidenotes the
control level. A significant decrease of eEF2 phosphylation is observed 10 min after 3 trial conditiming, while 120
min later the phosphorylation values come back tohte baseline values. * p<0,05 unpaired t-test

As the decrease of phosphorylation at Thr56 isetated with an increase in activity of the
translation factor (Ryazanov et al., 1988), thisule suggests that 10 min after multiple
conditioning there is an increase in eEF2 funcaod subsequent acceleration of elongation
rate of the proteins synthesis. This process issteat and comes back to the basis level by
120 min after conditioning.
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3.5 Identification of the signalling pathways mediating learning
induced eEF2 phosphorylation

As conditioning trials transiently decreased eER8gphorylation level in the honeybee brain
| tried to determine signalling cascades respoadin the phenomenon. Factors influencing

eEF2 in mammalian tissues are depicted on Figur@. 3-

[TOR]
'

[p38 MAPK [CaZ+/CaM [ S6K

\E« L

[PKA

eEF2K

| !

[ eer2 |«—|[ Ppp2a |

Figure 3-10 Scheme summarizing control of eEF2 agity in mammalian cells.

eEF2 is inactivated by phosphorylation through eEF2Kand activated by dephosphorylation catalyzed by PR2 p38
MAPK and Ca?*/calmodulin activate eEF2K. TOR acting through S6K ca activate eEF2; whereas PKA is able to
both deactivate eEF2 and probably to activate it though PP2A (but see chapter 1.2.3.2 for details).

3.5.1 S6K does not contribute to eEF2 regulation during memory

formation in the honeybee

S6K (S6 kinase) is one of the most important pnstéaking part in translational control. In
mammals, this enzyme deactivates eEF2K (Proud,)280d thus blocks increase in eEF2
phosphorylation. In this set of experiments, | stgated the influence of learning on
phosphorylation of S6K at Thr389.

The pre-tests showed that there are no good, coomtigravailable antibodies, detecting

S6K independently of phosphorylation status, wigolild be used in the honeybee. Total
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amount of eEF2 is stable after learning trials (epter 3.4). For this reason, changes in the
levels of phosphorylated S6K induced by learningensvaluated by comparing them to eEF2
levels. Hence, total amount of eEF2 was considéselde an approximation of the protein
content of the tissue and was used to calculatéile&F2 ratio.

Animals were trained according to PER conditionngtocol as described above (see chapter
3.4) and the ELISA technique was used to detertma@e@mount of phS6K.

However, there were no significant differences mogphorylation level of the S6K (phS6K)
between conditioned animals and sucrose contr@htinvestigated time point: directly after
the last conditioning trial (O min), 10 min and /& later. Expressing S6K phosphorylation
level as phS6K/eEF2 ratio also suggests that legrthoes not influence S6K phosphorylation
(data not shown).

This result hints that S6K does not play a majte no learning-induced eEF2 activation.

3.5.2 Rapamycin enhances memory performance

TOR is a protein playing a crucial role in contirdl translation at the level of initiation
(Proud, 2004) and rapamycin is a potent blockerthid protein (Arsham and Neufeld,
2006;Gingras et al., 2001). Rapamycin not onlybitkitranslation, but also prevents long-
term fear memory formation in mammdBekinschtein et al., 2007;Parsons et al., 2006) an
LTF formation in Aplysia (Casadio et al., 1999). There are however soméramiatory
results as low concentrations of rapamycin tramsfd@-LTP into L-LTP in mammalian
hippocampus slices (Terashima et al., 2000).

It was tested whether the drug interferes with mgnperformance in the honeybee. The
animals were injected with 1 uM (final concentratim the bee) of rapamycin or vehicle
solution as control and 30 min later they were doortked 3 times. Memory performance was
measured 3 hours and 1 to 3 days later (Figure)3Rdpamycin influenced neither the
acquisition phase (conditioning trails), mid-ternemory performance (3H testing trial), nor
long-term memory performance (1D — 3D testing $jial
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Figure 3-11 Rapamycin influences neither mid- nor dng-term memory performance after 3 trial
conditioning.

Rapamycin (1 pM) was injected into the thorax of tle bees and 30 mitater the animals were conditioned using 3 trial
olfactory conditioning. During testing trials, insects were presented with odour without sucrose reinfcement, but
rapamycin failed to influence memory in any of testd times.

Vertical scale shows proportion of bees showing pbmscis extension response during 3 subsequent cdiatiing trials
(1, 2, 3), and testing trials 3 hours (3H), 1, 2 @3 days (1D, 2D, 3D respectively) after conditiong. RAPA: animals
injected with rapamycin, CONT: animals injected with vehicle.

In the aforementioned experiment, there was a mimgy although insignificant, small
enhancement of memory in rapamycin-injected anin(aB and 2D p0,1 X* test). |
hypothesised, that rapamycin can enhance memofgrpemnce in the honeybee, but the
conditioning procedure used (3 trial conditionimggs too strong and caused a ceiling effect,
masking the influence of the drug. | decided toc&hé& rapamycin induced memory
enhancement after weak conditioning protocol.

Therefore, the insects were treated in the sameasan the previous experiment, with the
exception that they were conditioned only once.tHis case, memory performance was
significantly (p<0,05 Fisher exact test, two-ta)leshhanced 3 hours, and 3 days after 1 trial
conditioning. There was no significant differenagvieeen rapamycin and control group 1, 2
and 4 days after conditioning (Figure 3-12).

These experiments lead to surprising conclusiort tapamycin is enhancing memory

performance in the honeybee.
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Figure 3-12 Rapamycin increases MTM and a distingbhase of LTM after 1 trial conditioning.

Rapamycin (1 uM) was injected into the thorax of tle bee and 30 mirater the animal was conditioned using 1 trial
olfactory conditioning. During testing trials inseds were presented with odour without sucrose reinfeement. 3 hours
and 3 days after conditioning there was a signifigat increase in memory performance in rapamycin injeted animals.
The enhancement was transient and was not observed the 4" day.

Vertical scale shows proportion of bees showing pbmscis extension response during the conditioningial and testing
trials 3 hours (3H), 1, 2, 3 and 4 days (1D, 2D, 3[@D respectively) after conditioning. RAPA: animas injected with
rapamycin, CONT: animals injected with vehicle. * p<0,05 Fisher exact test, two-tailed.

3.5.3 Okadaic acid and fostriecin do not influence memory performance

In the bee, eEF2 is dephosphorylated after LTM dtidn. Enzyme that catalyses

dephosphorylation of eEF2 in mammals is PP2A (jongiteosphatase 2A) (Sans et al., 2004).
Since blocking of PP2A in rodents results in memorgairment (Bennett et al., 2001;Sun et
al., 2003), it is possible, that also in honeybeB2A acts as a positive factor during memory
formation.

To test this hypothesis heads of the bees wereteagewith 20 pmols (0,2 uM in the whole

body) of okadaic acid (OA), a potent blocker of RRBoudreau and Hoskin, 2005). This

chemical was already successfully use®mosophila (Nowak et al., 2003;0nischenko et al.,

2005) so it was probable that it would work speailly in the bee as well. 30 min later, the
animals were conditioned to an odour stimulus amcthree times. In any case, no memory

impairment was found up td%3lay after training (data not shown).
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A similar procedure was used to test other PP2A&Kgo— fostriecin (Swingle et al., 2007),
but this chemical was so far not employed in inse®&® minutes before 3 trial conditioning 1
or 5 uM of fostriecin was injected into the thoracé the bees. Also in this case, inhibiting
PP2A did not impair memory performance (data notst).

This leads to the conclusion, that PP2A is not sitpe factor in memory formation in
honeybees. However, one cannot exclude a posgilthét the used chemicals do not

specifically inhibit PP2A in the bee.

3.5.4 Okadaic acid does not block learning induced eEF2
dephosphorylation

As presented above (chapter 3.4), conditioningdsttiansiently decrease the phosphorylation
level of eEF2, but the mechanism of this reducttonnknown. Phosphorylation status of the
protein in mammals is increased by eEF2K (Ryazastoal., 1988) and decreased by PP2A
(Feschenko et al., 2002). It was hypothesisedlilmaking of PP2A would inhibit learning-
induced changes in eEF2 phosphorylation status.

Thus, 1 uM okadaic acid was injected into thoraxfeébe bees, and 1 h later the animals were
conditioned 3 times. 30 min after learning, change=EF2 phosphorylation were determined
using ELISA. However, no effect of OA on learningluced eEF2 changes was observed
(data not shown).

Similarly to the experiments described above, fingd be concluded from present experiment

that PP2A mediates learning-induced decrease i2 @E&sphorylation.

3.5.5 SB 203580 does not interfere with memory formation

One of the kinases activating eEF2K is p38 MAPKd@er et al., 1998), thus blocking this
kinase can activate eEF2 and possibly enhance nyefhoraddress this problem, 10 of

SB 203580 (p38 MAPK inhibitor (Lee et al., 1999)gs injected into the thorax of the bee.
30 min later the insects received one conditiotiia and memory performance was assessed
in following days. Since no difference in the megnperformance between drug and vehicle
injected bees was found (data not shown), the erpeat suggests that p38 MAPK is not
implicated in this process.

3.5.6 Rapamycin and LY294002 do not directly influence S6K

S6K is activated, among others, by TOR (Hansen.gR@05) and PI3-kinase/Akt pathways
(Dillon et al., 2007). These pathways are inhibitgdrapamycin (Fumagalli and Thomas,
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2000) and LY294002 (Djordjevic and Driscoll, 2002gspectively. LY294002 was
successfully used iDrosophila in earlier reports (Kim et al., 2004).

To check if TOR or PI3-kinase/Akt directly influenS6Kin vivo, the bees were injected
with rapamycin (1uM) or LY294002 (10uM) and 30 min later ELISA was used to determine
amount of Thr389 phosphorylated S6K in the braia.déar, direct influence of the drugs on
the kinase was found (data not shown).

This suggests that in the bee S6K is not regulyefiOR and PI3-kinase/Akt pathways. The
other possibility is that to see an effect, one Mdave to stimulate S6K at first and only then
inhibit TOR and PI3-kinase/Akt pathways. As in atlexperiments described above one
cannot exclude a possibility that LY294002 doessp&cifically work in the bee.
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3.6 Glutamate photorelease increases amount and
phosphorylation level of eEF2

Glutamate and its ionotropic (e.g. NMDAR) and metatpic receptors belong to the most
important factors involved in LTP and memory foriraat This amino acid plays a positive

role in long-term memory formation in many vertdbrand invertebrate species including the
honeybee (Locatelli et al., 2005). Moreover, impaEnt of glutamate re-uptake (Maleszka et
al., 2000) or inhibition of metabotropic recept@sicharski et al., 2007) in this insect results
in amnesia. At the molecular level, LTP inductioauses an NMDAR-dependent rapid
synthesis of an elongation factor edHh hippocampal slices (Tsokas et al., 2005). NMDAR
activation increases phosphorylation of eEF2 inroveal cultures (Scheetz et al., 2000). On
the other hand, there is no work dealing with ghdge influence on translation and

phosphorylation of eEF vivo.
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Figure 3-13 Photorelease of glutamate in the honegb brain elevates the total amount and
phosphorylation level of eEF2.

Glutamate was photoreleased in the mushroom bodiesd protocerebral lobes of bee brains and 15 min far the total
and phosphorylated amount of eEF2 antigens was detained. Glutamate induced a significant increase of
phosphorylation level of the protein (pheEF2) as wehs of total amount of eEF2 (eEF2).

White bars (PBS) represent (+/- S.E.M.) mean of N nasurements of control group (bees receiving vehiclajection)
and are expressed as 100%. The grey bars (GLUT) represst mean (+/- S.E.M.) of N measurements of experimeh
group (bees injected with photoreleasable glutamaje Experimental groups are expressed as % of the wtol group.

pheEF2 — relative amount of phosphorylated eEF2; eEF2 total amount of eEF2. ** p<0,01; * p<0,05 unpaired-test.
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To tackle this problem glutamate was photoreleasebee brains (mushroom bodies and
protocerebral lobe) and the amount of total andb8¥phosphorylated eEF2 was determined
in stimulated areas 15 min later by ELISA. Thereswa strong increase in amount of
phosphorylated antigen reaching 24% (p<0,01 ungditest) over the control level and total
amount was increased by 13% (p<0,05 unpaired ;<tesfure 3-13). This result suggests that
glutamate can induce quick elevation of the totabant of eEF2 in the honeybee brain, but
on the other hand, it phosphorylates eEF2 and tegeases its function. One has to
remember though, that boost in phosphorylation tatel amount of the eEF2 may occur in

different brain areas or in separate neuronal cotmesnts (e.g. cell bodies vs. dendrites).

S6K is one of the proteins suggested to be the mamrol point of eEF2 synthesis and
function (Fumagalli and Thomas, 2000). To checkgliitamate-rendered raise in eEF2
phosphorylation and amount is correlated with amease in S6K phosphorylation, samples
collected in previous experiment were also testét an antibody against phosphorylated
S6K. After glutamate release there was no sigmfichange in phosphorylation level of the
protein. This suggests that S6K is not involveddgulating glutamate-induced increase in

eEF2 amount and phosphorylation level.
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3.7 Feeding destabilises the balance between phosphorylated and
nonphosphorylated eEF2

Feeding is a factor deteriorating LTM performannehbneybees (Friedrich et al., 2004).
Among metabolic processes greatly influenced bylifeg status are the initiation and the
elongation phases of the protein synthesis cycletHese processes are poorly investigated in
brain tissues (Proud, 2002). Since conditioninglgritransiently activate eEF2 in the
honeybee (see chapter 3.4) it was tempting to $gecuhat feeding inhibits eEF2 function in
the bee brain. Such an interaction could be a plessiechanism explaining the inhibitory
influence of food intake on memory performancetdsi this hypothesis, | checked if feeding
influenced total amount and phosphorylation levedBF2.

Experimental design consisted of two groups: hurilmggs that did not receive food on the
experimental day and fed bees that were given sa@olutiorad libitum. Insects were killed
either directly or 30 min after feeding and ELISAswsed to determine the amount of eEF2
antigens. There were no differences between fedhamgry animals (in terms of total or
phosphorylated amount of eEF2) directly after fagdnor 30 min later (Figure 3-14). Bees
have eaten on average 8,7 drops of sucrose sqludidrnthis number was highly variable.
There was no correlation (regression) between timaber of ingested sucrose drops and
levels of eEF2 and pheEF2 antigens (r<0,1 Pearswalation coefficient).

These results led to the conclusion that feedingsdwot affect eEF2. However, a careful
evaluation of the regression between pheEF2 (degpenariable) and the total amount of the
eEF2 (independent variable) in individual bees {Feég3-15) revealed differences between
hungry and fed animals.

When measured directly after feeding, Pearson letiwa coefficient of pheEF2-eEF2
regression is significantly higher (p<0,05 oneadilFisher r-to-z transformation) in hungry
(r=0,890), than in fed animals (r=0,500) (Figur&33-two upper graphs). This is also true for
the results 30 min after feeding: correlation cieeght is higher in hungry (r=0,864) than in
fed (r=0,705) animals and the difference betweemdwmups remains significant (p<0,05 one-
tailed Fisher r-to-z transformation) (all of theoab correlations are statistically significant).
However, it seems that 30 min after feeding théetehce between fed and hungry group is

smaller than directly after feeding.
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Figure 3-14 Feeding influences neither amount of tal nor amount of phosphorylated eEF2 antigens.
Animals in the control group (HUNGRY) did not receive any food, while animals in the experimental (FEDyroup
were fed until satiation. The bees were killed diretly after feeding (0 min — upper graph) or 30 minlater (lower
graph). There is no significant difference neither n phosphorylation (pheEF2) or total amount of eEF2 (EF2)
between fed and hungry animals, measured directlyo(min, upper graph) and 30 min (30 min, lower graph after
feeding.

White bars (HUNGRY) represent mean (+/- S.E.M.) of Nmeasurements of control group and are expressed &480%.
The grey bars (FED) represent mean (+/- S.E.M.) of N easurements of experimental group and are expressed %
of the control. pheEF2 represents amount of Thr56 phsphorylated eEF2; eEF2 - total amount of eEF2 and
pheEF2/eEF2 stands for calculated ratio of pheEF2 aneEF2.
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If the correlation (regression) between eEF2 areEpi2 antigens is high, then bees that have
e.g. ten eEF2 proteins will have, say, seven prst@ut of the ten) phosphorylated. If the bee
has six eEF2 proteins, four of them will be phosplated and so on. The higher the amount
of eEF2, the higher the amount of phosphorylateB2eEnowing the total amount of the
protein (eEF2) we can predict the amount of phosgpated eEF2 proteins (pheEF2).

If the correlation between eEF2 and phEF2 antigetsw, then bees that have e.g. ten eEF2
protein may have, let's say, ten phosphorylated2sEfast like they may have four
phosphorylated eEF2s. If the bee has six eEF2 ipsmtenaybe six of them will be
phosphorylated or maybe only two of them will b@gphorylated. In this case, knowing total
amount of the protein (eEF2) we cannot predict arhai phosphorylated eEF2 proteins
(pheEF2).

Characteristically, the mean level of phosphorglatand total amount in both cases is not

different.
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Figure 3-15 Feeding decreases correlation betweehmetamount of phosphorylated eEF2 antigens and total

eEF2 antigens.

Graphs show regression between total amount of eER&ntigens (eEF2) and the amount of phosphorylated eEF2

antigens (pheEF2) measured in animals fedd libitum (FED) directly after feeding (0O min) or 30 min late or in

hungry animals (HUNG) killed at the same times. Eaclpoint denotes single animal.
Directly after feeding, the Pearson correlation cd#cient is much higher in hungry(r=0,890) than infed (r=0,500) bees

(panes on the previous page). 30 min later the cagiation coefficient in hungry group stays on virtudly the same level
(r=0,864), while correlation in the fed group incrases (r=0,705) (panes on this page). Differencestveen fed and
hungry groups are statistically significant at bothtime points (p<0,05 one-tailed Fisher r-to-z tranformation).
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3.8 Blocking the ubiquitin-proteasome complex enhances memory
performance

The control of gene expression is not reduced ¢opttoduction of proteins (translation and
precedent transcription) but it comprises the pmotkegradation as well. The final stage of
gene expression is thus proteolysis mediated byuhigjuitin-proteasome complex (UPC).
This protein degradation machinery was reportedbéoinvolved in synaptic plasticity
processes and act either as a positive (Karpowah,e2006) or negative (Zhao et al., 2003)
factor. Nothing is known about the function of UB@ing memory formation in the bee, so |
checked the influence of MG132, a potent proteasbimeker (Lee and Goldberg, 1998), on
memory performance in this insect. In addition tanmmals, MG132 has been successfully
used to block proteasome in many invertebragdysia (Kurosu et al., 2007), crab
Chasmagnathus (Merlo and Romano, 2007) amtosophila (Lundgren et al., 2005), so one
can premise that this drug works similarly in tloméybee.

First hypothesis assumed that MG132 would detdedraM, so the bees were injected with
100 uM of the drug and 30 min later they were &dimsing strong (3 trial) conditioning
paradigm. This treatment however, did not affectmoly performance (data not shown).

The next hypothesis presumed that proteasome @unsctas an inhibitory constraint on
memory and blocking it would enhance memory pertoroe. In this experiment, the weak (1
trial) conditioning protocol was used and the be&ese injected with the drug 30 min before
single conditioning trial. MG132 did not influengeneral sensitivity to the olfactory stimuli,
as there is no difference between control and drjegted bees during conditioning trial. In
contrast, the drug clearly enhanced memory perfocaat 3 hours (p<0,05 Fisher exact test,

two-tailed) after conditioning and this increastureed to the baseline at day 1 (Figure 3-16
upper graph).
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Figure 3-16 Blocking of ubiquitin-proteasome comple in the honeybee enhances mid-term memory

performance.

Honeybees were injected with 100 uM MG132 (ubiquiti-proteasome complex blocker) at different times Here or

after 1 trial conditioning and memory performance was tested at 3 h or 1 day after conditioning. Inje@n 30 min

before single trial conditioning does not influenceodour sensitivity, but transiently enhances memonperformance 3

hours later (MG132 before conditioning - upper graj). Blocking of proteasome 30 min before test at Bours also

transiently increases memory performance (MG132 befe test 3H — middle graph). Blocking before testroday 1 has

no effect (MG132 before test 1D — lower graph).

Vertical scale shows proportion of bees showing pbmscis extension response during the conditioningial and testing
trials 3 hours (3H) and 1 day (1D) later. MG132: mimals injected with MG132, CONT: animals injected vith vehicle.
* p<0,05; ** p<0,01 Fisher exact test, two-tailed
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To test if MG132 enhances memory scores when appli¢ater times, the drug was injected

30 min before the 3 hours test. In this situatldocking of the proteasome greatly increased
memory performance at 3H test (p<0,01 Fisher etemtf two-tailed) and this effect decayed

to the control level at day 1 (Figure 3-16 middiagh). It seemed that the chemical boosted
memory retrieval, so the next question was whethacreased only unconsolidated memory
or already consolidated one as well. To addresspitublem, animals were trained with 1 trial

conditioning and the drug was injected on the maxt 30 min before day 1 test. In this case
blocking of proteasome did not have a significarfiluence on memory performance (Figure

3-16 lower graph).

One can conclude that in the honeybee, blockilgRT enhances mid-term memory scores.
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4 Discussion

4.1 Learning induces transient activation of eEF2

During this work it was shown, that 3 trial conditing in the honey bee transiently decreases
phosphorylation ratio of the eEF2, while total ambaf eEF2 remains unaffected. When the
total amount of the protein remains stable, theasphorylation ratio (pheEF2/eEF2) is a
reliable, normalised measure of changes in phogtdtimn level of a given protein. As
decrease in eEF2 phosphorylation is directly cateel with an increase of eEF2 activity and
elongation rate (Ryazanov et al., 1988), it maycbecluded that associative conditioning
results in a transient increment of the elongataia during protein synthesis cycle.

The only paper addressing the involvement of eEF&ynaptic plasticity-like processes in
invertebrate species comes from the Sossin labirsedtigates the influence of serotonin (5-
HT) on Aplysia synaptosomes (Carroll et al., 2004). Serotonimdced long-term facilitation
of the sensory-to-motor synapses in the molluscpromess believed to underlie long-term
sensitisation of gill and siphon withdrawal respori€asadio et al., 1999). Experiments in
Aplysia showed that 10 min of the 5-HT stimulation resiiite an eEF2 dephosphorylation in
the synaptosomes, while there was no change istdagly-state levels of the protein (Carroll
et al., 2004). These results are in good agreemightoutcomes presented in this thesis. |
showed that learning in the honeybee transientlivated the eEF2 without changing total
amount of the protein. The same effect was obsenvetblysia neurites using procedure
evoking cellular analogue of learning. This suggékat common molecular events underlie
memory formation processes in honeybee and synalpsticity inAplysia.

The only publication dealing with changes in eER2vity related to memory formation
processes was done on rats using taste learnirgligar (Belelovsky et al., 2005). In this
paper authors showed that after incidental tastenileg, there was an increase in
phosphorylation level of the eEF2 (and hence deer@aelongation rate) in the taste (insular)
cortex. This change was restricted to the synapimsemal fraction, whereas there was no
alteration in the perikaryon. Moreover, total amiooithe protein remained unchanged.

In another research dealing with mammals, BDNF-@eduL TP was succeeded by a boost in
phosphorylation level of eEF2 (Kanhema et al., 2006e authors reported that 15 min after
BDNF application to the dentate gyrus of anesthdtisats there was a transient increase in
eEF2 phosphorylation, while the total amount of fvetein was constant. This effect

presumably occurred outside of synapses and desdrias BDNF treatment of
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synaptodendrosomes did not influence eEF2 state alithors suggested that during synaptic
plasticity, the initiation of translation was upudgted while elongation remained steady at
synaptic and dendritic sites. In other compartmémizinly perikaryon), initiation would be
upregulated and elongation downregulated at thes $amne.

Comparison of mammaliaim vivo results (Belelovsky et al., 2005) with honeybewiing
presented in this thesis, shows that the directibthe changes is opposite: after 3 trial
olfactory learning in the honeybee, eEF2 phosplatiof is decreased and hence elongation
rate is enhanced, while in mammals learning deese@fongation rate. This contradiction
could be explained by the differences in learnimgcpdure: incidental taste learning vs.
appetitive olfactory conditioning. There is alsopassibility that in some regions of the
honeybee brain, eEF2 is activated upon learnindewini other structures its function is
diminished or unchanged. In this case, the obsedeedease in honeybee whole-brain eEF2
phosphorylation would be a mixture of these oppp®ffects. However, a more plausible
explanation is that elongation phase during menforation is regulated differentially in
mammals and invertebrates. This idea is corrobarate thein vitro experiments. After
mammalian LTP there is a decrease (Kanhema e2@)§), while after synaptic plasticity-
like treatment inAplysia there is an increase in eEF2 function (Carrolalet 2004). This
difference is strikingly similar to dissimilarityelbweenin vivo results, what suggests, that
during synaptic plasticity or memory formation, tlongation rate of translation is
augmented in invertebrates and decelerated in ménma

Apart from differences there are also similaritietween experiments in rats (Belelovsky et
al., 2005;Kanhema et al., 2006) and in the honepbesented in this thesis: eEF2 changes its
activity in the range of dozens of minutes after lmarning trial and this alteration disappears
within few hours. The relative strength of the ajp@ns similar in bothn vivo cases. In the
rat, the change is about 20% in brain region smadiy involved in learning. In the honeybee
the change is about 10% in the whole brain, whabgioly corresponds to higher values in
structures explicitly involved in learning. Judidiin the bee, in the mammalian experiments
changes are restricted to phosphorylation, andbotiaéamount of eFE2 remains stable.

In this thesis | have shown that conditioning sialduce dephosphorylation of eEF2 in the
honeybee brain. This effect can be explained eittneractivation of PP2A-mediated
dephosphorylation, or by inhibition of eEF2K-med@t phosphorylation. However,
application of PP2A blockers did not prevent leagrinduced eEF2 dephosphorylation, nor it
deteriorated learning. This suggests that PP2Aotsinvolved in memory processes in the
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bee, what is in contradiction to results showingt timhibition of PP2A leads to memory
impairment (Bennett et al., 2001;Sun et al., 2008 other possibility explaining learning-
induced eEF2 dephosphorylation is inhibition of BKF | was unable to tackle
experimentally this option, as so far eEF2K wasragal to be non-existent in insects. Only
this thesis brings first suggestions that eEF2Kviigtis present in the honeybee, but this
activity is most probably is mediated by a kinasthwdifferent sequence. Because of this,
eEF2K inhibitors known from mammalian models arasable in the bee (see chapter 4.3 for
discussion about presence of eEF2K in honeybee).

Comparison of the results presented in this maiptsaith findings obtained imAplysia
plasticity (Carroll et al., 2004), mammalian leagi (Belelovsky et al., 2005) and
hippocampal BDNF-dependent LTP (Kanhema et al.,6R@liggests an opposite way of
regulating the elongation rate in mammals (decredselongation rate) and invertebrates
(increase in elongation rate) during memory fororatiFunction of such difference remains

obscure.
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4.2 eEF2is abundant in distinct neuropils in honeybee brain

Using immunohistochemistry it was shown, that tB#-2 protein in the honeybee brain is
localized primarily and in protocerebral lobes andlistinct bands obi-lobes of the MBs.
Such location suggests that these structures areflintensive protein synthesis. These parts
of the honeybee brain are composed predominantlgeofopil (processes and synapses)
(Bullock and Horridge, 1965), although some gliall coodies are also present in the
protocerebral lobe (Hahnlein and Bicker, 1996).stblbgical patterns of eEF2 localisation
resemble to some extent the localisation of NRLusiilof NMDA receptor - much i-lobe
and the protocerebral lobe, and little in the of$¥IBs (Zannat et al., 2006).

eEF2 was shown many times to be positioned in desdand synapses in neuronal tissues of
other species: eEF2 was found in close vicinitpadtsynaptic sites in tadpole brain (Scheetz
et al., 1997), as well as in dendritic lipid raftspostsynaptic compartment in rat forebrains
(Asaki et al., 2003). In the bee brain eEF2 is @i structures composed primarily of
neuropil what suggests that indeed outgrowths leedominant location of eEF2 in the bee
brain.

As protein synthesis is indispensable for LTM fotima and learning transiently modulates
eEF2 in bee brain it is tempting to speculate lga@ting-induced change in protein synthesis
is localised in dendrites of protocerebral lobendobes. If this speculation was true, these
structures would be a place where persistent, latims-dependent forms of memory were
stored. This proposition is substantiated by repshowing that protocerebral structures are
indeed involved in learning-related plasticity (@kaet al., 2007) and in LTM formation
(Menzel and Manz, 2005) in the honeybee an®rasophila (Gerber et al., 2004;Keene et
al., 2006;Liu et al., 2006;Wu et al., 2007).

However, one has to remember that engrams weresatggested to be localised in mushroom
bodies (Gerber et al.,, 2004;Menzel et al., 1974) amtennal lobes (Gerber et al.,
2004;Menzel et al., 1974;Thum et al., 2007) initisect brain. The other contradiction to the
abovementioned hypothesis comes from the only paitidin directly addressing localisation
of learning-induced protein translation in insedts: Drosophila the ALs are structures

involved in memory-related protein (CaMKII) syntiefAshraf et al., 2006).
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4.3 Evidence for a functional homologue of eEF2K in the honeybee

The eEF2 kinase (eEF2K) described in mammals hasuah properties, as its catalytic
domain does not have any similarity to the sequené¢he superfamily of orthodox kinases.
eEF2K and related enzymes form a separate groukinafses calledu-kinases (Proud,
2007;Ryazanov, 2002).

eEF2K was so far not detected in insect tissuasgusiochemical techniques and genomic
databases approaches. | presented results shomah@EF2 can be phosphorylated in the
insect tissues what suggests that eEF2K-like aygtigxists also in the honeybee brain.
Moreover, this phenomenon is evoked by‘Gand cAMP and thus phosphorylation of eEF2

in the bee seems to be regulated in the same wiaynaammalian systems.

4.3.1 Arguments for the non-existence of eEF2K in insects

First line of arguments suggesting that insectk E€F2K (and even the whole family of
kinases) is derived from genomic database seardheseybee androsophila genome
databases screens give consistently no hits (alyrarery weak C-terminal consensus
sequences, at best). “There areorkinases inDrosophila” - as the discoverer of this kinase
writes (Ryazanov, 2002). This is somewhat surpgisias other invertebrates such as
Caenorhabditis elegans possess the kinas&plysia also seems to have the enzyme as blasting
its database (SlimeBase, http://dlc-genomics.ramami.edu/~tfiedler/) gives some hits,
although with medium sequence similarity only. Hoes one has to keep in mind that the
database search algorithms are not perfect andnotagletect existing similarities between
mammalian and insect eEF2K sequences, what wosldt i@ a false negative outcome.
Second line of argumentation against the existeoiceeEF2K in insects comes from
experimental research and is based on a publicétjo®ldfield and Proud (1993). The
authors reported that ifNoctuidae moth Spodoptera, they did not manage to induce
phosphorylation of the insect eEF2, although imalar experimental system the insect eEF2
could be phosphorylated by mammalian eEF2K (Oldfeeid Proud, 1993). This would point
to a conclusion that this moth lacks eEF2K activity

However, it has to be stressed that, it is methagioally very hard to proof the “non-
existence” of something, as the investigated phemmm may simply be to small to be
detected by a given method or the method may hgpnoariate. This seems to be the case in
this publication. Oldfield and Proud (1993) useskitt cell extracts to which they added ATP

and eEF2 protein in the presence or absence 3fi@es. They reported technical problems in



4 Discussion 66

Western blot detection of phosphorylated eEF2, sy tseparated phosphoproteins and
blotted only them, but they failed to detect phasylated eEF2 either. However, as they
noticed themselves, the kinase might have beerepres the system, but was simply too
diluted to be detected using their method. To diyecerify the existence of the kinase, they
tried to purify insect eEF2K, but this purificatiovas conducted in a system designated for
mammalian eEF2K (Redpath and Proud, 1993). Sowleyd detect insect eEF2K only if its
properties (sequence) were similar to that of maliamaeEF2K, and this, according to
genomic databases searches, is not true. Hencgectimelusion that the moth possesses no
eEF2K can be reinterpreted tHadodoptera has no eEF2K that is similar to its mammalian
equivalent. In my opinion, one cannot derive frdrase experiments the conclusion that there

is no eEF2K in any form in the moth.

4.3.2 Arguments for the existence of eEF2K in insects

On the other hand, insects may possess a functimmablogue of eEF2K, which does not
share sequence similarity to its mammalian equntal@here are examples from other
systems, that the same function can be mediatenh bgrms of amino acid sequence, totally
unrelated kinases that share the same regulatopegres. This may indeed be the eEF2K
case, as crystallographic investigation of onénetitkinases suggested, that in spite of totally
different sequence, 3D-structre interactions maysibglar to the orthodox protein kinases
(Proud, 2007;Yamaguchi et al., 2001).

This hypothesis is in a good agreement with requriksented in this thesis. | showed that in
honeybee brain homogenates, eEF2 may be phospiearylpon stimulation, which requires
the existence of an appropriate kinase. Moreover,eixperiments presented above suggest
that eEF2 in this insect is regulated by cAMP arf’dn a way similar to mammals. Since
genomic databases algorithms are not able to fgesiginificant equivalents of mammalian
eEF2K in insects, one could speculate that thetipatdaoneybee eEF2K does not share
sequence similarities t@-kinases. This suggests the existence of an orthkihase capable
of performing functions typical fax-kinases.

To the best of my knowledge, this is the first segjgpn, that eEF2K activity is present in
insect tissues. One needs further experiments,wdrie out of scope of this thesis, to support
the idea that a putative eEF2K exists in insectsti@ one hand, one could apply a modelling

approach to elucidate which insect protein hasctiral properties similar to mammalian
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eEF2K, and on the other hand, one could use bioclaémethods to purify and sequence the

kinase(s) that phosphorylate insect eEF2.

4.3.3 cAMP increases phosphorylation of eEF2 in vitro

Apart from showing the existence of eEF2K activitythe honeybee | tried to establish the
signalling pathways by which eEF2 is regulatechie honeybees and found that cAMP raises
eEF2 phosphorylation level in the brain homogenates

In mammals, phosphorylation of eEF2 is increasethbyspecific kinase - eEF2K (Ryazanov
et al., 1988) and decreased by the phosphatas@A Etowne and Proud, 2002) (Figure
4-1). Thus, increase in phosphorylation may be atedi either by direct phosphorylation
(increase in eEF2K activity while PP2A activity raims unchanged) or by inhibition of
dephosphorylation (decrease of PP2A activity whl€-2K activity remains unchanged).
cAMP induces eEF2 phosphorylation (deactivationnam-neural vertebrate cells and this
process is mediated by eEF2K (Gutzkow et al., 2008and et al., 1999;McLeod et al.,
2001). PKA was also shown to directly phosphory&fE€2K in rat leukaemia cells (Hovland
et al., 1999).

On the other hand the cAMP/PKA system activatesAPP&hn et al., 2007) and PP2A
decreases eEF2 phosphorylation (Everett et al.1)200terestingly, cCAMP was shown to
dephosphorylate eEF2 in a non-PKA way (Feschenk. e2002). Anyway, there is no data
showing that cAMP or PKA can block PP2A and thaigs iimprobable, that inhibition of
PP2A contributes to the cAMP-induced increase éfZghosphorylation.

Observed cAMP-induced phosphorylation of eEF2 ie thee brain may be plausibly
explained by PKA-dependent activation of the pueaBEF2K. The other explanation is that
PKA directly phosphorylates eEF2, although thislarption seems less probable as PKA
was not reported to directly influence eEF2 in matiam tissues.

Results presented in this thesis are the first estggn that, in neural tissues eEF2 is
phosphorylated as a result of cCAMP application. dbaer, it seems that, just like in

mammals, in the honeybee eEF2 phosphorylatiorgidaited by the cCAMP/PKA system.
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Figure 4-1 cAMP modulates eEF2 activity in mammalia tissues.
CAMP is able to deactivate eEF2 (increase eEF2 phdwpylation) through PKA and eEF2K. On the other hand
cAMP or PKA can activate eEF2 (decrease eEF2 phosphdation) through PP2A (but the latter possibility is

controversial - see text for details).

4.3.4 Ca* increases phosphorylation of eEF2 in vitro

In experiments presented in this thesis, | havewshthat application of calcium to the
honeybee brain homogenate induces phosphorylatieile2 but at the same time decreases
total amount of this protein.

Similar effects were reported in mammalian non-aktissues. Calcium application evokes
eEF2 phosphorylation, subsequent diminishment ohgdtion rate and this process is
dependent on eEF2K (calcium/calmodulin dependemiada Ill) (Hincke and Nairn,
1992;Nairn and Palfrey, 1987;Ryazanov, 1987). Biglly similar phenomenon was
published in a paper studying axon growth coneseiriebrate cell culture (lizuka et al.,
2007). The authors showed that higf‘Gavels induced fast and transient phosphorylaion
eEF2 and concurrent decrease of the total amounheofprotein. These alterations were
paralleled by an increase in eEF2K activity. Uniodtely, the paper does not address
mechanisms of calcium-evoked decrease in total efakNt.

A possible explanation of calcium-induced decraaseEF2 amount involves the activation
of calcium-activated proteases - calpains. Interght, these proteases play an important role
in synaptic plasticity (Wu and Lynch, 2006). Vardtion if the observed decrease in the
amount of eEF2 is mediated by these proteases wedqglgire the application of a calpain

inhibitor (e.g. calpastatin (Carragher, 2006)) glenth calcium.
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Results presented in this thesis suggest that @kER8neybee brain is regulated not only by
CcAMP but also by calcium. This corroborates the digpsis that eEF2 in the insect is

controlled in the same way as in mammals.
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4.4 Possible influence of cAMP and Ca* on eEF2 during learning

4.4.1 Possible interactions between cAMP and eEF2 during learning

In this thesis, | have shown that cAMP inhibits @Egtivity in honeybee brain homogenates,
but on the other hand, eEF2 is activated upon ilegurEarlier experiments showed that
cAMP was positively involved in LTM formation in ALin honeybees (Muller, 2000), so
there is a clear contradiction between the data.

There are a few probable explanations of this dismncy. First of all, the learning-induced
changes in cAMP/PKA system are restricted to theelgbee ALs (Muller, 2000), while the
immunohistochemical data presented in this thdsisvs that eEF2 is hardly detectable in
these brain structures. It may well be, that cAM&Pand protein translation systems are
both activated during memory formation, but du¢hi® different spatial localization, they do
not interact with each other. This is a generabjmm, as we very often do not know if
pathways involved in learning and plasticity exasid interact within the same neurons or
neuronal networks. Only the single neuron labellieghniques (e.g. iDrosophila (Keene
and Waddell, 2007)) can help to tackle this problem

Second explanation of this discrepancy points t@ea that regulation pathways investigated
in in vitro preparations (e.g. brain homogenates) do not sadbsdirectly correspond to the
regulation in vivo. Homogenisation of a tissue causes dramatic clsange cellular
homeostasis and the spatial organisation of regylapathways is destroyed by such
procedure. In mammals, PKA can directly phosphoeyRP2A (Ahn et al., 2007), and PP2A
induces dephosphorylation of eEF2 (Sans et al4P@bat results in augmented elongation.
On the other hand, PKA activates eEF2K and inceepiesphorylation of eEF2 (Gutzkow et
al., 2003) (see Figure 4-1). It is possible thatygmathways leading to cAMP-induced
increase in eEF2 phosphorylation (CAMP/PKA-“eEF2€F2) survive homogenisation in a
functional state while pathways decreasing eEFZpharylation (CAMP/PKA-PP2A-eEF2)
are disrupted by this procedure (but see chap2eB.2.for remarks whether the latter pathway
exists).

Assuming that during learning, PKA and protein &gsis are activated in the same neurons,
PKA stimulation could be able to exert two opposkefects on translation: intensify or
decrease protein synthesis by bidirectionally matildy eEF2. Such bidirectional changes in

eEF2 activity in mammalian neurons were presenteblek=F2 was reported to function as a
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postsynaptic decoder of neural activity. eEF2 wets/ated by action potentials, but on the
other hand inhibited by miniature neurotransmisgtutton et al., 2007).

Direct influence of cAMP on brain eEF2 was not &idedn vivo. It would be valuable to
use cCAMP uncaging in living honeybee brains to adslthe effects of the cAMP pathway on

eEF2 regulatiomn vivo.

4.4.2 Possible interactions between Ca?* and eEF2 during memory

formation

In experiments presented in this thesis, | havewshthat calcium application to the
honeybee brain homogenates increased eEF2 phosgiwry (deactivated the factor).
Calcium is an all-important element in molecularnmeey formation processes. Why does it
inhibit eEF2 and as consequence decelerate protmnslation? There are a few possible
explanations to this conundrum. First, as writtechapter 4.4.1, we cannot directly compare
changes of eEF2 phosphorylation in bee brain homatgs with such changes in neuroms
vivo. Secondly, distinct changes in synaptic activityarge eEF2 activity in opposing
directions. As synaptic activity modulates calcigoncentrations, there is a possibility that
calcium takes part in bidirectional regulation &R phosphorylatiomn vivo (Sutton et al.,
2007). Therefore, calcium-induced phosphorylatidneBF2 observed in honeybee brain
homogenates would represent only one, probably remgtificant, of the two possible

directions of change that existvivo.
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4.5 Glutamate induced eEF2 synthesis as a possible mechanism of
LTM formation

In experiments presented above, | have shown th&angate uncaging in thapis mellifera
brain on the one hand rapidly increased total amotfirthe eEF2, but on the other hand
increased phosphorylation level of eEF2 and heedeaed its activity.

Glutamate is an important factor in long-term meyraond LTP formation in a wide variety of
experimental animals ranging from molluscs to rasiéandel, 2001). This neurotransmitter
was shown to be positively involved in long-termmuey formation also in the honeybee
(Kucharski et al., 2007;Locatelli et al., 2005;Msdka et al., 2000;Si et al., 2004) and
Drosophila (Wu et al., 2007). Moreover, glutamate NMDA (Zanret al., 2006) and
metabotropic (Kucharski et al., 2007) receptorsewdentified and localized in the bee brain.
Specifically, uncaging the amino acid in the horesylmushroom bodies shortly after single
conditioning trial leads to an enhancement of LTMdatelli et al., 2005).

Molecular effects of glutamate receptors stimulatawe extensive, and protein translation is
one of the processes regulated by this amino #sidtamate was shown to boost local,
dendritic synthesis of eEE1(elongation factor d). Five minutes after L-LTP induction by
high-frequency stimulation of the CA1 area of taehippocampus, there is a strong increase
in dendritic eEF& synthesis. This increment is glutamate-specifitgesit can be blocked by
NMDA receptor inhibitors (Tsokas et al., 2005). &ent paper from the same group reported
a rapid synthesis of eEF2 (as well as other prstéiansliated from a group of mRNAs
(5TOP mRNAs) coding part of translation machineiry)dendrites after similar stimulation
(Tsokas et al., 2007). TheBevitro experiments are in very good accordance withrihévo
results presented in this thesis, corroboratingidiea that glutamate induces eEF2 synthesis
in the bee brain. However, experiments using pmosinthesis blocker are necessary to
substantiate the idea of glutamate induced eEFthesis in the bee brain. It would be also
valuable to test if other components of the traimta machinery (translation factors,
ribosomal proteins) are synthesised in the beebnaa response to glutamate treatment. A
still unresolved question is the exact localisatioh eEF2 synthesis — comparison of
immunohistochemical stainings of bee brains withl anthout glutamate uncaging could
answer this question. Interestingly, histologicakterns of eEF2 localisation resemble to
some extent the localisation of NR1 subunit of NMiBe&eptor (much in tha-lobe and the
protocerebral lobe, and little in the MBs) (Zanagal., 2006).
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Whether glutamate-induced eEF2 translation in bagtmccurs in neuronal dendrites or cell
bodies is an open question. Dendritic protein s3sith requires similar localisation of its
MRNA and indeed, such localization was reported=22ERNA is present in postsynaptic
densities (PSD) in rat forebrains (Suzuki et @02). Nothing is known about this aspect in
the bee yet.

What is the role of such eEF2 synthesis in thenBrits mRNA belongs to the group (5TOP
MRNASs) that encodes part of the translation mackin®eyuhas, 2000;Meyuhas and
Hornstein, 2000) and can be quickly shifted fromnsiationally quiescent (mMRNP) into
translationally active state (polysoms) upon statioh (Meyuhas and Hornstein, 2000). It
enables cells to produce the protein synthesisrapsaquickly. Such a mechanism of fast
increase in translation capacity was proposed toydteanother mechanism of synaptic
plasticity (Tsokas et al., 2007). Dendrites andapges that increase the number of translation
machineries (ribosomes, translational factors et@)capable of a quick, local and on demand
synthesis of PRPs (plasticity related proteins)s Mmwould constitute the basis for permanent
changes in strength and number of synapses.

In the bee brain glutamate enhances memory perfaenélLocatelli et al., 2005) as well
elevates the amount of eEF2 (my own experimentakeil together, these results make a
correlational argument for the hypothesis thateasing amount of translational factors in the
brain is a possible mechanism of memory formatiod/@ maintenance in the honeybee. A
casual evidence is missing andcitical experiment testing this hypothesis woulel the
measurement of LTM performance after inhibitiordehdritic translation of eEF2 (and other
5TOP) mRNAs, e.g. by RNAI. To test the role of NMDreceptors in glutamate induced
eEF2 synthesis, this experiment should be done resemce of glutamate (iono- and
metabotropic) receptors inhibitors. To corrobortdite hypothesis that glutamate induces in
the bee brain synthesis of eEF2, and not rele&seprotein from a kind of store, glutamate

uncaging should be done in presence of proteirhggig inhibitors.

4.5.1 Glutamate increases eEF2 phosphorylation

Results presented in this thesis show, that apar fincreasing total amount of eEF2,
glutamate induces its phosphorylation. This is aodj accordance with literature data as
glutamate was demonstrated to increase eEF2 phodpian and diminish general
translation in neuronal (Gauchy et al., 2002;Matral., 1997;Scheetz et al., 2000) and non-
neural (Cossenza et al., 2006) tissues in a tnainsi@y (Gonzalez-Mejia et al., 2006).
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Glutamate-dependent slowdown of translation eldogaseems contradictory to the well-
known dependence of memory formation on new protynthesis and concomitant
involvement of glutamate receptors in this proc&s:h process however, could play a very
important role in regulating translation in neuroria mammalian neurons, NMDAR
stimulation transiently inhibits elongation by ppbsrylating eEF2, what subsequently
decreases general translation rate, but paradbxioareases synthesis of CaMKIl (Scheetz
et al., 2000) — a protein ubiquitously involvednmemory formation. Glutamate may function
as a switch inhibiting synthesis of non-PRP (naasfitity related proteins) and increasing
translation of PRPs. To address this hypothesitld be necessary to check CaMKIl levels
after glutamate uncaging in the bee brain.

This proposition is not necessarily in contradictito learning-induced decrease in eEF2
phosphorylation described in this thedis.vivo, glutamate-induced phosphorylation of the
eEF2 may be only short-lived, resulting in a switalthe synthesis of PRPs, followed by an
increase in elongation rate. This speculative moohelkes an exciting experimental

proposition.

4.5.2 Glutamate does not modulate S6K

In experiments presented in this thesis, | wasabt# to prove that glutamate induces change
in phosphorylation level of the S6K. This is conicaory to other findings showing that
glutamate did render phosphorylation of S6K in nesr(Lenz and Avruch, 2005) and glial
cells (Gonzalez-Mejia et al., 2006).

There are results suggesting that translation arfigetion factors and other 5’TOP mRNAs
depends on phosphorylation of S6 ribosomal protgi®86) and antecedent activation of its
kinase (S6 kinase, S6K) (Fumagalli and Thomas, Jded@ries et al., 1997). However, this
has recently been questioned, and it was suggésaedpS6 does not control translation of
5TOP mRNAs (Ruvinsky and Meyuhas, 2006). In my exkpents, glutamate enhances
eEF2 translation without influencing S6K, what sesfg that S6K is not involved in
regulation of synthesis of eEF2. This in agreemtit the second possibility (Ruvinsky and
Meyuhas, 2006), suggesting that S6K does not coitaoslation of eEF2. To clear the
problem of S6K involvement in eEF2 translation arwld block activity of this kinase
during glutamate uncaging and measure the syntbésisF2.
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4.6 Feeding destabilises the balance between phosphorylated and
dephosphorylated eEF2

Relation between feeding status, translation anghong formation seems to be a conundrum.
On the one hand, nutrients stimulate protein sygishand the latter process is necessary for
long-term memory formation (Proud, 2002;Proud, 20@h the other hand, satiated animals
do not build normal LTM what results in poor LTM rfmance in the range of days
(Friedrich et al., 2004).

There is not much research investigating the imibeeof feeding on memory formation and
performance, although common assumption is thanalsi are to be moderately hungry
during training. One of the few works that expliciaddresses this problem was done in the
honeybee: LTM was impaired when bees were welldathipared to more hungry animals
(Friedrich et al., 2004).

Feeding influences not only learning, but also gnestatus and thus translation. Therefore, |
tried to establish the common biochemical factat tis influenced by both feeding and
learning. In experiments presented in this thdsi|gve shown that feeding destabilises the
balance between phosphorylated and dephosphory@&Efa in honeybee brains. This effect
is immediate and profound directly after feeding aan be observed in a less intense form 30
min later. This transient destabilisation of eE2relates with inhibitory effects of feeding
on memory formation (Friedrich et al., 2004). AsF€Hs modulated by both learning and
feeding one could hypothesise, that inhibitory @feof feeding on memory performance are
mediated by the destabilisation of eEF2 phosphtioylan the bee brain.

There is also a possibility that changes in phe&ER2 correlation in the bee do not reflect
changes in energy/feeding status, but are indugedhére sucrose perception and reflect
sensitisation rather than feeding processes.
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4.7 Rapamycin enhances memory performance

In experiments presented in this thesis, | havewshthat rapamycin does not influence
memory performance after 3 trial conditioning, hutsignificantly enhances memory

performance evoked by 1 trial conditioning.

4.7.1 Rapamycin does not impair memory performance after 3 trial

conditioning

Injection of rapamycin to the thoraces of beespteethe strong training procedure (3 trial
conditioning) that leads to LTM formation did nohpair memory performance. This is in
disagreement with some published results, as rapanprevents long-term fear memory
formation in mammalgBekinschtein et al., 2007;Parsons et al., 2006)deteriorates LTF in
Aplysia (Casadio et al., 1999). One can argue that rapanages not deteriorate memory, as
it is not specific in the honeybee. While the speity of rapamycin in the bee has not been
directly demonstrated, this drug was successfublgduin other insects, such RAsosophila
(Hennig et al., 2006), molluscs suchAg8ysia (Carroll et al., 2004;Carroll et al., 2006) and
even yeast (Zinzalla et al., 2007). Therefore,eerss justified to assume that rapamycin
specifically works in the honeybee.

On the biochemical level rapamycin is an inhibitdr TOR (target of rapamycin) protein
which is one of the main protein translation colgrs (Arsham and Neufeld, 2006). TOR
activates translation through intensifying the gltion phase (Sataranatarajan et al., 2007)
and stimulating the initiation phase in a cap-dejeen way (Proud, 2007).

TOR activates elongation phase of translation thind86K (Proud, 2007), eEF2K and finally
activation of eEF2 (Browne and Proud, 2002) (seguff@ 4-2). If rapamycin effectively
blocked this pathway, then it would erase learnimytced activation of eEF2 and this could
inhibit memory performance. However, this was & tase, and TOR/S6K pathway seems
not to be involved in memory formation in the b&hkis notion is corroborated by my results
showing that conditioning trials did not modulatekS

Rapamycin blocks not only elongation phase of pmosgnthesis but also the cap-dependent
initiation of translation (Proud, 2007). This preseseems not to be involved in memory

formation in the bee either, as rapamycin doesaose a memory impairment.
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Figure 4-2 In mammals rapamycin inhibits TOR/S6K pahway what possibly results in deterioration of

eEF2 activity.
Rapamycin is a potent blocker of TOR. TOR activateslengation phase of translation by releasing eEF2K mibition

over eEF2. Therefore, application of rapamycin may rsult in deterioration of eEF2 activity.

4.7.2 Rapamycin enhances memory after 1 trial conditioning

Rapamycin did not deteriorate LTM induced by 3ltcianditioning in the bee. Unexpectedly,
one could observe a small, although statisticallsignificant, memory enhancement. This
was quite surprising, but there are some resulggesting that low concentrations of
rapamycin may enhance synaptic plasticity. For gtarthis drug transformed E-LTP into L-
LTP in mammalian hippocampus slices (Terashimd. e2@00). Hence, | decided to check if
rapamycin improved memory in the bee. It turnedtbat rapamycin applied before the weak
training procedure (1 trial conditioning) did inase this cognitive process in the insect and
boosted MTM and a distinct phase of LTM. This sesmgrising, as rapamycin is generally
thought to inhibit translation and particularly itgtiation phase. However, the observation
may be parsimoniously explained by taking into odesation that rapamycin blocks only
cap-dependent form of initiation, at the same timgmenting cap-independent (IRES-

dependent) initiation of translation.
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Figure 4-3 Rapamycin inhibits cap-dependent, but agments cap-independent (IRES-dependent)
initiation of translation.

Rapamycin blocks TOR what results in sequestrationof elF4E. This leads to inhibition of cap-dependent rad

augmentation of cap-independent (IRES-mediated) iniation of protein synthesis.

Cap-dependent initiation of translation is by fa& most typical way of initiating translation,
but there is a group of mMRNAs that may be initiate@ cap-independent (IRES-dependent)
way as well (Lopez-Lastra et al.,, 2005). Rapamyboin inhibition of TOR (target of
rapamycin protein), blocks elF4E (eukaryotic irtiba factor 4E) (Raught et al., 2000).
elF4E is an initiation factor responsible for mRNAp binding (Proud, 2007) and was
reported to function as a switch from cap-dependertap-independent (IRES-dependent)
initiation of translation inAplysia neurons (Dyer et al., 2003) and in picornavirugated
mammalian cells (Svitkin et al., 2005). As a res@pamycin blocks cap-dependent initiation
while at the same time it facilitates cap-independdRES-mediated) initiation (Figure 4-3).
Rapamycin was not described to directly inducesiation of IRES-containing mRNAS, but
it was reported to spare translation of such mRN&sng general inhibition of protein
synthesis in mammals (Chang et al., 2007) Bnosophila (Vazquez-Pianzola et al., 2007).
This chemical was also shown to augment IRES-medliatitiation in mice (Frost et al.,
2007).
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Many of the dendritic mMRNAs involved in memory asgnaptic plasticity contain IRES
sequences and have possibility to be initiatedhi@ tap-independent (IRES-dependent)
manner. To this group belong CaMKII, MAP2, Arc, den and neurogranin (Pinkstaff et al.,
2001). CaMKIl, neurogranin and Arc have been regzbtd play a positive and crucial role in
synaptic plasticity and memory formation: CaMKIlsgnthesised ibrosophila ALs upon
learning (Ashraf et al., 2006); neurogranin enharicEP and learning in mice (Huang et al.,
2004) and Arc is essentially involved in LTP format (Tzingounis and Nicoll, 2006).
Interestingly, in terms of localisation, cap-indegent initiation of these mRNAs is more
efficient in dendrites than in the cell body.

It is very tempting to formulate a hypothesis tteggtamycin-induced memory enhancement in
the honeybee is mediated by an increase in tramslbm IRES-containing mRNAs, such as
CaMKIl. A similar hypothesis was actually formuldta few years ago: “A switch to IRES
usage in sensory neurons may be important for enease in synaptic strength that depends
on proteins that are translated at synapses darggneral decrease in translation rate” (Dyer
et al., 2003).

To test this hypothesis, it would be necessary lhmimate IRES structures (from e.g.
CaMKIl) and check if this procedure leads to mensywyaptic plasticity deterioration.
Determining of CaMKII levels after rapamycin applion would also help to verify this
hypothesis. It is also possible that pharmacoldgctivation of TOR (at least in a certain
range) leads to memory deterioration. Proposed has$eimes that only small concentrations
of rapamycin boost memory, while big concentratiohshe substance may deteriorate this
process. To check if this assumption holds, iteisassary to investigate influence of a rage of
rapamycin concentrations on memory performance.

Rapamycin-induced mid- and long-term memory enhawece is most plausibly explicable
by an augmentation of IRES-dependent initiatiortrafslation. This proposition remains an

exciting hypothesis and has to be addressed expetatty.
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4.8 Inhibition of proteasome enhances MTM performance

Results presented in this thesis showed that MGdl82ker of ubiquitin-proteasome complex
(UPC) (Lee and Goldberg, 1998), applied shortlyokebr within a time window of 3 h after
1 trial conditioning, enhanced MTM, but left LTMtact. Application of the drug on the next
day after learning did not influence memory.

MG132 has been successfully used in many invetielspeciesAplysia (Kurosu et al.,
2007), crabChasmagnathus (Merlo and Romano, 2007) arigrosophila (Lundgren et al.,
2005), so one can premise that this substancefigadgiworks in the honeybee.

The idea that proteasome and protein degradatiay @h important role in memory and
plasticity processes gained momentum only recdiitBgde, 2004;Patrick, 2006), however
the results are contradictory. On the one handkilgcUPC during training disrupts LTM in
crab Chasmagnathus (Merlo and Romano, 2007), deteriorates L-LTP in mgigpocampal
slices (Fonseca et al., 2006) and LTFAplysia (Hegde et al., 1993). On the other hand
chronic proteasome inhibitors enhance LTF, stresmtithe synapses and even induce
outgrowth of neurites iplysia (Zhao et al., 2003). Even more interestingly, Ui@ckers
rapidly elevate presynaptic (Speese et al., 2008) postsynaptic (Haas et al., 2007)
transmission efficacy irosophila neuromuscular junctions. Results resembling tifectsf
presented in this thesis, were published in a tepaper. Blocking of proteasome led to
reversal of the anisomycin-induced memory impairredter retrieval of consolidated fear
memory in the rat. Moreover, injection of proteasomockers before extinction trials,
impairs fear memory extinction what results in l@gimemory scores (Lee et al., 2008).
Particularly this last result is in a very good @cance with the effect reported in this thesis.
The published results suggest that the role of uhiuitin-proteasome complex is not
straightforward and this structure may functiorheitas a positive or negative factor in
memory formation/retrieval and synaptic plasticity.vivo results obtained during this work
in the honeybee are in accordance with the ided pgh@easome functions as a negative
constraint and blocking its function leads to ertesment of memory scores. They are in

agreement with suggestion that UPC destabilisegvetd memory (Lee et al., 2008).
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4.9 Proposition for a mechanism explaining memory enhancement
after cycloheximide treatment in the honeybee.

Experiments presented in this thesis suggest likatin other experimental animals, long-
term memory formation crucially depends on tramshabf new proteins.

Initial experiments in the honeybee seemed to aditt this idea, as application of a potent
protein synthesis inhibitor (cycloheximide) did ndeteriorate memory performance in a
series of experiments (Menzel et al.,, 1993;Wittstet al., 1993;Wittstock and Menzel,
1994). Moreover, cycloheximide raised memory penfance 6 hours after 2 trial olfactory
conditioning (Wittstock et al., 1993). When beesravdérained 3 times, cycloheximide
enhanced LTM performance on the next day after itonthg (Menzel et al., 1993). These
surprising results suggested that honeybee is appisn and memory processes in this
species do not depend on new protein synthedmaslto be noted, that in these experiments,
protein synthesis reduction observed in the be hwas never complete and reached 95%
(Wittstock et al., 1993). Therefore, there was asgulity that this residual protein synthesis
was responsible for rescuing memory performanceanditions of dramatically reduced
protein synthesis.

Cycloheximide is a substance that inhibits proteymthesis, but there is an important
publication reporting that this chemical rescued awen stimulated synthesis of CaMKII
during general protein synthesis inhibition. Inlocalltures of mammalian neurons, mild
concentration of this drugramatically reduced general protein synthesis, diuhe same
time, increased translation of CaMKIl by 40%. Lovderses of cycloheximide induced even
bigger synthesis of CaMKIl (Scheetz et al., 200@dncentrations of this PSI used in the
experiments with honeybeasvivo (Menzel et al., 1993;Wittstock et al., 1993;Witsk and
Menzel, 1994) were only about 8 times higher thasé used in mammalian cell culturas
vitro (Scheetz et al., 2000). Most probably, the effectoncentration in the honeybee brain
was even lower, approaching conditions similarhi meuronal culture. If this was the case,
then cycloheximide could have blocked general mmosgnthesis and coincidently boosted
synthesis of CaMKIl in the bee brain. As CaMKIl & crucial component of memory
formation processes (Wang et al.,, 2006) this mdsharcould explain the surprising
cycloheximide-induced memory enhancement in the bee

MRNA of CaMKIl contains IRES sequences (Pinkstaffag, 2001) and active IRES
formation is enhanced after cycloheximide treatm&®trnandez et al., 2005). Hence, cap-
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independent initiation of translation could explaigrease in CaMKIl synthesis. To test this
hypothesis, one would have to investigate the amfae of low doses of cycloheximide on
CaMKIl synthesis in the brain, and subsequentlydooh the same experiment eliminating
IRES structures.
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5 Summary

The aim of this work was to describe the involvetnainprotein translation processes in the
formation of long-term memory during classicalagtiory conditioning in the honeybe&p{s
mellifera). Special attention was given to the elongatioasghof translation and its main
regulatory factor: eEF2 (eukaryotic elongation éa&).

Since the eEF2 kinase (eEF2K) responsible for pmrgating and thus regulating of eEF2
was not yet detected (and even suggested not $t) @xiinsects, | designed a setiofvitro
experiments to test the existence of a kinase dapzbphosphorylating eEF2. cAMP and
Cd" increase eEF2 phosphorylation in mammals, so wWerg added to the honeybee brain
homogenates and raised eEF2 phosphorylation |&ets experiment provides a strong
argument for the existence of a functional homotogtithe eEF2K in the honeybee and is the
first indication that such a kinase exists in itsec

To check if memory processes modulate the elonggi@mse of translation in the honeybee,
the animals were trained using classical, olfactoonditioning paradigm. Learning trials
transiently decreased eEF2 phosphorylation (inece@s activity) 10 min after learning and
this augmentation came back to the baseline I&/éldater. Total amount of eEF2 remained
constant. This suggests that conditioning triaagrently, in the range of a dozen of minutes,
boost the elongation phase of translation.

Trying to elaborate signalling pathways involvedléarning-induced eEF2 activation TOR
protein (a known regulator of translation systenaswnhibited with rapamycin. After strong
conditioning protocol (3 trial conditioning) memonyerformance was not deteriorated.
Surprisingly, when a weak protocol (1 trial conaliing) was applied in the presence of
rapamycin, memory was enhanced in the range ofshand days. This memory increment
may be explained by the rapamycin-induced actimatb the cap-independent initiation of
translation.

In order to establish pathways concomitantly reijudp eEF2 and memory processes,
glutamate was uncaged in the honeybee brain. Thisnaincreased total amount as well as
phosphorylation level of eEF2 within 15 min aftéimsilation. Increase in total amount of
eEF2, a central component in the translation pgycgsould increment translational capacity,
what according to a new hypothesis may represenbw&l mechanism contributing to

synaptic plasticity and LTM formation.
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To examine the involvement of proteasome, the pradegradation machinery, in memory
formation and maintenance processes, this strugtaseblocked by MG132. This chemical
injected either before 1 trial conditioning or befahe retrieval test at 3 hours increased
memory performance at 3 hours, but was ineffeatifien injected before the retrieval test at
day 1. This experiment suggests that in the horeyl®teasome acts as a negative constraint
on memory.

In order to determine the localisation of eEF2 @irotn the honeybee brain, tissue slices were
incubated with anti-eEF2 antibodies. The most isiten staining was found in the
protocerebral lobes and in separate bands ofutlubes of the mushroom bodies. These
structures consist mainly of neuropil, suggestihgt tdendritic rather then perikaryal
translation dominates in the honeybee brain.

Experiments presented in this thesis provide firsights into protein translation processes in
the honeybee brain in the context of LTM formatidrhey suggest an increase in the
elongation rate of protein synthesis cycle afterneng and point to an important role of
rapamycin and glutamate-dependent pathways in thesmsses. Existence of a functional
homologue of eEF2K in the bee is postulated as aglthe involvement of proteasome in

memory.
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6 Zusammenfassung

Ziel dieser Arbeit war es, die Beteiligung der Bmosynthese bei der Bildung des
Langzeitgedachtnisses nach klassischer, olfaktoeis Konditionierung in der Honigbiene
(Apis mellifera) zu beschreiben. Besondere Aufmerksamkeit galtEdengationsphase der
Translation und ihrem wichtigsten regulierendenté&akeEF2 (eukaryotic elongation factor
2).

Da die Kinase (eEF2K), die fur die Phosphorylierungl folglich fur die Regulation von
eEF2 verantwortlich ist, in Insekten noch nicht &kt ist (es wird sogar vermutet, das sie
Uberhaupt nicht existiert), habe ich eine Reihe woritro Experimenten durchgefihrt, um
die Existenz einer solchen Kinase, die eEF2 phagpbbeen kann, zu prufen. Wie bei
Séaugetieren steigert cAMP und<die Phosphorylierung von eEF2 in der HonigbieniesD
ist der erste eindeutige Befund dass ein Funktiomsitog der eEF2K auch in der Honigbiene
(Insekten) existiert.

Um zu Uberprifen ob die Elongationphase der Trénslan der Honigbiene wahrend der
Bildung eines Gedachtnisses moduliert wird, wurdiga Tiere nach einem klassischen,
olfaktorischen Paradigma konditioniert. Zehn Mimuteach dem Lernen verringerte sich die
Phosphorylierung von eEF2 vortibergehend (Aktivei&iehung). Dieser Anstieg kam 2 h
spater zum Ausgangsniveaus zurilick. Die GesamtmangeEF2 blieb konstant. Dies lasst
vermuten, dass die Elongation im Zeitraum von @niylinuten nach dem Lernen verstarkt
wird.

Um herauszufinden, welche Signaltransduktionwegealéelerninduzierten Aktivierung von
eEF2 eine Rolle spielen, wurde TOR (Target of ragam), ein bekannter Regulator des
Translationsystems mit Rapamycin blockiert. Wahreinth die Gedachtnisleistung nach
einem 3-fachen Konditionierungsprotokoll, nicht &edert, fihrt Rapamycin nach 1-facher
Konditionierung (schwaches Trainingsprotokoll) iriZaum von Stunden bis Tagen zu einer
verbesserten Gedachtnisleistung. Diese Gedachthess&erung liegt wahrscheinlich an einer
Rapamycin-verursachten Aktivierung der cap-unabigi@mglnitiation der Translation.

Da bekannt ist, dass Glutamat-abhangige Signatitdtionwege an der Verbesserung der
Gedéachtnisleistung beteiligt sind, wurde der Eidfon Glutamatfreisetzung auf eEF2 im
Honigbienengehirn untersucht. Es zeigte sich, dasghl die Gesamtmenge als auch das
Phosphorylierungsniveau von eEF2 innerhalb von 1dubddn nach der Stimulation erhdht
wurden. Eine Erh6hung der Gesamtmenge von eEF2emiadh neuen Vorstellungen die
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Translationskapazitdt erhéhen. Mit der Glutamatimeérten Mengenanderung von eEF2
ergeben sich somit erstmals Hinweise auf einen meuklechanismus der
Tranlationsregulation der zur synaptischen Plaatizund zur Langzeitgedachtnisbildung
(LTM) beitragen kdnnte.

Um die Beteiligung der Proteasome, der Proteindidi@nsmaschinerie, bei der
Gedéachtnisbildung und -erhaltung zu untersuchenidevu die Proteasome mit MG132
blockiert. Blockierung der Proteasome vor der Téac Konditionierung oder vor dem
Gedéachtnistest nach 3 Stunden, erhthte die Gedsleigtung nach 3 Stunden. MG132 hatte
jedoch keinen Effekt, wenn es vor einem Test app Té24 h spater) injiziert wurde. Dieses
Experiment lasst vermuten, dass Proteasome einmbede Wirkung auf das Gedachtnis im
Stundenbereich haben.

Immunhistologische Untersuchungen mit anti-eEF2ilkimpern zeigen, dass die intensivste
Farbung in den protozerebralen Loben und in einBg@mdern den-Loben der Pilzkdrper zu
finden ist. Diese Strukturen bestehen hauptsachlichNeuropil, was darauf hindeutet, dass
dendritische Translation gegenuber perikaryalen3ledion in der Honigbiene dominiert.
Zusammengefasst gewédhren diese Untersuchungertanbteeke in die Regulationsprozesse
der Proteinbiosynthese im  Honigbienengehirn  wahremder Bildung eines
Langzeitgedachtnisses. Sie weisen auf eine Zunahaee Elongationsrate des
Proteinsynthesezyklusses hin und legen eine wehRglle der Rapamycin-abhangigen
Signaltransduktionswege und des Glutamates begnliesozessen nahe. Dartber hinaus wird
erstmals die Existenz eines Funktionshomologes ef6R2K in Insekten beschrieben und

Hinweise fur die Beteiligung der Proteasome bei@edéachtnisbildung prasentiert.
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7 Abbreviations

4E-BP - elF4E binding protein

5TOP - 5’-terminal oligopyrimidine (MRNA)
5-HT - 5-hydroxytryptamine (serotonin)
aa-tRNA - amino acid-tRNA complex

ACT - antennal-cerebral tract

AGT - antenno-glomerularis tract

AMPK - AMP-activated protein kinase

ARM - anaesthesia resistant memory

BDNF - brain-derived neurotrophic factor
BLAST - Basic Local Alignment Search Tool
BSA - bovine serum albumin

CaMKII - calcium/calmodulin-dependent protein kiadb
CAMP - cyclic adenosine monophosphate

CPE - cytoplasmic polyadenylation element
CPEB - cytoplasmic polyadenylation element bindingtein
CR - conditioned response

CREB - cyclic AMP response element binding protein
CS - conditioned stimulus

dsRNA - double-stranded RNA

DTE - dendritic targeting element

eEF - eukaryotic elongation factor

eEF2 - eukaryotic translation elongation factor 2
eEF2K - eEF2 kinase

elF - eukaryotic initiation factor

elF4E - eukaryotic initiation factor 4E

ELISA - enzyme-linked immunosorbent assay
E-LTD - early phase of long-term depression
eLTM - early long-term memory

E-LTP - early phase of long-term potentiation
EST - expressed sequence tag

HRP - horseradish peroxidase



7 Abbreviations

88

IgG - immunoglobulin G

IRES - internal ribosome entry site

ITI - intertrial interval

KC - Kenyon cell

LH - lateral horn

L-LTD - late phase of long-term depression
ILTM - late long-term memory

L-LTP - late phase of long-term potentiation
LPL - lateral protocerebral lobe

LTD - long-term depression

LTF - long-term facilitation

LTM - long-term memory

LTP - long-term potentiation

LTS - long-term sensitisation

MAP2 - microtubule-associated protein 2
MAPK - mitogen-activated protein kinase
MB - mushroom body

MiRNA - microRNA

MRNP - messenger ribonucleoprotein
MTM - mid-term memory

NMDAR - NMDA receptor

NO - nitric oxide

NOS - nitric oxide synthetase

OA - okadaic acid

PABP - poly(A) binding protein

PBS - phosphate buffered saline

PER - proboscis extension reflex
pheEF2 - eEF2 phosphorylated at Thr56
phS6K - p70 S6 kinase phosphorylated at Thr389
PKA - cAMP-dependent protein kinase A
PKC - protein kinase C

PN - projection neuron

PP1 - protein phosphatase 1
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PP2A - protein phosphatase 2A

PP2B - protein phosphatase 2B

PRP - plasticity-related protein

PSD - postsynaptic density

PSI - protein synthesis inhibitor

RISC - RNA-induced silencing complex
RNAI - RNA interference

RNP - ribonucleotide protein

rpS6 - ribosomal protein S6

S6 - see rpS6

S6K - S6 kinase

SITA - synaptic integration in translational actiea
STF - short-term facilitation

STM - short-term memory

TOR - target of rapamycin

UPC - ubiquitin-proteasome complex
UR - unconditioned response

US - unconditioned stimulus

VUM - ventral unpaired median (neuron)
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