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Abstract

In order to understand the huge complexity of brain function, and to determine
the mechanisms underlying various psychiatric (e.g. schizophrenia) and neuronal
di sor der s diskdsa),hite is nmperaiive that the basic machinery
involved in neuronal transmission is fully elucidated. This involves exocytosis of
synaptic vesicles (SVs) and subsequent release of neurotransmitter. SVs can
exocytose by two different modefull fusion (FF) and kissandrun (K&R).

There is much debate as to whether SV fusion in the nerve terminal can occur via
K&R mode of exoctosis and this has been studieetein, using cerebrocortical
synaptosomes from adult rats. Switching between the two modesd$eppon

the secondary messenger calcium and protein phosphorylation reactions. Dr.
Ashton has previously demonstratélgiat an increase in intracellular calcium
levels regulates the switch between these modes of exoc¢wndishus the role

of voltagegated calcium channels (VGCCsasstudied. Blockade of iype (but

not N-and PRtype) VGCCs switch K&R exocytosis to FF mode in control
terminals, indicating that such channels contribute to the calcium increase that
inducesK&R mode. These results (for the first tim#g@monstrate that distinct
VGCC subtypes contribute to the specific mode of exocytosis. $armrisindy,

it has been discovered that in diabetic terminals (prepared from streptozotocin
treated rats: a model fdype 1 diabetes), higher amount of K&R exocytosis
occurs relative to nediabetic terminals due to a higher stimulus evoked change
in intracellular calciumWhether this was due to an otivation of certain
VGCCs was studied. Fascinatinglytype chanels did not regulate the mode of
exocytosis but diabetic terminals displayed a higher dependence-tgpeN
channels. Blockade of calcium/calmodulin dependent kinag€dMKIl) was

found to inhibit completely the release of reserve pool (RP) of veswl#sno

effect on readily releasable pool (RRP) of vesicles in control terminals. However,
by studying the release of just the RBFSV it was discoverethat,inhibition of
CaMKIl leads to a switch from K&R to FEFsuggesting this enzyme when
activated can phosphorylatesubstrate proteins that induces K&R mode of
exocytosis. Inhibition of myosin Il induces a switch from K&R to FF in both
control and diabetic terminalalthough results suggest that myosin Il may only

regulate the fusion mode of the RRPcémtrol terminalsblockade of calcineurin



induces more K&R. By blocking both myosin Il and calcineurin in control
synaptosomesnore K&R was apparenthis indicates thaRP of vesicles switch

to K&R mode of exocytosis independently tbfe role of myosinll, and that
calcineurin exclusively works on RP of vesicles. The inhibition of dynamins
switched the mode of exocytosis of the BIFSVs from K&R to FF in diabetic
terminals whilst failing to regulate the mode of exocytosis of the RRP for both
control and diabetic terminals when a strong stimulus was applied. It has been
established that inhibition of protein phosphatase 2A and activation of protein
kinase C induces RRPs that undergo K&R in control terminals to FF mode of
exocytosis. Similar experimentgere performed on diabetic terminals. Each drug
treatment alone switched the RRP vesicles in diabetic terminals to undergo FF,
but the dual treatment switched all vesicles that previously underwent K&R (i.e
the RRPs and some RPs) to a FF mode of exosytbke results obtained should
help future research to understand precisely the molecular mechanisms that occur

in the switching of the mode of different pools¥s

The diabetic terminals respond differently to various drugs that perturb protein
phosplorylation, [C&']i and specific phosphproteins. We hypothesised that
these characterized biochemical changes may affect synaptic plasticity and could
result in some betvioural changes. With the lofigrm goal of establishinglank
between thébiochemical and behavioural findingshich may represergubtle
changes in synaptic plasticityifference in thebehaviours ofSTZ-induced
diabetic rats in comparison to the agatched control rats were measuréd
newly developed behaviour registratisgstem,Laboratory Animal Behaviour
Observation, Registration and Analysis Syst@tABORAS) was utilized. The
diabetic animals showed significantly decreased locomotive and rearing
behaviour whilst the grooming, drinking and eating behaviour was suladifanti
increased over this period. Intriguinglyhilst the incidence of locomotive
behaviour was decreased in diabetic animiide average speed and distance
covered over a period of 24hrs was significantly moresuch rats than the
control rats. These itlal observations established behavioural differences that
could be related to the biochemical changes ,saed future experiments will

attempt to find a correlation between these.
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Note to Readers
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analyses, which has led to ghihesis being very detailed. Although every effort

has been made to keep the information as concise as possible, the extensive
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l. Introduction

The human body is very complex and various systems work in syncfoothe
normal functioning and welbeing of an individual. The distinct systems that
work together are themusculoskeletal system, theardiovascular system
(circulatory system), the dégtive system, the endocrine system, the
integumentary system, the urinary system, the immune systemedpiatory

system, the reproductive system and the nervous syst&imaier et al., 2006)

The nervous system awdinates all the other mentionsgistems. It consists of

the central nervous system (CNS) and the peripheral nervous system. The CNS
consists ofthe brain and spinal cordand the peripheral nervous system consists

of the nerves andjanglia that are outside the brain and spinal cord. The
peripheral nervous system is further sliaded into the autonomic and the
somatic nervous systerfWidmaier et al., 2006)The CNS, mainly brain, is
discussed further in this thesi3he nervous system is exceptional in the
numerous complexes of thoughtopesses and control of the activities that it

performs.

[.1 Brain Cells/ Neurons

Neurons are the core comporeeot the nervous systeifwWidmaier et al., 2006)

It is believed that the human brain has'Ifeurons A typical brain neuron will
have connections with at least 1,000 other neuf@fdmaier et al., 2008_odish

et al., 2008 Various kinds of neurons can be found in the nervous system. Their
effect can be excitatory, inhibitory or modulatory; and their functions can be
motor, sensory or secretorySiegel et al., 1999) A large range of
neurotransmittergNT) and hormones can flnence the properties of neurons.
This enormous repertoire of functions, associated whous developmental
influences on different neurons, is largely reflected in the variation of dendritic
and axonal outgrowtfLodish et al., 2008)

A neuron is golymorphic cell with the cell body, the perikaryon or soma, with
broad dendrites emerging from one pole and a fine axon emerging from the
opposite polegSiegel et al., 1999)The signal that flows between two neurons
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originates from the dendrite or sopand propagates to the ax@rodish et al.,
2008) An axon of one neuron passes the information to the dendrites of the
neighbouring neuronsS(egel et al., 1999 A synapseas a specialised structure
that permits aeuronto pass a signal to another c@Hiagtzoglou et al., 2009)

Sir Charles Scott Sherrington and colleagues conceived word "synapse” from the
Greek work "synaptein"” ["'syfi ("together”) and “haptein" ("to clasp")].
Individual neurons can form thousands of discrete synaptic connectionfiith t
postsynaptic partner&Graf et al., 2009) The neurons communicate with each
other and the electrical movement withsgnapsess caused by a propagation

of nerve impulses. This phenomenon is called synaptic transmission or
neurotransmission (Petegs al, 1996), and its propagation is unidirectional (only

in theforward direction).

[.2 Synapses and the process of exocytosis

There are two types of synapsedectrical and chemical. Electrical synapses
work via gap junctions, thereby allowing the flow of ions freely from one cell to
another. Most of the signal transmission that occurs in the nervous system is via
chemical substansealledNTs (small watersduble moleculesjWidmaier et al.,
2006) This includes acetylcholine, norepinephrine, histamine, gamma
aminobutyric acid (GABA), glycine, serotonin and glutamate. THé$s are
synthesized intracellularly in the cytosol and packaged via specific
transmembane protein transporters into synaptic vesicles (§Vajk and Kim,
2009 Omiatek et al., 2010Wwhich mediate fast synaptic transmiss{&im et al.,
2009) For instance, glutamate is transported into the SVs via prdtebsake
upvesicular glutama transportergVGLUTS).

Synapses arecomposed of presynaptic and mstaptic compartments
(Shupliakov, 2009). Each synapscomprisesof tightly apposed pre and
postsynaptic membranes, a postsynaptic cluster of NT receptors, and a
presynaptic complex of proteins that prates NTreleasgGraf et al., 2009)The
excitatory or inhibitory terminal has two important struetsirfor their normal
functioning: SVs/dense core vesicles (DCVs) and mitochondKe et al., 2009)

Upon stimulationthe SVs containing NTs release their corgémiio the synaptic

cleft, which either leads to exation or inhibition of the posynaptic neuron



(Refer Fig A). Adenosiné -&riphosphate (ATP) from the mitochondria provides

energy for the process of neurotransmisgiadish et al., 2008)

The pre and postsynaptic events are highly coordinated and are subject-to use
dependent changes, which form the basis for plasticity amdihgain the CNS.
Although direct electrical connections also occur, these account for transmission
of information between nerves only in specialized cases. The release of NTs is of
central importance for the normalnictioning of the brain. The psgnaptic
neurons/nerve terminal has highly evolved machinery that is specialized for the
release of chemical NTand SVs are the organelles that are intimately involved

in this procesgSiegel et al., 1999)The SVs are small membraheunded
organelles ad serve as the primary intracellular unit for the highly efficient
storage and discharge of the Nduring signalling processg®miatek et al.,
2010) Theyfuse with the plasma membrane (PM) to reldd$e, a key aspect of
signalling between neuroriZhang et al., 2007)These NTs are released from the
intracellular compartment of the mgnaptic terminals into the extracellular
domains by the process of exocytosighich is a calcium (Cd) dependent
mechanism(Jackson, 20Q7Hosoi et al., 2009)In this process, upon the arrival

of the action potential(AP), the voltagegated C& channels (VGCCs) get
activated resulting in the influx oE&* ions to the inside of the celléSudhof,

1995 Fdez and Hilfiker, 2006Serulle et al., 20Q7Sudhof and Malenka, 2008)

This causes localized rise in the cytosoli¢'Qavels which triggers the S\s
migrate to the active zone (AZ) and fuse at Bid, thereby releasing their
content into the synapséblosoi et al., 2009)These messengers irdet with
various receptors on target cells to communicate, after which they are recaptured
or metabolizedOmiatek et al., 2010)A complex meshwork of actin filaments,
tethers, and scaffolding proteins mediates vesicle recruitment at the AZ, where
SVs arecaptured and tethered to presynaptic dense projections, and some are
placed in close proximity to Gachannels(Giagtzoglou et al., 200Kim and

von Gersdorff, 2009) The released NTs can then activate receptors on the
postsynaptic target cells, therelajlowing the signalling between these cells
(Fdez and Hilfiker, 2006 Widmaier et al., 2006YXRefer Figure A for the
overview of the process of exocytosis)rafsmission electron microscopy

determined the size (typically B®800nm diameter) and morphologf SVs



involved in exocytosigOmiatek et al.,, 2010)The fusion of SVs with these
electrondense regions of the presynaptic PM is spatially and temporally
regulated (Wasser and Kavalali, 2009). A detailed understanding of how a CNS
functions requires analysis of its chemical signalling, which is largelyiatesl

by regulated vesicle exocytogisia et al., 2009)

Axon Dendrite

Retrograde
Endocannabinoid
Signaling

Presynaptic
Terminal

.....‘“/:. T s .....
{ @3, :: Dendrites

< ety & : Signaling
Youtole : : Compartments

Presynaptic % AMPA Receptor

Vesicle Trafficking
Fusion i
Machinery Molecular Anatomy

of Synaptic Junctions

Figure A. Schematic View of an Excitatory Synapse Formed by an Axonal Varicosity

(Left) onto a Dendritic Spine (Right)Key elements of the apparatus mediating synaptic

transmission are indicate as is the trafficking of postsynaptic AMRype glutamate
receptor{Sudhof and Malenka, 2008)

In synaptic terminals, phosphdation of pre and postsynaptic proteins is
required for basal neurotransmission and synaptic plasticity at both excitatory and
inhibitory connections (Munton et al., 2007) Activity-dependent protein
phosphorylation is one of the most ubiquitous and vital biochemroalkesses
which contributeto the regulation anfine-tuning of numerous cellular functions

in many cell types(Leenders and Sheng, 2005t the molecular level, the
addition or removal of a phosphate residue can considerably affect the function
and/or Iaalization of proteins including enzymes, iahannels, scaffolding

proteins, or signalling molecules.



The events that occur during the synaptic transmissions are detailed in Figure B

Presynaptic

¥
Glial cell

Postsynaptic

Figure B. Synaptic Transmissionl.Depolarization open¥GCCs in the presynaptic

nerve terminal. The influx of Ghand the resulting high &aconcentrations aAZ on

the PM trigger2. The exocytosis of smallSVs that store NTinvolved in fast
neurotransmission. ReleaseNT interacts with3. receptors in the postsynaptic
membrane, which couple directly with ion channels and with receptors that act through
second messengers, suchda&-protein coupled receptors. NT receptors, also in the
presynaptic nerve terminal membrane, either inhinit enhance exocytosis upon
subsequent depolarization. Released NT is inactivated by reuptake into the nerve
terminal by6. A transport protein coupled to the Ngadient, for example, dopamine,
norepinephrine, glutamate a@RABA; by 7. Degradation(acetycholine, peptides); or

by 8. uptake and metabolism by glial cells (glutamate). $hemembrane is recycled

by 9. clathrinrmediated endocysosis. Neuropeptides and proteins are stdrédaryer,
dense core granules within the nerve terminal that deased fromll. sites distinct

from AZ after repetitive stimulatio(Siegel et al., 1999Note that this is a conventional

text book diagram and does not take into account thedfigsun type exocytosis which

is the subiject of this thesis.

There are mainly two types of synaptic transmitter release: spontaneous and
evoked synchronougChang and Mennerick, 2010) PresynapticAPs and
resulting C&" influx cause rapid (within a millisecond) synchronous vesicle
fusion (Chung et al., 2010)A third type of release, asynchronous release is

believed to complement the phasic release, but this is not yet fully understood.
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[.2.1 Initiation and Propagation of Action Potential

The exocytosis of SVs occuen the arrival othe AP. The neurons maintain an
electrical polarized state, by maintaining the voltage difference across the PM
(Lodish et al., 2008) lonpumps and ioithannels play a major role in
maintaining this homoeostasis. On an arrival of a stimulus, the iongowork

in a way to generate depolarization across the membrane upto the threshold,
thereby generatingP. In simplistic termgsthe proteins of the ieohannel exist in

either of two conformations, the opehannel state or closeghannel state.
During resting onditions, the channels are closed. Whether arcl@mnel is

open or closed is controlled by distinct mechanisms, dependent upon the type of
ion-channels. The opening and closing of-ghannels either depends on the
voltage across the membrane (voltagéedion-channels) or on some controlling
chemical (chemicalhgatedion-channels). Axons have voltagated ion
channels, whereas synapses contain both vetiatedl and chemicalgated ion
channels. Dendrites typically have more chemiegliyed than eltagegated ion
channelqSiegel et al., 1999)

The voltagegated channels that play an important role in the transmissibRf

are sodium (N9 and potassium (K channels. Nachannels are more sensitive
to voltage change than *Kchannels, and opemore rapidly. Thus, in a
depolarization, the Naons will rush into the axon faster than thé isns will

rush out. This sudden depolarization (calledA&) will briefly result in a
+30mV potential difference(Lodish et al., 2008) This process of posie
feedback continues until all the Nehannels are activatew/ithin milliseconds
(ms), the rising membrane potential results in the closure of theMNmnels and
opening of theK™ channel thereby, restoring the negative potential across the

membrane, and terminating tA® (Widmaier et al., 2006)



[.3 Role of Calcium ions in the process of exocytosis

Once theAP reaches the presynaptic terminal, it causes a third kind of veltage
gated ionchannel to opeWykes et al., 2007)C& ‘channel{Giagtzoglou et al.,
2009) VGCCs are a diverse family of molecularly and pharmacologically distinct
ion-channels underlying various forms of synaptic plastiifgurcaudot et al.,
2009) In several mammalian synapses such as hippocampus, cerebellar, calyx of
Held, it has been shown that NT release requiré €ury into the presynaptic
terminals via numerous VGCC®ycurenciu et al.,, 2010)The VGCCsare
clustered at thé\Z (Giagtzoglou etal., 2009) It is well established that &a
influx through VGCCs, following arrival oAPs to the nerve terminal, results in a
rapid and localized Gasignal that interacts with Gasensors on the exocytotic
apparatus and initiatesrious membrane trafficking ever{&hu et al., 2010)hat
trigger SVfusion with the PM, thus releasing NBudhof, 1995)In the CNS,
c&”" influx plays an essentiaole for the exocytosis of NTelease(Wright and
Angus, 1996; Fourcaudot et al., 2008tlas, 2010) process outgrowth and
synaptic plasticity (NachmarClewner et al., 1999) Voltageactivated and
receptoroperatedCa* channels are located on the PM and on the internal
membrane of cytosolic organelles of neurons in most brain aedslso plays

a crucial role in regulating various cellular processes such as; synaptic
transmission, muscle contraction, gene transcription, synaptic plagteityna et

al., 2009) and even neurotoxicity and neuronal de@@ertolino and Llinas,
1992; Bucurenciu et al., 2010)YGCCs are essential elements of fast stimulus
secretion coupling in presynaptic terminals of the neuf@ms et al., 2010)
Under resting conditions, th@a‘concentration of the extracellular fluid is in the
millimolar (mM) rarge, whereas the intracellular fr@f*concentration isL00
nanomolar (nM). Vesicular fusion may occur ati2BuM C&°, but during
normal synaptic activity intracellular €aconcentration ([CZ])) may exceed
200uM locally (Omiatek et al., 2010)Two major consecutive Ga binding
events characterize the dynamics of the release process: fitsthiGds at he
selectivity filter, the polglutamate EEEE motif of the VGCC and subsequently
following a brief and intense €ainflow; C&* binds to synaptegmin, a
vesicular protein(Atlas, 2010) The effect of the NT on the postsynaptic
membrane (on the subsequent neuron) will depend on the nature of the NT, the



nature of the postsynaptic receptors, and whether the postsynapticaionels

are voltagegated (Wright and Angus, 1996)r chemicallygated.

Cd* also acts as a secondary messenger ‘ordinate the relese of enzymes,
openingtlosing of the iorchannels, the expression of genes that are responsible
for cellular responses such as leiegm potentiation(LTP) (Bertolino and Llinas,
1992) Additionally, the coupling between presynaptic’Cehannels and Ga
sensors of exocytosis is of fundamental importance for the timing and efficiency
of synaptic transmissioB(curenciu et al., 2010)

VGCCs play a crucial role in the normal functioniagdin various pathological
processes thabccurs in neuronal, neurosecretory and muscle ¢Bidphin,

2006) An interesting property of the VGCCs in the transmemb@atéentry is

the fact that multipleCa* channels coexist within the same o@kerulle et al.,
2007) The study done by Bucurenciu et al., (2010) concluded dbahing of a

large number of CGA channels is necessary for exocytosis at mammalian
synapsesRucurenciu et al., 2010Yhese chanels can be distinguished by their
particular pharmacological and biophysical propertiBertolino and Llinas,
1992) Various classifications of&* channels are a simplification and do not
reflect the structural heterogeneity of these heterooligomeric integral membrane
proteins. Progress in molecular biology has revealediG&Csare formed as a
compl ex of sever ay U4 isfbfnedr(CGattetall asiciFew,n i t
2008) T hsubund forms theion-conducting pore while the associated
subunits have several functions including modulation of ggfadphin, 2006)

The multiple VGCCs are subdivided into two classes by the pattern of channel
activation; 1) low voltagactivated (LVA) or low threshold and 2) higloltage
activated (HVA) or high threshold channels. Researchers have showed that LVAs
conductance is situated in the soma whilst HZ&" conductances are localized

in the dendrites and terminals of the neurons. LVA channels are also called "T"
(for transient), and HVA channels are further divided into three subclasses: "L"
(for long-lasting), "N" (for neither T nor L or neuronal) and "RSr(Purkinje cell)
(Bertolino and Llinas, 1992)Vright and Angus, 1996 Many of these channels
appear to have a complex structure comprising the ionophore and multiple ligand

binding sites that regulate the activity of the channel. Among various VGGCs, N



type and P/@ype C&* channels play a major role in regulating the presynaptic
NT releas€Zhu et al., 2010)

The HVA C&"* channels are composed of five polypeptide subunits with different
mol ecul ar ma s subui. (~175 tka), ywhich rfoem thdéon-channel
and may contain the 1,4 dihydropyridine (DHP) and pienylalkylamine
binding site. i e, slibunit (~143 kd) s a s s o c | aad deed nowdontain U

any highaf finity binding site; and the thr
apf

(~54 keBp &d) and U (~27 kd) in an

(Dol phin, 2006). sTUulbaanWUts contain phospl

AMP-dependent protein kinagBertolino and Llinas, 1992)

T h e sulilinit is believed to be the principle store of the C& channels, which

has four homologous domains that are predicted to-cress the cell membrane

and form channel pore. Each of these domains is composed of six transmembrane
segmentgBertolino and Llinas, 1992) T hsebunil forms theCa&* selective

pore, which contains voltageensing machinery and the drug/tehkimding sites.

Ten di;subunits bave bden identified in humans (Nach@ewner et al.,

1999).

Hydropat hy anal ysi si suburits have €4 putativea t |
transmembrane segments that are arranged into four homologous repeated
domains, with intracellular linkers and-dnd Gtermini. The four members of

the Cgl family are all -type channels. G4.1 is skeletal muscle isoform, and
Ca/l.2 is prevalent in cardiamuscle, Cal.3 and 1.4 are activated at lower
voltage thresholds, and have restricted distribution,20ais the molecular
counterpart of P/Qype C&" channels G& . 2 iBoigthe tholecular counterpart

of the neuronal Nype C&* channels(Fourcaudot eal., 2009) Ca,2 . 3 B r U
was initially thought to be &VA channel, but it is now thought to contribute to

the molecular counterpart of thetipe C&" current (Dolphin, 2006).

Various combinations of the-type C&" channel subunits gives rise to a variety
of C&*channels that differ in their €apermeation properties and characteristics
of their DHPs kb ndomigi matiesn mMdeullt s
DHPs binding sites (Nachmatlewner et al., 1999).

t
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T h e-sulfunit is believed to contribute in the activation and inatitm
properties of thechanngkat i ng of t he channestbunits acce
i's present and hyedbynigBertohno ant Hitas, 1992 i ng t he

Theistheaxt racel |l ul ar glycosyl at eslbusitubuni t
The U0 subunit has a single transmembr

portion, which serves to anchor the protein in the PM (Dolphin, 2006).

The 2 subunit g | y campasen tot four trasBn@mbr&n® a ) [
spanni ng hedubumnitedees nof plag a wle regulating the channel
compl ex. 2Hag wanerarealsn associated with AMPA glutamate
receptors (Dolphin, 2006).

[.3.1 T-type calcium channels

These types oWGCCs are activated with a weak depolarization and carry a
transient current at negative membrane potentials that inactivates rapidly during a
prolonged pulse. The experiments carried out on the rat dorsal root ganglion cells
demonstrated thathe T currats are activated at approximate§0mV, reaches

its maximum value betweer0 to -10mV, and is inactivated by holding the
potential more positive thar60mV. However, interestingly these experiments
found that the inactivation is eliminated if the potaintiecreases forr60mV to
-100mV (Bertolino and Llinas, 1992)he precise structure of thetjpe channel

has not been elucidated, due to the lack of selective ligands.

As the Ttype VGCCs are activated at a negative potential close to the membrane
resing potential, it is responsible for neuronal oscillatory activity, that is,
spontaneous membrane potential fluctuations that are not mediated by synaptic
activity. These oscillatory activities may play an important role in various brain
functions, such asegulation of wakefulness, motor coordination, and neuronal
circuit specification during ontogenesis via oscillatory electrical activity
(Bertolino and Llinas, 1992)The studies carried out on the thalamic neurons,
confirmed that tonidiring activity is most commonly recorded in wake animals
and phasic firing corresponds to slovave sleep. It is believed that, phasic firing

is dependent on Gfntry through Ttype C&* channels. The experiments on

inferior olivary nucleus neurons in brain stem sliceswadd thatintrinsic phasic

10



oscillatory activity occurs due to the activation of a dthweshold C&
conductance, which produces an after depolarization responsible for the initiation

and maintenance of the oscillatory actiiBertolino and Llinas1992)
1.3.2 L-Type (long lasting) Calcium channels

As mentioned earlier, -type VGCCs are classed undd¥A channels, as they
require large depolarization to be activated, and they inactivate slowly (Nachman
Clewner et al.,, 1999). They are present in rfeysheart, smooth muscle and
neurongDolphin, 2006) The L-type channels are sensitive to DHPs. Thigype

C& " channels play a role in the generatiorA& signal transduction events at the
cell membrane(Bertolino and Llinas, 1992)neuronal differendtion, neurite
outgrowth and NT release (Nachr@trewner et al., 1999).

One of the striking features of thetype VGCCs is that the channels open during
the membrane depolarization only when phosphoryl@Bedtolino and Llinas,
1992) L-type channelgenerally regulate Gainflux into the soma and dendrites
(Yang et al., 2009)whereas other VGCCs control presynaptic activifigsrma

et al., 2009)although some of this data is based on the lack of effect of inhibition
of L-type channels on NT relemd$rom nerve terminals. This questibas been
addressed in this thesis. Existence dfjhe C&" channels have been confirmed

in many regions of the CNS, such as the hippocampus, cerebral cortex,
cerebellum, spinal cord, and retina. The microfluorometniaging studies on
brain slices demonstrated thattyipe channels are located on the cell bodies and
proximal dendrites of neurons, and are clustered at high density at the base of the
major dendrites .€. they represent a major p®staptic channel. Thevide
distribution of the ktype C&" channel, both at the level of the CNS and of a
single neuron, reflects the multiple cellular functions of this cha(Bettolino

and Llinas, 1992)However, Ltype channels are also presynaptic and can be
localized atthe nerve terminal e.g. experiments on riblsynapses concluded
that, Ltype C&" channel activity on nerve terminals stimulates
neurotransmission and contributes to presynaptic structural plasticity (Nachman
Clewner et al., 1999).

11



Albrecht Fleckensteinained the term CGa antagonist for any drug that blocked
excitationcontraction coupling in the same way as removal of exterrfdldda.

He later discovered nifedipine (Nif) as a®Cantagonist, the first molecule of
many in the therapeutically importaciass of DHPs. The various classes of'Ca
antagonists were found to block Caurrents with differential selectivity in
cardiac and smooth muscle in a std¢gpendent manner, and this forms the basis
of their therapeutic role as antihypertensive anéaginal druggDolphin, 2006;
Yangetal,2009) Ni f binds to a specificy;recog
subunit (Dolphin, 2006). Bay K 8644 selectively increases the current generated
by L-type channels. Singlehannel analysis has demonstrated that DHP Ca
antagonists affect the activity of the channel by favouring particular modes of
gating rather thanybblocking the pore of the channel. It has been exhibited that,
these pharmacological agents can eitherarpdownregulate the DHP binding

sites(Bertolino and Llinas, 1992)

Dolphin, (2006 indicated that in neurons some HVA ‘Caurrent was not L

type, as it was not blocked by DHPs (Dolphin, 2006). This current was inferred to
be particularly prevalent at presynaptic terminals, as synaptic transmission was
generally found to be DHP insensitive (but see experiments performedsin th
thesis). The additional neln-type current component was then subdivided
accordimg to its biophysical propertieand subsequently explored with the aid of

several invaluable toxin®ertolino and Llinas, 1992)
1.3.3 N-Type (for Non-L and Neuronal) channels

N-type C&" channels are predominantly expressed on presynaptic terminals
(Verma et al., 2009)In dorsal root ganglion neurons, thetyype channel was
distinguished by range of inactivation betwe#&#0 and-30mV. The Ntype C&"
channel was insaitive to DHPs and seemed to have slow inactivating
component and a sustained ldagting component, and the saméylde channel
seems to be responsible for both of these two compo(igetlino and Llinas,
1992)

N-type channels are blocked by toxieppides isolated from the fistating

marine cone shell mollusc snalonus geographys t e r-cor®tdxin GVIA
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(Bertolino and Llinas, 1992; Wright and Angus, 1996; Dolphin, 2006; Verma et
al., 2009) Thus, GVIA can inhibit NT release from the neteeminals by a pre
junctional action (Wright and Angus, 1996). GVIA blocks highly selectively N
type channels, and does nofieat any other neuronal VGCGCsr;, postjunctional
L-type C&* channels (Wright and Angus, 1996). Thistyyee channel blocker is
patent, rapid, and rapidly reversibfiklcDonough et al., 1996fGVIA irreversibly
blocks stimulusevoked release of acetylcholine at the frog neuromuscular
junction by inhibiting the presynaptic €achannels. Furthermore, studies
performed on isolated frogorsal root ganglion neurons showed that synthetic
GVIA selectively caused depression of’&airrent without an effect on the Na
current or affecting the -type channelgBertolino and Llinas, 1992)Allodynia

and hyperalgesia due to neuropathic paindias been observed to be causally
related to the Nype VGCCqVerma et al., 2009)

1.3.4 P/Q-type Calcium channels

A very slowly inactivating C& channel was identified in many mammalian
central neurons such as cerebellum granule (Wright and Angu$) @l
Purkinje cells (Dolphin, 2006). Such cells were highly resistant to responses to
both DHP and GVIA following nerve depolarization (Dolphin, 2006). The-P/Q
type channel is thought to be a widely distributed*@hannel in the mammalian
CNS(Bertolino and Llinas, 1992)They are present in Purkinje cells (particularly

in the dendrites and presynaptic terminals), the inferior olivary nucleus, several
nuclei in the brain stem, olfactory bulb, enthorinal cortex, the hippocampus and
the neocortex. They aralso detected in retina, the hypophysis, and developing
granule cells in the cerebellum. Additionally, the RyQe channel appears to be
the channel responsible for the hititeshold C& current (Dolphin, 2006).

The P/Qtype C&* channel contains a poefeo r miiansgbuni and several

regul atory subunits, i n cybyu)dhatrbpd to thet r a c e |
intracellular | oop bet weenafseeaFiggre® mbr an
for an illustration of the channel mplex). The effect of the regulatory subunits is

essential for increasing the expression levels and modulating the voltage
dependent activation and inactivation of P/Q chan(fetsra et al., 2010)it is
believed that, del et i type VBGECs 6@t hip) AUl el e
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subunit gene in mouse leads to severe ataxia and early (leatthamp et al.,
2009)

Initially, these channels were calleetype (for Purkinje), and were found to be
sensitive to a component of the venom from the American fumekl spider,
Agelenopsis apert@&ventually it was established that a peptidé\gatoxin IVA

(Aga TK) isolated from the venom of the funnel web spider was a selective
antagonist (at concentration <16M) and blocked Rype channelgWright and
Angus, 1996 Serulle et al., 2007)

AnotherAga TK-sensi ti ve current (bl ocknkl)}d at
t hat was al so Db-toootokireMVIIG®(MVIIC)Hrem theovenorm ¥
gland of the snaiConus maguys(McDonough et al., 1996; Wright and Angus,
1996) showed more rapid inactivation and had a lower affinity for the Aga TK
and was identified in cerebellar granule cells. Aga TK actions was slow in onset,
but it was very slowly reversibl@éMcDonough et al., 1996)This current was
originally thoughtto represent a different channel, and it was termed thg €
channel (Dolphin, 2006). These two distinct current components are now usually

combined and labelled as the P/Q channel, and the differences probably arise due

to different splicing of the sammo | ecul ar entity or-associ

subunits (Dolphin, 2006). N\ P- and Qtype C&" channels are inhibited by
MVIIC, with differences in relative potency and kinetics (Wright and Angus,
1996). It is established that, MVIIC binds totpe C&" channels with an
affinity of 10-100 fold lower than GVIA (Randall and Tsien, 1995). It also blocks
P-type C&* channels at concentrations D000 fold higher than Aga TK with
very slow on/off kinetics. It is believed that, MVIIC and Aga TK are equipiote
at inhibiting Qtype channels (Wright and Angus, 1996).

There is also a Residual ortipe C&" channel component that is resistant to
DHPs and the Nand P/Gtype C&* channeltoxins (Randall and Tsien, 1995)
R-type VGCCs are blocked by Ni(Fourcaudot et al., 2009)

Previous studies have suggested thaypé and P/Qype but not Ltype C&*
channels are involved in presynaptic transmission. FurthermetgyeNVGCCs

regulateNT release at both peripheral and central synapses, whereas thg@®/Q
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VGCCs play a primary role only at the central synapses (Zhu et al., 2010). Both
Pur@dNt ype VGCCs play a role i ntypgibut amat
essential in GABA exocytaosiin the cerebellum (Lonchamp et al., 2009). These

VGCCs are critical to stimulusecretion coupling in the nervous system;
feedback regulation afuchchannels by CGd is therefore predicted to profoundly

influence neuratinsmission (Wykes et al., 200Watanabe et al., 2010). They

play a prominent role in NT release at most synapses; and coexist at most release
sites but are not uniformly distributed (Lonchamp et al., 2009).

Inactivation of the VGCCs is also important to determine its function as i$ help

to define the temporal properties of ‘aignals. There are two factors that

control the VGCCs inactivation; voltage and?C#oth of these are regulated by

mul tiple domains within the pore formin
that calmodlin (CaM), a calcium sensor, plays an important role in mediating

C&* dependent inactivation (Wykes et al., 2007).

VGCCs are also thought to play an additional roleSM exocytosis through
directinteractions with syntaxilSNAR-25, and synaptotagmin (§ysee later on

for my information on these particular proteins) at the synprint site in a large
intracellular loop between transmembrane domains Il and Il {l)llof the

V G C G, subunit (Refer Figure C{Watanabe et al., 2010). VGCC synprint sites
anchor a fraction of AR complex, which is likely linked to th&M via
interactions with phosphatidylinositol 4fBsphosphate [P1(4,5)P2]. This
synprintAP-2 interaction occurs for both-Nind P/Gtype VGCCs \Vatanabe et

al., 2010).
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[.4 Synaptic vesicles and their various pools

nlsuban(Seod et a.,lREO0) P/ Q

channel

In a typical synapses, the presynaptic terminal contain copmosras of SVs

(approximately 40nm in size); anAZ at the presynaptic PM, at which the

numerous SVs are cluster¢8tdez andHilfiker, 2006} and in front of the

presynaptic AZ, the postsynaptic cell also forms a thickening in the PM, which is

referred to as postsynaptic density (P$B)dhof, 1995)Such vesicle clusters,

together with local vesicle recycling events, allowwveeterminals to regularly

convertAPs into secretory signals over a large firing ranigeere are about 200

500 SVs per nerve terminal. However, there are no more than 30 SVs bound to

the AZ at a synapse, and m@&¥'s are free in the cytosol of the nerve terminal

(Peterset al, 1991)

In a classic presynaptic nerve terminal, various pools of SVs are observed. These

vesicles can be subdivided into distinct pools based on their morphology and

physiology. Morphologicallythese pools are distinguished according to their

proximity to the PM. The pools that are situated closely to the PM (at AZ) are
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called the docked vesicle pools-18%) and those that are away are called the
reserve poo{Fdez and Hilfiker, 2006)The docled vesicles are generally thought

to be ready for release since they can be fused by rapid uncaging of intrasynaptic
Cd*, a 10ns Ca'current pulse, a brief higliequency train ofAPs or by

hypertonic stimulatioffWasser and Kavalali, 2009)

Physiologically the pools are divided b
were readily releasable poolRRP), reserve pool (RP) and silgmtol (Refer

Figure D)(Santos et al., 200 heung et al., 2010Yhis releaseeady pool of

vesicles igeferred to as the immediately releasable pool or the RRRPprimed

for releaseand thought to be docked to the AEernandeBusnadiego et al.,

2010) RRP are the pool from which the vesicles are recruited byfriegquency

stimulation (Igarashi and Watabe, 2007) In addition to the morphological
docking, a Aprimingd step is required
(Wasser and Kavalali, 20Q9pirect association between the morphological and
physiological pools are not defined however, the Rédels from both docked as

well as nondocked vesicles and the recycling pool/also called the RP (in this
thesis this terms preferedas the RRHAs also includedas part of a recycling

pool), defined as vesicles that are capable of entering the exoajticigic cycle

under normal conditions corresponds to around 20% of the total vesicle peol.

RP is believed to be spatially distant from the release sites and replenishes the
vesicles in the RRP that have exocytosed. The number of vesicles contained in

the RRP is a critical parameter that regulates the probability of release, which is
defined as the probability that a presynagtie can result in an exocytotic event

(Wasser and Kavalali, 2009nother pool of vesicles are thought to exisho

donot play a role in the synaptic transn
or O6restingd pool of vesi ¢Fdez andHilkdr,ei r r o
2006; Wasser and Kavalali, 20Q9)his functional allocation of SVs into pools

aimsto account for the properties of evoked NT release during ac{Wgsser

and Kavalali, 2009)
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Figure D The classic threpool model of synaptic vesicl&he silent/resting pool makes

up ~80i 90% of the total pool, and the recycling pool consistindhefRRP and the RP is
significantly smaller £ 15/ 20%). TheRRPconsists of a few vesicles (%) that seem to
be docked and primed for releggdzzoli and Betz, 2005)

1.4.1 Synaptic Vesicle cycle

The relationship betweeAPs and release is regulated by intracellular signal
transduction cascades, and can be drastically altered by the repeated use of a
synapsg(Fdez and Hilfiker, 2006)NT release involves specialized pathway of
intracellular trafficking. SVs go through a cgcbf processes before tiNT is
released (Details in Figure HyernandeBusnadiego et al., 2010jo serve the
special needs of synaptic secretion, the SV cycle differs from many other
intracellular trafficking pathway@_odish et al., 2008)The major dferences are

in the high degree of regulation of intracellular trafficking in the nerve terminal,
the exclusive targeting of SVs exocytosis to AZ, the high speed with which
Cd* can trigger release, the tight coordinate regulation of all steps of the cyc
and the restriction of SV exocytosis in any given nerve terminal tdSohat a

time. In spite of these differences, however, the SV cycle has all of the basic
characteristics of other intracellular trafficking pathways and shares the same
fundamental rachanismgSiegel et al., 1999)Details of this cycle explained in

supplementary introduction.
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Figure E. The classical synaptic vesicle cy¢feull Fusion) The pathway oSVsin the

nerve terminal is divided into 9 stagds.Empty SVstake upNTs by active transport
into their lumen using an electrochemical gradient that is established by a proton pump
activity. 2: Filled SVs are translocated to th&Z. 3: SVs attach to theAZ of the
presynaptic plasma membrane but, to no other component of thaapticPM, in a
targeted reaction (docking}: SVs are primed for fusion in order to be able to respond
rapidly to a C& signal later. Priming probably is a complicated, multicomponent
reaction that can be subdivided further into multiple st&sCéa" influx through
voltagegated channels triggeNT release in less thanrk. C&* stimulates completion

of a partial fusion reaction initiated during primirgg.Empty SVsare coated by clathrin
and associated proteins in preparation for endocytosis. rBay be involved in this
process.7: Empty SVs shed their clathrin coat, acidify via proton pump activity and
retranslocate into the backfield of the nerve termi@aSVsfuse with early endosomes
as an intermediate sorting compartment to eliminate agedssorted proteins9: SVs

are freshly generated by budding from endosomes. Although Sdimmay recycle via
endosomes (ste@and9), it is likely that the endosomal intermediate is not obligatory
for recycling and thaBVs can go directly from stefd to stepl (Siegel et al., 1999)
(Futher note that this cycle does not include the-clathrin dependent Kisandrun

recycling of SVs that is discusseddatailin this thesis.
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1.5 Modes of Exocytosis

The aqueous compartment inside a vesicle makes its first connection with the
extracellular fluid through an intermediate structure termed the exocytotic fusion
pore(Jackson and Chapman, 2006)pidic fusion pores are fusion intermediates
with highly cuned membrane, and deforming membranes into sud¢toarglass
shape requires a substantial amount of energy. Distinctly, fusion pore composed
of protein can connect two membranes without bending tiZhang and
Jackson, 2010)C&" is one of the major factsrthat affects the opening and
dilation of the fusion pore. In DCVs fusiopore openings and 1&@osures were
regulated by CH levels selectively meditated bytype C&*channel entry(Xia

et al., 2009) Ca*-triggered exocytosis membrane bending oppdgsi®n pore
dilation rather than fusion pore formation.?Cariggered exocytosis begins with

a proteinaceous fusion pore with less stressed membrane, and becomes lipidic as
it dilates, bending membrane into a highly curved shape.Ai@duced shift of
exocytic modes to kisandrun has been reported for endocrine célisype C&*
channels exclusively mediate the’Cimflux that triggers DCV exocytosis in the
soma of hippocampal neurons. Previous work indicated tiygtd C&* channels

are localizedto somatodendritic regions, where they mediate depolarization
induced entry of C4, which regulates gene transcription. The distribution -of L
type C&" channels might also underlie the differenceseiease probability and
fusion pore kinetics observedave for DCVs in the cell body and neurifisia

et al., 2009) Therefore, the appearance of the SVs at rapid synapses is such that
least energy is used and NTs are released with a greater speed.

1.5.1 Full Fusion

In the full fusion (FF) mechanism, tHasion pore expands such that the SV
membranecollapsen the PM and fuses completely withvit a an @A qo fi g
permit the absolute release of the NZbiang et al., 2007; Lynch et al., 2008;

Aoki et al.,, 2010) Thereafter, the excess of membrane is retrieved by
endocytosis. In the classical model of SV recycling after neurotransmission, the
membrane retrieval occurs at a distant location from AZ, and fusion of the
internalized membrane with an endoselike compartment (Alés et al., 1999). A

major pathway for SV recycling is endocytosis by clatmoated vesicles

(CVVs) (Henkel et al., 2001Rizzoli and Jahn, 2007}t is mediated byomplex
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protein machinery that controls membrane lipid composition, cargo nitiory
clathrin coat assembly, membrane invagination, membrane fission, and coat
disassemblyBrose and Neher, 2009 has been proposed that fast and slow
endocytosis represent clathiimdependent(Shupliakov, 2009)and clathria
dependent membrane niewval, respectively (Figure KLou et al., 2008b)Both

are initiated by CaM and require GTP hydrolysis and dyngWin et al., 2009)

I - ; 2 :
Single vesicle release Fast endocytosis Active zone remains organized:

A Low frequency firing leas
(Small global [Ca™] rise) Fast clearance rate

) G ) o) (o)

Active zone disorganized
Vesicle pool depletion Slow endocytosis and
slow clearance rate

uiml*‘m‘) C—mfm‘m[[“m) Q ’i(*}m— I L\I\ D S 4&)
G pn

Figure F. Neurotransmitter Release at Active Zones under-Lamgd HighStimulation

Multivesicular release

B High irequency firin
v 4 ik (Large global [Ca™] rise)

Frequencies:(A) SVs (orange) innerve terminals are tethered to a filamentous
cytoskeleton. A small subsatf SVs are in close physical contact with B (depicted

as three docked vesicles). Postsynaptic dense projections (purple) on the PM tether
docked vesicles and €achannels (gren). At lowstimulation frequencies, a single
docked vesicle near a €achannel may undergo exocytosis and reldd$einto the
synaptic cleft. The local Gamicrodomain that triggers vesicle fusion dissipates quickly
and global levels of [C&; remainlow. Fast endocytosis allows for the rapid clearance of
the fused vesicular membrane from &, so that empty docking sites may be quickly
reused. ThéAZ remains organized and suffers minimal disruption. Vesicles retain their
identity and recycle back tine RP.(B) At high firing frequencies several €ahannels

open at theAZ and multiple vesicles may fuse with tRM. Global [C&"]; levels are

now high, and more time and energy is needed to reducd][@avels. The large
increase iNAZ area may temporarily disrupt the organization ofAZeand vesicle pool
depletion may contribute to synaptic depression. In addition, as proposed by, slow
endocytosis may be triggered by local*@aicrodomains to promote recovery from

shortterm synapti depressioffKim and von Gersdorff, 2009)
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1.5.2 Kiss-and-run

An alternativandmord&!| ( K&R)e, Okrnesmoses t
(either a lipophilic pore or proteinaceous pore) either abruptly closes or the fusion
pore dilates but subsequenthicloses and the SVs may transiently fuse with the
PM (Henkel et al., 2001Richards, 2009)without losing its shape and possibly
other aspects of their identiffElhamdani et al., 2006Zhang et al., 2007)
thereby releasing their contents through a partially open fusion pore without
merging with PM(Rizzoli and Jahn, 200Ao0ki et al., 2010)Figure G) As the
fusion pore of the SVs is resealed before complete dilatmstransient mode of
vesicle exoctosis leads to the partial release of NTs depending on the size and
diffusibility of the cargo(Lynch et al., 2008Aoki et al., 2010) As glutamate is a
small moleculeit can all be released during the transient opening of the fusion
pore whilst other N such as NA need to -@emplex fromthe vesicle core
containing chranogranins and so not all may be releasethe fusion pore only

has a finite lifetime.However, the molecular mechanism(s) that regulate and
maintain the transient fusion pore are still uncl{@aki et al., 2010)This type of
mechanism is highly G& dependent and is thought to occur during fast
endocytosis and is believed to be completetyependent of clathridependent
endocytosis(Graham et al.,, 2002; Elhamdani et al., 20D6u et al., 2008b)
Although K&R is accepted as a mode of transmitter release both in central
neurons and neuroendocrine cells, the prevalence of this mechamygpared

with FFis still in doubt(Elhamdani et al., 2006Yhe existence of botilynamin
dependent i.e clathrddependent and dynamindependent pathways for fast
K&R contributes to the determination of quantal size released by the nerve
terminals(Grahamet al., 2002) The K&R mechanism is thought tee occurring

at theAZ, whilst clathrirmediated endocytosis and bulk endocytosis occur at the
periactive zone surrounding the sites of release. Note it has been suggested by
some that dynamin plays a role the K&R mode and this thesis provides

evidence for this.
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binding site for vesicles

release apparatus

Figure G.Partof t he O6Vesicl e Cyc IFardimplcity,tiexaseochnd En

K&R exo-endocytosis is depicted on the right side. However, the argument about rate
limitation of thesite-clearingstep 5a would also hold for classical endocytosis, if it is
assumed that the interaction betweenAattomponent and some component of the
vesicle or release machinery has to be reversed before another vesicle c@detheck

and Sakaba, 2008)

C&* may modulate the mode of exocytésindocytosis by regulating the rate at
which fusion pores relose following fusion(Lynch et al., 2008)At low C&*
concentrations, vesicles incorporate completely into the PM, whilst with increase
in C&" accumuléion from 10 to 200pMincreaseshe probability and rate of re
closure of the fusion pore, leading preferentially to K&R events (Alés et al.,
1999). Additionally, the phosphorylation of certain proteins regulates the mode of
exocytosis by affecting the conctance and stability of the po¢elenkel et al.,
2001) Blocking rapid endocytosis that normally terminates transient fusion
events also promoteBF events. Thus, [G4]; controls the transition between
transient and FF, each of which is coupled to different modes of endocytosis
(Elhamdani et al., 2006)

Recent experiments using styM fluorescent dyes (explained in detail later)
have provided evidence th&Vs can be mternalized much faster than was

previously thought, in the order of few seconds, and that SVs are recycled
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without passing through an endosomal compartment (Alés et al., 1999). Evidence
is provided that fusion pore mediated release (K&R) gixse to diferent
concentration profiles of glutamate in the synaptic ¢iefzzoli and Jahn, 2007)

The result of this is very weak activationaphaaminc3- hydroxy-5-methyl4-
isoxazolepropionic acigAMPA) receptors which givesrise to a predominant
receptordesensitization, while (under conditions where the magnesium blockade
is lifted) the NMDA receptors are activated at levedgiivalentto those elicited

by FF (Richards, 2009)

I.6 Process of Endocytosis

After exocytosis, the granular membrane has to be recycled in order to avoid
infinite growth of the PM(Henkel et al., 2001)Central nerve terminals have a
limited supply of SVs, which must be quickly and reliably recycled to maintain
NT release, this is partitarly important during high stimulation perig@heung

et al., 2010) In order to sustain higfiequency NT release, SVs must be
recaptured rapidly with high fidelityor regenerating releassmmpetent vesicles
such that the newly exocytosed lipid consnts are quickly removed to prevent
expansion of the presynaptic membrane (Zhu el al., 2009).

There are three known mechanisms of SVs endocytosis: (1) clddépandent
endocytosis after full collapse of the fusing vesicle (which a principle mechanism
of exocytosis)Elhamdani et al., 2006§2) bulk endocytosis via large membrane
invaginations, ad (3) K&R fusion and retrieval, during which only a transient
fusion pore is formedBrose and Neher, 2009Figure H). Experiments have
demonstrated that K&R is the major mechanism of vesicle exocytosis under
moderate stimulation conditions; sustaineidhatation favours the incidence of

FF events athe expense of transient eventtinfalation frequency controls the
open time and the conductance of the fusion pore; high'jGavours FF, not
K&R . Rapid endocytosis is associated with K&R evendthenRE is abrogated,

FF takes place and vesicles are recovered by SE, a processa#iaeviously
shown to besimilar to CCVs endocytosig&lhamdani et al., 2006)n theresults,

it is shownthatthesestatemerd arenot exactly correct athey donot take into
account the different pools of SVs atitese statements are-werded in the

discussion
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Endocytosis allows the internalization of these vesicles to undergo another round
of secretion. Acharacteristic property of presynaptic terminals is their high
endocytic capacity. This property enables synapses to function reliably even
during high frequency axonal firingLou et al., 2008b) It is believed that
exocytosis and endocytosis are couplgichards, 2009) It is, however,
uncertain whether exocytosis and endocytosis are tightly coupled, such that
secretory vesicles fuse only transiently with the PM before being internalized (the
K&R mechanism), or whether endocytosis occurs by an indepenteness
following complete incorporation of th&V into the PM (FF)Alés et al., 1999;

Zhu et al., 2009)

Bulk endocytosis is the process in which nerve terminals retrieve large amounts
of SV membrane during episodes of strong stimulation intensitylk Bu
endocytosis invaginates large areas of presynaptic membrane from which SVs
can be generated over time. These large endosomes can remain attached to the
PM for a considerable amount of time, and these allow SVs to bud from them
(Figure H). Alternatively,the large endosomes enters into the terminal where
budding of SV subsequently occurs. The process is rapidly activated and is
thought to be Cd dependent in a similar manner s exocytosis(Clayton et

al., 2007) Additionally, different forms of bulkmembrane retrieval can be
recruited in central synapses during intense stimulation (Ales et al., 1999). It has
been suggested thatathrinmediated endocytosis (CME) is dominant during
mild neuronal activity, and activity dependent bulk endocytosis (ADBE)
dominant during intense neuronal activity. ADBE is a fast, high capacity SV
retrieval mode that invaginates large regionsP®, creating bulk endosomes
from which SVs can bu@Cheung et al., 2010)
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Figure H. Multiple SV retrieval pathways in central nerve terminal$éiree different

mechanisms are proged to retrieveSV membrane after exocytosis in nerve terminals.
K&Ris a mechanism where the SV never fully fuses withPkeandis retrieved intact.
Classical clathrirdependent endocytosis involves the invagination of a single clathrin
coated bud from thEM before its fission and uncoating. Bulk endocytosis is the process
where large areas of nerve terminal membrane are invaginated to produce endosomes
from which SVs catud(Clayton et al., 2007)

.7 Proteins that participate in the process of exocytosis and

endocytosis

[.7.1 Synapsin

Existence of synapsins is confirmed in all vertebrates and organisms with a
nervous system.Synapsins are a multigene family of neurespecific
phosphoproteins and these represent the most abundant SV p(Bteasand
Hilfiker, 2006). They areencoded by three distinct gensgnapsin I, Il and lll,

and alternative splicing generates further variantgaining distinct Germini.

Most neuronal synapses express synapsins | amdelleasthe levels of synapsin

lIl are less abundant. Highly systemic arrangements of cytoskeletal fibers in the

axon terminals help localize SVs in the AZ (Figure | step 9).
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Figure |: Presynaptic terminal depicting the main stages ofSieycle, characterized

by complete fusion and clathrinediated endocytosi$en stages can be defined: &Y

docking to thePM, (2) vesicle priming for fusion, (3) &atriggered vesicle fusion, (4)
clathrirmediated budding an8V formation, (5) fission of a new vesicle, (6) clathrin
uncoating, (7)NT loading, (8) vesicle trafficking, (9}ethering in RP and (10)
mobilization and targeting to theM release site. Cytosketal and tethering proteins

interact with vesicle lipids to traffic and sequesi¥dis (Rohrbough and Broadie, 2005)

The SVs are linked to each other synapsinghat bind the fibrous proteins actin

and spectrinand these proteins are associated with the cytosolic surface of all SV
membrane. Additionally, synapsin filaments radiate from the PM and attach to
vesicleassociated synapsin. These interactions may allow the SVs to face in the
right direction, i.e. towals thePM. Synapsins are preferentially located near the
RPs at the ultrastructural level i.e near thanity of the AZ (Figure J). Thys
synapsin play a crucial role in recruiting the SVs to & Such a role is
supported by the observation that, rdition of synapsin function leads to a
depletion of the RP of vesicles and an increase in synaptic deprésdemand
Hilfiker, 2006). Mice lacking synapsin, although viable, are prone to seizures

during a train of stimulations.
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Figure J: Synapsinsdcated near the reserve pools at the ultrastructural level i.e near the

vicinity of the AZ: At the presynaptic terminabomeSVs (those belonging to the RRP

(dark green) are found docked at t&, where they undergo exocytosis to reled3es.
Numerousvesicles that presumably belong to the(IRjRt green) are located centrally,
where they are interlinked to each other by short actin filaments (shown in red) and by
synapsin (not shown). The subgroups are linked to longer filaments that extend from the
PM, some of them from th&Z(Leenders and Sheng, 2005)

It appears that phosphorylation of synapsins is responsible for an important
functional regulatory switch involved in vesicle mobilization. Synapsins are
dependent on phosphorylation by a variety oftgarokinases. All synapsins are
substrates for phosphorylation by cAMP dependent protein kilngsKA) and
Cd*/calmodulindependent protein kinase Il (CaMKII) (Shupliakov, 2009). Thus,

a rise in cytosolic Cd triggers their phosphorylation. Additionallgynapsins are
differential targets for phosphorylation by CaMKIIl, with synapsin | (but not
synapsin Il being regulated). Subtle changes in the biochemical properties of
synapsins are observed due to phosphorylation. Phosphorylation of synapsins by
PKA/CaVKIl drastically decreases their affinity for SVs (Fdez and Hilfiker,
2006). This appears to cause the release of SVs from the cytoskéhet@ivy
increasing the number of vesicles available for fusion. It is generally believed that
synapsins and actimalargely responsible for the clustering of the distal pool of
vesicles not associated with the scaffolding proteins of the IAZaddition
synapsin migrates to the periactive zone upon stimulation and plays a role in
promoting actin filament formationt ahe periactive zone of the synapse, most
probably aiding in the proper organization in order to promote efficient vesicle

recycling (Shupliakov, 2009).
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By altering actin dynamics, activity that elicits synaptiagpicity could remodel

pre- and postsynaptic actin scaffold, the organization of SV pools or the
organization of the postsynaptic receptors that are supported by the scaffold. In
addition, altered actin dynamics could modulate steps of the SV cycle and
postsynaptic receptor activity draffic, which are directly regulated by actin
turnover. Overall, these changes would affect the efficacy ofapgin

transmission and, thusynaptic plasticitfCingolani and Goda, 2008)
[.7.2 Clathrin

The composition of lipids and lipid modificatiomgay a critical role in various
cellular internalization mechanisms, including SV endocytosis (Shupliakov,
2009). In a typical neuron, there is plethora of SVs, many with a protein coat on
the cytosolic surface and their membrane, which are formed by sieleer
polymerization of an explicit set of protein subunits under precise regulated
conditions. This coat subunit protein polymesizgound the cytosolic face of a
budding vesicle during the vesicle formation. This is cryealthese coats help
the vestle to pinch off from the parent organelle. Clathrin coat is responsible for
transporting th&Vsfrom thePM and therans-Golgi network to late endosomes.

In this process, some ce@totein subunits or associatadapter proteinAdPs)
select whichmembrane and soluble proteins will enter the transport vesicles
ascargo proteinsThese cargo proteins contain short signal sequences, which
direct them to the precise type of transport veqiSiegel et al., 1999)Thirdly,

the final pinching off reques the GTHbinding protein, dynamin that regulates

the rate of the vesicle formatighlin et al., 2007)

The clathrin coat and it&dPs enable internalization of specific cargo proteins or
SVs Once internalized, coat rapidly disassembllesreby allowng the clathrin

to recycle while the vesicles transported to a variety of locations. After the
formation of the bud, only a narrow membrane neck remains, which connects the
SVs to thePM. The separation of this is carried out by large GTPase dynamin. It
overcomes the energy for bilayer fusion barrier and membrane separation
(Lundmark and Carlsson, 2009). Two other proteins have been identified as
essentiafor the formation of CCVs amphyphysinwhich binds to dynamin and

assembly particle§Hosoi et al., 2009) andsynaptojanin which binds to
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amphyphysin and dynamin. Amphiphysin interacts with dynamin and links
clathrincoats to dynamirfLu et al., 2009) Amphyphysin is believed to recruit
dynamin to the neck of budding vesicles but the actual functiaihese two
proteins to pinch off the SVs with dynamin is still to be elucidatettitonally,

C&" and amphiphysin may modulate the release of vesicle contents by
controlling the duration of the open
K&R and FFmodes of fusiorfLlobet et al., 2008)Another protein that plays an
important role in sorting is nexin 9 (SNX9). It strongly binds to dynamin,
stabilizes the assembled dynamin oligomer and is partially responsible for the
recruitment of GTPase to sites @fidocytosis. SNX9 stimulates GTPaszivity

of dynamin facilitates the scission reactiomnd destabilizes the membrane
bilayer(Lundmark and Carlsson, 2009)

CCV-based endocytosis (including receptoediated endocytosis) depends on
intracellular K (Artalejo et al., 2002)The CCVs are known to be stable at the
pH and ionic composition of the cell cytosol. The SVs lose their clathrin coat and
the assembly particles after their formation. Cytosolic Hsc70, a chaperone protein
is believed to catalyze gdelymerization of the clathrin coat into triskelions.
These triskelions can then be recycled and reused in the formation of additional
pits and vesicles. The formation and the depolymerization of the CCVs are highly
regulated, as both these processes camucurrently(Lodish et al., 2008)
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Figure K. Model for the formation of a clathdooated pit and the selective

incorporation of integral membrane proteins into clatkoated vesiclesthe cytosolic

domains of certain membrane proteins bind specifically to assembly particles that, in
turn, bind to clathrin as it polymerizes spontaneously over a region of membrane.
Proteins that do not bind to assembly particles are excluded from thsgdexe
Dynamin then polymerizes over the neck of the pit; regulated by dyreatatyzed
hydrolysis of GTP, the neck pinches off, forming a clatieoated vesicléLodish et al.,
2008)
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[.7.3 Dynamin

Dynamirs (approximately 90@mincacid cytosolic protein) are a family of
proteins that are involved in vesicular fission reactions at various membranes
(Artalejo et al., 2002)and in Drosophila melanogaster,these proteins are
encoded bghibire (Kramer and Kavalli, 2008) Dynaminhasbeen implicated in

both rapid endocytosis and receptoediated endocytos{@rtalejo et al., 2002)

It plays a crucial role in the complete formation of clatfworated pit, but its role

in bulk endocytosis is controversidlou etal., 2008b)

There are two types of dynamin: dynar@inwvhich is ubiquitously expresseahd
dynamin 1 that is braispecific (Artalejo et al., 2002)Expression of dynamin 1

is esential to allow slow, clatharimediated endocytosis to function efficilgn

over wide range of activitflou et al., 2008pHosoi et al., 2009)It enables the
presynapse to accommodate high levels of slow endocytosis in response to a
strong endocytotic loaflLou et al., 2008b)Dynamintdeficient cortical neurons
display a lage attenuation in evoked responses with no change in the frequency
of spontaneous eventd~dez et al., 2008). Dynamin2 may mostly control
receptormediated endocytosis in all somatic cells, as it is ubiquitously distributed
and this form of endocytosis is universal. Whereas, dynaminl has a much more
restricted expression and is especially em@ted at nerve terminals, where it
might participate in rapid endocytotic events governing rapid SV recycling
(Artalejo et al., 2002)

Dynamin 1 assembles and polymerizes around the neck of an invaginated pit
(Bashkirov et al., 2008)ike a spring(Rokinson, 2007) As dynamin 1 expands

and twists, it pinches bithe membrane from the rest of the PM and this can
reform the SVs(Robinson, 2007)It binds and hydrolyses GTP to regulate
contraction of the polymeric dynamin until the vesicle pincheqKdfamer and
Kavalali, 2008) Hydrolysis of dynamin GTP by the GTPase activity is essential

for the pinching of the fuse@€CVs (Fdez et al., 2008)lt is thought that, a
concerted nucleotide dependent conformational change such as a GTP binding
dependent consttion, hydrolysisdependent longitudinal expansion of a-pre
assembled dynamin scaffold generates the force required to separate membranes

(Bashkirov et al., 200&8ucadyil and Schmid, 2008Jhe cellular expression of
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mutant dynamins that cannot bind GTP blocks the formation of CCVs, resulting
in accumulation of longecked pits covered with polymerized dynamin.
Dynamin is designed to selectively target highly curved membrane necks and
probe their mechanical stability vepetitive squeezin{Bashkirov et al., 2008)
Dynamin 1 normally beconseactivated during the arrival of AP, when it
becomedephaphaylated and is inhibitednmediately after stimulation by e
phosphorylation(Robinson, 2007)Dynamin | has two majointeractiors: one
which is phosphorylatioimdependent (i.e. will occur regardless of stimulation
intensity) and is essential for clathwilependent endocytosis (amphiphysin), and
the other which is phosphorylatietlependent (i.e. will occur only duringreihg
stimulation) and is therefore implicated in bulk endocytosis (syndapin). The
phosphorylatiordependent recruitment of syndapin by the actidigpendent
dephosphorylation of dynamin | may be the key molecular event in bulk
endocytosis, a process whighimportantto nerve terminal functiofClayton et

al., 2007) It should be noted that dynamin is required for rapid replenishment of
the RRPof SVs (Lu et al., 2009)and has been implicated in regulating K&R

exocytosis and this is the subject of somthif thesis.

Dynasoreis a small membrarpermeable compound that functions as a-non
competitive and specific inhibitor of dynamin 1 and dynamin 2 GTPase activity
in vitro and blocks endocytic functions previously shown to require dynamin
(Refer Figure LYThompson and McNiven, 200Bramer andKavalali, 2008;Xu

et al., 2008; Hosoi et al., 2008hung et al., 2010) Dynasore provides a means
to rapidly block the formatiof CCVs It blocks SV endocytosis completely,
without an immediate effect on exocytosis; thereby suggesting an essentl role
dynamin in all forms of compensatory SV endocytosis, includiBdr events
(Newton et al., 2006)Clathrincoated pits were btked at two stages of vesicle
formation, an early phase representing shallow pits and a later phase that seemed
to represent latstage vesicles that were unable to undergo the final scission
(Thompson and McNiven, 2006pynasore may also act at a doweam step
involving dynamin activity and subsequently provide constitutive inactivation of
dynamin across the endocytic cydkeu et al., 2009) It inhibits PI1(4,5)R-
stimulated dynamin 1 activity in a dedependent mannéChung et al., 2010)

In the stuly by Newton et al(2006 it was concluded that dynasore did not have
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any effect on exocytosis, suggesting that acute and rapid block of dynamin

function does not have an immediate effectSdexocytosis. This observation

also rules out any effect of dgsore onAP propagationC&* channel function,

or exocytic machinerfNewton et al., 2006)

Figure L. Dyansorereversible inhibitor of dynamirClathrin-coated pits (black) trapped

at thePM as a result of inhibition of dynamin (red) by dynasore (colored dinosaurs) are

shown (arrows highlight an example). Also shown are endosomes (yellow), mitochondria

(green), the Golgi (orange) and the nucleus (brqWhpmpson and McNiven, 2006)3

Soluble N-Ethyl-maleimide -sensitive factor (NSF) attachment

protein receptors (SNARES)

Exocytosis involves the fusion of secretory vesicles with the PM and is governed

by complex protein machinery that includes SNARE proteins as central

componentgMcEwen and Kplan, 2008Rizo, 2010) Priming is the process that

occurs after docking and before SVs fusididez et al., 2008)SV fusion is
mediated by the formation of SNARE (SNAP receptor, where SNAP is defined as
soluble NSF attachment protein) complegedjic et al., 2010from the SNARE
proteins synaptobrevidAMP, syntaxinl and SNAP25 (Verona et al., 2000;
Fdez and Hilfiker, 2006McEwen and Kaplan, 200®atrios et al., 200Hosoi et

al., 2009) There is specificASNARE for specific types of vesicles, whidirect

them to their respective membrane fusion par(dackson and Chapman, 2006)

Similarly,

every

c eSNAREsas dnantegemltmembganeb r a n e

protans andSNAP25 a ubiquitous fusion protein. TheSNARE on the target

membrane an@NAP25 work together and specifically bind a particular type of
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v-SNARE on the cargo vesicle to form the core comiéXic et al., 2010;Xue

et al., 2010) t-SNARE complex would recruit synaptotagmins and change the
conformation of synaptotagmin with €zinding loops of both C2 domains
postioned in the vicinity of the same membrane (Refer Figurg\Mljic et al.,
2010) All eukaryotic cells express several relateeSNARE and {SNARE
proteins, thus permitting each type of transport vesicle to betédrgerrectly
(lgarashi and Watanabe, 2007)

Synaptic Vesicle

&

—
-

€@
~&

Figure M. Diagram summarizing the main features of the model of how synaptotagmins

and SNAREs cooperate in €alependent membrane fusioByntaxin is shown in

yellow (without its Nterminal region), synaptobrim in red and SNARS in green. The
synaptotagmin C2A domain is shown in purple and the C2B domain in blue, with bound
Cé&* ions shown as orange circles. The relative orientation between the two C2 domains
is meant to reflect the orientation observed inyaaptotagmin crystal structure, with
their C&"-binding loops located on the same side so that they can bind to the same
membrane. The synaptotagiBNARE complex interaction is based on the smFRET
model built for the synaptotagmiti SNARE complex5 andivolves the bottom side of

the C2B domain. The two membranes may be hemifused beféfenBax, but this
feature is not essential. As an alternative, the model shown here assumes that there is no
hemifusion before Ca influx. The left panel represents the two membranes before
fusion, with some bending in the middle that is induced by the mechanical action of the
assembled SNARE complex. This effect, together with perturbations caused by binding
of synaptotagmin to oner both of the membranes, would lead to membrane fusion
(Rizo, 2010)

In neurons, the process of fusion is tightly regulated b§/ €ancentration, but
SNARE complex assembly does not have an§" Gansitivity. Other proteins
interacting with the core othe SNARE complex, such as VGCCs and

synaptotagmin (a putativ€a ‘sensor), are considered crucial for tfef*
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dependence of release and also molecular mediators of synaptic plasticity
(Verona et al., 20Q0Kue et al., 2009Rizo, 2010 Vrljic et al., 20D).

The C&*-sensing mteirs, thesynaptotagminsare a large family of SV proteins
that, among other functions, act @st‘regulators of exocytosis. They have a
hierarchy ofCa*affinities (Johnson et al., 2010)Synaptotagminis believed to

be a keyC&" sensor protein that triggers the SVs exocyt(idissoi et al., 2009;
Opazo et al., 2010nd is a vesicular proteifLynch et al., 2008)C& sensing
triggers for vesicle fusion are synaptotagmins | and II, which are found
throughout the CNS and vidugystem(Johnson et al., 2010)

Synaptotagmins are comprised of a short intralumenal or extracellular sequence, a
single transmetirane helix (Nterminal transmembrane domain) that anchors to
the protein to the SV, a linker and two“Ghinding domains termed C2A and
C2B (Jackson, 2007; McMahon et al., 2010; Opazo et al., 20ilfic et al.,

2010) The C2A domain may bind the vesicle/granule membrane, while the C2B
domain may bind the PNMcMahon et al., 2010)These two C2 domains can
bind to phospholipids and &a(lgarashi and Watanabe, 200%e et al., 2010)
Severe loss of Gadependent synchronous release is observed during the genetic
deletion of synaptotagminin response to Ga binding, synaptotagmin may
promote the completioof SNAREcomplex and this brings the SVs and the PM
into close proximity and that may promote the two lipid bilayers (Refer Figure
N). This is achieved by inducing a high positive curvataréarget membranes
following C2 domain membrane insertiqhee et al., 2010) The association of
VGCC proteins with synaptotagmin an@NARE proteins has been suggested to
be important for the formation of SNARE complexes at(ZRu et al., 2010)
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Figure N. Synapticvesicle and plasmamembrane proteins impdidamesicle docking
and fusion Interaction of the -SNAREs syntaxin and SNAP25 with theSWNARE
VAMP is aided by Rab3A. Neurexin, €achannels, and othéM proteins localized to

N

the synaptic region may also interact witBV proteins. The vesicle protein
synaptotagmin is the major Eaensor that triggers vesicle fusi(Biegel et al., 1999)

[.8.1 Role of SNAREs and SNAPs

Various biochemical studies have established th&NARE, tSNARE, and
SNAP25 are sufficient to mediate vesicle fusidesicleassociated membrane
protein (VAMP)/synaptobrevin on SVis an essential component for exocytosis
(Igarashi and Watanabe, 200Kim and von Gersdorff, 2009)During the
exocytosis of the SVs, the-SNARE VAMP/synaptobrevinis transiently
incorporated into the PMligarashi and Watanabe, 200YJ/AMP/synaptobrevin
in SVs does not readily react with syntaxin or SN2§’(Darios et al., 2009)
Syntaxinthe tSNARES, an integral membrane protein, and SKAPwhich is
attached to th®M by a hydrophobic lipid anchor, palmitoylated cystei(fedez
et al., 2008)

Repeating heptad sequence is present in the cytosolic regions of these four
SNAREs i.e. one fronWAMP/synaptobrevin one from syntaxin, and two from
SNAP-25; which allows thent 0 f or m f dRdez anid Hilfilkeld, 2066e s
Xue et al.,, 2010) These helices coil around each other to form a-helix
bundle. It is believed that the febelix bundle helpthe SVs and the PM to come
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into the proximity of the embedded transmembrane domains of the
VAMP/SYNAPTOBREVIN and syntaxin, thereby mediating fusion®W¥s into

the PM (Ohyama et al., 2002SNARE complexes are thought to assemble by
Azi pper i ngtdo Cterminaladirectibh, theeby forcing their resident
membranes closely togeth@rdez et al., 2008).

After the fusion of the SVs occurs, the SNARE complexes need to dissociate in
order for them to be available for additional fusion events. As the SNAREs are
highly stable moleculesadditional proteins and energy are required for its
dissociation. One of the cytosolic proteins required is NSF, a tetramer of identical
subunits that binds and hydrolyzes AT8udhof and Malenka, 2008PDther
proteins- - baa#S#APs @luble NSFattachmenproteing are
required for NSF to link to the SNARE proteins. It is now the consensus that NSF
a n dSNAP are not necessary for the vesicle fusion but are required for the
regeneration of free SNARE proteins following the conversion rsisSNARE
complex (where v and$NAREs are in distinct nmebranes) to a ciSNARE
complex(where v and tSNARES are in the same membraigggfer Figure O).
SNARE proteins not only provide sufficient energy to initiate exocytosis, but also

to accelerate mrger of membrang&esavan et al., 2007)
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Figure O. Schematic model depicting the organization of the-netemsable and

releasable vesicles vésvis the voltagegated calcium channel, syntaxin 1A, SN2,

and synaptotagmin(A) At rest, C4™-independent interactions between the calcium

channel with the SNARE binaigomplexes (syntaxin 1A, SNABS) and synaptotagmin
(sytl), assembled into the heteroprotein excitosome complex, hold the vesicles close to
the channel. These vesicles cannot fasgairt, due to the repulsion between the negative
charges of the syt1 C2 Eainding site and the negatively charged phospholipids, which
prevent sytl's conserved basic residues from interacting with the membrane. Prior to
Cd" binding to syt1 insertiontahe membrane there would be no buckling of the vesicle

to the membrane. (B) The final structural configuration of the excitosome, prior to the
fusion event, is accomplished when?Ga bound to the sytl C2 domains. Subsequent to

a transient elevation ithe [C&'],concentration, the Gabinding loops of the C2B
domain rapidly insert into the target membrane, pinning the vesicle at the bilayer (black
pins). Consequently, the Ealependent changes in sytl orientation-avids the
membrane, modify the farplay within the excitosome proteins and transform the vesicle
to a releasable state. As depicted, Biv is bent towards the vesicle membrane due to
concerted actions of multiple C2B domains that could serve to bring the two membranes
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into closer proxirty. The excitosome complex is now associated with a releasable

vesicle that underwent significant changes at the membrane, including minimizing the
repulsive hydration force, and significantly lowering the energy barrier for bilayer

merger(Atlas, 2010)

For a synapse to function, the proper balance of proteins must localize to the
presynaptic release machinery, and the protein composition at the release site is a
likely determinant of its synaptic efficacy. While the general properties of
synapses formetly a single axon are similar, the release probability of such
synapses can vary dramatically. This heterogeneity of presynaptic terminals is
possibly due to mechanisms that control synapse specific plasticity and may
represent one aspect of the moleculasi® of learning and memo(Graf et al.,

2009)

1.9 Secondary messengers

1.9.1 Calcium/calmodulin dependent kinase

Rise in the[C&"]; ions induces complex formation with calmodulin (CaM: a
cytosolic C&" binding protein) and this can help regulate SV fusion. The activity
of PM ATPases is regulated by Ca{®ang et al., 2010CaM is composed of
148 conserved amino acids and has fouf*®mding sites (Igarashi and
Watanabe, 2007)Small changes in the levof [C&"]; give rise to a variety of
cellular responsehyama et al., 2002)When the level of CAincreases above
0.2-0.2uM during stimulation it binds to the four sites on CaM, which results in a
complex that interacts and alters the activity ofioxss enzymes and other
proteins (Lodish et al., 2008). CaM is thHe&'sensor for Ca& *-triggered
endocytosis. Data by Wu etl., (2009) suggests th&s’/binding with Ca/
initiates endocytosis. d forms a physical complex with VGCCs and its N and
C lobes may sense differei@a*concentrations, allowing CaM to mediate
multiple forms of endocytosis. Additionally, fused vesicle membrane is the
substrate used by &4CaM to initiate endocytosi&Vu etal., 2009)

CaMKIl is one of the most abundant proteins in no@s, expressed both in the
pre- and postsynaptic densitunyer et al., 2008)CaMKIl has U, b, 2,
isoforms. TheU and b i soforms are dominant
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isoforms are distributed among various tiss
bind syntaxinin vitro. CaMKI I U is mainly expressed
(Pang et al., 2010)

Neuronal CaMKIl regulates important neuronal functions, including NT
synthesis, NT release, modulation of ion channel activity, cellular transport, cell
morphology and neurite extension, synaptic plasticity, learning and memory, and
gene expressiof¥amaudi, 2005) Stimulation of CaMKII, which endogenously
phosphorylates synaptotagmin $Vs, increased the interaction of syntaxin and
SNAP-25 with synaptotagmin suggesting th&s/CaMKIl can increase the
synaptotagmiint-SNARE interactions after phosphaatibn (Verona et al., 2000)
VAMP-2 binds to CaM in a C&dependent manner and this can regulate the
phospholipidbinding activity of VAMP/synaptobrevin Additionally, CaM
binding can preverWAMP/ synaptobrevirfrom participating in the formation of

the SNARE complexXlgarashi and Watanabe, 2000QaMKIl may also play
some scaffolding roles iaddition to its kinase activity.t was proposed that
CaMKII regulates presynaptic shdaerm plasticity in the absencd s kinase
activity (Pang et al., 2010Figure P shows a schematic representation of the

activation of CaNKll and of the regulation of neuronal functions.
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Figure P. Schematic Representation of Activation and Role of CaM Kinase Il in

Neuronal Cells{C&"]; is increased by extracellular stimuli, binds to calmodulin, and
activates CaMIl. CaMKII phosphorylates various kinds of proteins and regulates
physiological processes. C&W protein is induced by the stimuli of differentiation.
(Yamauchi, 2005)

Hyperactivation of Cal.2 L-type VGCCs by CaMKIl is associated in Timothy
Syndrome, a mukorgan human genetic disorder whose symptoms include
mental retardation and cardiac dise@éamauchi, 2005)Phosphorylation of the
N-type C&* channel by CaMKIl or PKC decreases its interaction with syntaxin
and SNAR25, providing a possible regulatory mechanism that may decrease an
inhibitory constraint of SNAREs on channel function and facilitate release
(Verona et al., 2000)

All the CaMKIl isoforms are believed to v&a syntaxin 1Abinding ability and
these interactions may induce\@dl channels presynaptic regulati(fPang et
al., 2010) CaMKIl is a key downstream effector of-tipe VGCC signals.
CaMKIl may bind to and/or phosphorylate ti&a,1.2 U, subunit to support
multiple forms of L.type VGCC facilitation. CaMKII was also shown to regulate

excitationtranscription coupling in neuroridbiria and Colbran, 2010)

CaM is thought to regulate the asynchronous release, which is not mediated b
synaptotagminlt may alsoplay a role in refilling the RRP and/or modulate
presynaptic release by a(Maniovet al.j200y) Ca MK I
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CaM is also thought to contrgire and postsynaptic Gachannel function,
mediates postsynaptic lostge r m plasticity by active

calcineurin, and alters neuronal gene expreg$tang et al., 2010)

CaM regulateNT release by multiple mechanisms, including a direct modulation
of C&* channelsactivation of protein kinases, regulation ®¥ priming via the
cytoskeleton and a process invaly binding to the Muncl3 and Muncl3
isoforms(Shin et al., 2010)

The CaMK inhibitor 2[N-(2-hydroxyethyl)}N-(4- methoxybenzenesulfonyl)]
aminaN-(4-chlorocinnamyl}N-methylbenzylamine, KN93(but not its inactive
congener M2-[N-(4-methoxybenzenesulfonyl)Jamirg-(4-chlorocinnamylN-
mehylbenzylamine, phosphate, KN9BJocked signding in Spragueébawley
superior cervical ganglion neuro(i&heeler etl., 2008) KN93 exerts its effect
by competing for the CaM bimly site of CaMHKI (Rezazadeh et al., 2006)

Cd" influx also recruits an adenylyl cyclase, which activates the cAMP
dependent PKA leading to its translocation to the nucleus, where it
phosplorylates the cAMP response eleméniding (CREB) protein. CREB
activates targets that are thought to lead to structural changes leading to the late
phase of LTRSunyer et al., 2008)

1.9.2 Protein Kinase C

The secondnessengedicaylglycerol (DAG) activates PKC, and this activation

can take place when PKC attaches to the cell membRimgsiological activation

of PKC is normally associated with rise in presynaptic’{fz@hrough inositol
triphosphate receptor activation amttrease inDAG (Changand Mennerick,
2010) Thesetwo secondary messengers are produced when phospholipase C is
activated normally through -@rotein coupled receptor activation. PKC can be
activated either by Gabinding to PKCs C2 domains and/or by binding of DAG

to C1 domans. However,the signding pathways leading to an increase in DAG

by presynaptic activity are uncle@Wierda et al., 2007)DAG is responsible for
activating PKC function by increasing its affinity for phospahtidylserine -(PS)
containing membranes. Upon activation, PKC enzymes are translocated to the

PM, where it activates various other signal transduction path(Véigsda etal.,
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2007) Activated PKC may phosphorylate a target protein in the vesicle fusion
machinery, like mund8, which in turn may result in an increase in thé*Ca
sensitivity of vesicle fusion(Rizo and Rosenmund, 2008pther presynaptic
proteins, like SNARS5 and synaptotagmih, also have PKC phosphorylation
sites(Korogod et al., 200AWierda et al., 2007)PKC activation changed release
kinetics and decreased quantal size by shortening the release (Grabdam et

al., 2002)

Studies have shown that stitating chromaffin cells in elevated [€} increases

the quantal size, and pharmacological activation of PKC increases the rate of
catecholamine releas@dditionally, the physiological stimulation is competent
enough to raise cytosolic €ato levels adequate to activate conventional
isoforms of PKC, causing its translocation to the cell membrane, where it acts to
alter the kinetics and magnitude of exocytdsiglop and Smith, 2006Pata by
Graham et al.,(2002) suggests that during PKC ta@tion, a dynamin
independent fusiopore closure limits releagé&raham et al., 2002PKC also

play important roles in spatial memory.

Phorbol12-myristate 13acetate(PMA) is an active phorbol ester that activates
presynaptic PK&lependent and independent mechanisms to potentiate
transmitter release. PMA are amphiphillic molecules and have tendency to bind to
biological phospholipid membrane receptors. They are fomatianalogues of

the lipid-signallingmoleculeDAG thatactivates @-domain of PKCgLou et al.,
2008a) PMA by activatingPKC can enhance the &asensitivity of vesicle
fusion (Korogod et al., 2007andresults in increase of the fusion probability of
RRPs(Lou et al., 2008a)

Fulop & Smith (2006) proposed a cellular mechanism whereby increased cell
firing increases cytosolic Gaand this 0 the PMA activation of PKC may result

in the dilation of fusion porethereby switching from K& to FF mode of
exocytosis. This may depend upon the model of exocytosis being studied and also
the level of [C&; achieved. This mode shift forms the basis for activity

dependent differential transmitter rele@Salop and Smith, 2006)
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1.9.3 Protein Phosphatases

The seringhreonine protein phosphatase family members include protein
phosphatases 1 (PP1), 2A (PP2A), and 2C (PP2C). These phosphatases are
essential for a number of signal transduction pathways in eukaryotic cells
(Rusnak and Mertz, 2000A difference in divalent metal ion dependeteadto

the resolution of the type 2 enzymes into PP2R2P (calcineurin), and PP2C

PP2A was originally described as having no requirement for divalent metal ions,
calcineurin is regulated by CaM, and PR&®g** dependent.

1.9.3.1 PP2A

PP2A is a heterotrimer consisting of three unrelated subthetsatalytic subunit

(C), a 6%Da regulatory subunit (A), and a variable regulatory subunit (B). The A
and C subunits are tightly associated and are gengnadgent in the cell as an
invariable holoenzyme; substrate specificity and subcellular localization are
conferred by the binding of one of a wide variety of related B subf{htitst al.,
2006)

Okadaic acid (OA) is a widely used smailblecule phosphase inhibitor that
under some circumstances can be regarded as a selectiveomtfilBiP2A (Hill

et al., 2006) OA, a polyether fatty acid isolated from the black sponge
Halichondria okadaiand under particular corttbns is a potent inhibitor of both
type-1 and type2 phosphatasg#lorimoto et al., 2000Rusnak and Mertz, 2000)
The phosphatase inhibitor OA, alters the plhasplation state of synapsind
increases vesicle mobility and NT release under certain lstilovu conditions
(FernandeBusnadiego et al., 2010)

1.9.3.2 PP2B/Calcineurin

Calcineurin(CaN)is a heterodimer consisting of a catalytic subud&N A, and
a fAr egul atCaNBy the activé sitendCaNjs located on the A subunit
(Rusnak and/ertz, 2000)

CaN can be phosphorylated by PKC, casein kinase |, and casein kimagird.
Even though phosphorylation can be blocked by CaM, the kinetic properties of
the phosphorylated and dephosphorylated forms are sinGkN is a C&'-

dependenprotein phosphatase, which has been implicated in the regulation of
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endocytosis (lgarashi and Watanabe, 2007)lue to the fact that CaN
dephosphorylates various synaptic protékemashiro et al., 2005C&" influx

in nerve terminals activates CaN agizyme dephosphorylates a set of proteins
involved in endocytosis: these are called the dephosphins. The dephosphins are
grouped together by their capacity to be dephosphorylated by CaN upon nerve
terminal stimulation, and by the fact that they are akmal for SV endocytosis.

The dephosphins include; dynamiklumashiro et al., 2005the AdP AdP180,

and the accessory proteins amphiphysin I/ll, synaptojanin, epsin, espl5 and
phosphatidylinositol phosphate kinase type (PIPKI2). After the stimulus
dependent dephosphorylation, the dephosphins are then rephosphorylated by their
individual protein kinases e.g. cycldependent kinase 5 (cdk5) rephosphorylates
dynamin I, synaptojanin and PIPKI i n(Claytorveat al., 2007)CaN mediates
dowrstream effect on CaMYamashita et al., 201@)n vesicle endocytosis in
mammalian neurongKumashiro et al., 2005)Kumashiro et al.(2005) also
demonstrated that CaN was required for endocytosis to the RP, but not for the
RRP under particular recyclingeditions(Kumashiro et al., 2005)

Cyclosporine A:

CaN is specifically inhibited by the immunosuppressant drug cyclosporine A
(Cys A). Cys A binds to cyclophilin (), a ubiquitous intracellular protein, and
undergoes a conformational change. The 8yG,P complex binds to CaN and

inhibits its serine/threonine phosphatase actiBatiuk et al., 1995)

1.9.4 Myosin Family

Myosins are a family of molecular motors that bind to a@@hat and Thorn,
2009) Experiments have indicated that membershef protein family account

for same vesicle dynamic properties.gEL myosin Va contributes iDCV
transport and plays a role in the docking process. E.g.2 Myosin VI is involved in
endocytosis by associating wi@CVs and is the only known motor proteinath

transports cargoes to thamas ends of the actin filame(@hat and Thorn, 2009)
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1.9.4.1 Myosin-lI

Myosin Il is a conventional myosin enriched in neutomkere it is thought to

play a role in exocytosifigarashi and Watanabe, 200®)yosin Il can control
regulated secretion in certain tissyBiat and Thorn, 2009 here is extensive
evidence that myosin Il plays a role in the secretory processes of a variety of
cells, including: mast cells, natural killer cells, hippocampal andosgngurons,

c hr o maf f-celts, egoerind cslls, arfl oocyt@hat and Thorn, 2009)t is
thought thatmyosin Il contributes to earlier exocytotic stegsich as vesicle

transport in a motor activitlependent manner.

Myosin Il is an ATP-driven molecular madr forming an essential part of the
motile machinery of most eukaryotic c€Kovacs et al., 2004)in sympathetic
neurons, inhibiting myosin 1l decreases synaptic transmisg§iokuoka and
Goda, 2006py inhibiting SV transport. Additionallyt has been shown in PC12
cells that myosin Il plays important roles under certain conditions in shifting the
exocytotic mode from K&R to FF and increases the speeds of release of the
catecholaming/Aoki et al., 2010) Additionally, CaM regulates myosinght-
chain kinase (MLCK), which in turn regulatése motor activity of myosin II.
CaM may contribute to vesicular recycling by interacting with actomyosin
(lgarashi and Watanabe, 2007L&* signalling in presynaptic terminals,
therefore, may serve to nélgte SV mobility along actin filaments via MLCK
(Tokuoka and Goda, 200Bhat and Thorn, 2009)

Structurally myosin 1l has two functional domains; the head domain, which has
ATPase activity and is required for motactivity and the other, a loagd
doman, which is required for the assembly of myosin Il monomers into bipolar
filaments(Aoki et al., 2010) In the research carried out by Aoki et al., (2010), it
was found that under the conditions of their experiments myosin Il was involved
in the modulatia of internalization kinetics rather than in the release kinetics.
Additionally, they concluded that, the -tmcalization of myosin Il with PM
docked vesicles was retained even with myosin |l that lacked ATPase aetsvity

it was still able to bind actin filaments and bundle them, and the rod domains of
myosin Il could still interact with the lipid membrane. Thus, myosin Il could

participate in the transport step of exocytosis via its adaptor function rather than
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throughit ATPase motor activitfAoki et al., 2010) However, a study by Bhat
and Thorn(2009)on pancreatic cells suggest that inhibition of mydsiATPase
activity affects post fusion events, slowing the opening of the fusion pore and
plays a role in promatg vesicle FRBhat and Thorn, 2009)

Blebbistatin is permeable to cell membranes. It is a potent inhibitor of skeletal
muscle and nomuscle myosin Il isoformgKovacs et al., 2004)Blebbistatin
(Bleb) has a high affinity and selectivity to inhibit ofassll myosin ATPase
activity and is used talentify and study myosin ddlependent processes in cells
(Shu et al., 2005)it preferentially binds to the ATPase intermediate with ADP
and phosphate bound at the active site, and slows down phosphate. i8lebs
does not interfere with binding of myosin to actin or with AhBuced
actomyosin dissociation. Instead, it blocks the myosin heads in a products
complex with low actin affinity. Bleb binding site of the myosin head is within
the aqueous cavity beeen the nucleotide pocket and the cleft of the actin
binding interface.Bleb binds to a nucleotideound enzyme intermediate with
highest affinity and does not compete with substrate for binding sites on the

enzyme. lblocks ATP hydrolysis and motor agty (Doreian et al., 2009)

[.10 Synaptic plasticity

Synaptic plasticity is defined as an activitgpendent change in synaptic
transmission. Transient modifications of synapses have been associated with
shortterm memory (STM) and more lasting changes have been associated with
long-term memoryLTM) in themature neurorfYamauchi, 2005)Learning can

be described as the mechanism by which new information about the environment
is acquired; memory represents the mechanism by which that knowledge is
retained(Sunyer et al., 2008)Learning and memory rely updhe molecular
mechanisms associated with the protein machinery. Stable synaptic changes
involve post transitional modification (PTM) of proteinsridg STM and gene
transcriptionwhile the LTM require the synthesis of protein and synaptic growth.
Shortterm synaptic plasticity has two mechanistic elements: (1) the source and
regulation of the residual &athat initiates the process and (2) the effector
mechanism(s) that respond to residual’@ad enhance NT relea@@atterall and

Few, 2008)
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Also the stidy of LTP and longerm depression (LTD) reveal thathe forms of
activity-dependent synaptic plasticity in the mammalian CNS play a role in the
mechanisms underlying learning and mem(Bunyer et al., 2008LTP is the
long-lasting strengthening of theonnection between two nerve celghich is
typically caused by higfrequency stimulation of excitatory input leading to
rapid elevation ofC&" in postsynaptic dendritic spinéSudhof and Malenka,
2008) Whilst, LTD comprises of persistent activiigoendent reduction in
synaptic efficacy, that typically occurs following repeated low frequency afferent

stimulation(Sunyer et al., 2008)

PTMs

| Short-term memory |

.De novo" protein synthesis:
and PTMs

l Long-term memory ‘

Figure Q. Memory consolidation needs PTMs and protein syntl{&siayer et al., 2008)

[.10.1 PostTranstional Modification of Endocytotic Proteins

The dange in protein phosphorylation helps in the initiation of endocytosis.
Protein phosphorylation is required for the induction of many forms of synaptic
plasticity, including LTP and LTD. Various protein kinaseaypimportant roles

in the regulation of NT release, and candidates for protein substrates essential for
the regulation have been identifiéBunyer et al., 2008)Recent research have
suggested that PTMs like phosphorylation of serine, threonine, anthgyay

a major role in the cognitive processes such as synaptic plasticity in the brain,
release of NT, vesicle trafficking and synaptosomal or synaptosaseatiated
proteins that are substrates of a series of specific protein kinases and their
counteparts, protein phosphataséSunyer et al., 2008)The seringhreonine
kinase that phosphorylates thespbunit of AP2 and possibly other accessory

factors is considered to promote coat asser(idbsoi et al., 2009Shupliakov,
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2009) Intriguingly, dephosphorylation of several accessory protusyer et

al., 2008)also known as dephosphins after thé'@aflux, is also responsible for
promoting the clathrin mechanism the synapse¢see earlier discussion about
the dephosphins}t is believed that dephosphorylation triggers the interaction of
these proteins with the other components of the endocytotic machinery
(Shupliakov, 2009)

Researchers have demonstrated that the risk of neurodegenerative disorders
increases with age. Thmajor changes seen in aging neurons include increased
Cd" release from intracellular stores through inositol (1;#jSphosphate
receptors (InsfR) and ryanodine receptors (RyanR), increased” @wlux
through L:-type VGCCs, reduced contribution ofrNethyl D-aspartate receptor
(NMDAR)- mediated C# influx, reduced cytosolic G4 buffering capacity and
activation of CaN and calpains. The resulting changes in neurofiatiFamics

lead to augmented susceptibility to induction of LTD and an increase in the

threshold frequency for induction of LTP in aging neur@rgukel et al., 1997)

The factors responsible for the ageduced alteration may be defects in
mitochondrialfunction due to cumulative oxidative damage or mitochondria are

depolarized and less competent in handlin§ @&d.

1.10.2 Neurotoxicity

In brain, unregulated enhanced release of excitedry can lead to neuronal
damage and death. This excitotoxic reaal death induced by increased synaptic
glutamate is implicated in the pathology of multiple neurodegenerative diseases
including Al zhei mer s and H uaantiai andj t on 6 s
epilepsy(Fdez et al., 2008NMDARSs are believed to play a crucial role in the
process of excitotoxicity and neuronal degeneration. A continuous increase in the
[C&']; concentration is considered to trigger a series of events (including
persistent activation of Ca&*-dependent enzymes, pradion of toxic
metabolities, and disruption of the cytoskeletal network) that results in
cytotoxicity and cell death. It has been demonstrated that, several pathological
states, such as anoxia, ischemia, or chronic degenerative diseases such as
epilepsy, ayotrophic lateral sclerosis aassociated with modified glutamate
levels(Bertolino and Llinas, 1992)
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Extraneuronal concentrations of glutamate in injured brains are dramatically
increased because of an abnormal release of the transmitter from dareaged
terminals and because of reduced glutamate reuptake. These increased
extraneuronal glutamate concentrations cause paroxysmal stimulation of
NMDARSs thereby, destabilizing neuronal €ahomeostasis(Bertolino and
Llinas, 1992)

Chronic blockade oAP firing in neuronal cultures increases trafficking of the
AMPA receptor subunits GIuR1 and GIuR2 to postsynaptic sites, thus increasing
sensitivity to released glutama{&dez et al., 2008)Researchers havalso
demonstrated that as NMDAEBhannels are ghly permeable to Gaions the
receptor channel has considered being the central pathway for’tlemiBain the
presence of glutamatéBertolino and Llinas, 1992)C&" influx followed by

PTMs may also serve as an important signal for the accumulafiokey
endocytic proteins at the periactive zone and serve as an important mechanism to

initiate endocytosis in synapses.

Activity-dependent longerm changes in the efficacy of glutamatergic synaptic
transmission are important in many forms of learr(ifgurcaudot et al., 2009)

The LTP studies of glutamatergic synaptic transmissions in different brain areas
like cortex, hippocampus, and amygdala unfolded that synaptic strength is
enhanced by two mechanisms, both dependent on the fi€efifli. Thefirst is

by continual increase in the postsynaptic response to a fixed amount of glutamate
released and the other is due to the dependence of NT release oA"tinél&a

the LTM in the presynaptic Gaentry or sensing could cause a persistent
increasan the release credibilitfFourcaudot et al., 2009)

In a study done by Fourcaudot et al., (200@)was concluded that LTP
expression can be mediated by a persistent developmenttypgelLVGCC

efficacy. This might involve aPKA-dependent mechanism and/proteins
interacting with .t ype VGCC such as the presynapi
(Rizo and Rosenmund, 2008yhey also concludkthat the Ltype VGCC is

responsible for presynaptic LTP LTM formation(Fourcaudot et al., 2009)
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For an efficient NT release, the formation of SNAP receptor (SNARE) complex
is necessary. This process involves: (1) binding of the synprint sitestypeNr
P/Qtype C&" channels with presynaptic membrane proteins synaptotagmin and
t-SNARE (i.e. SNAP25 ahsyntaxin 1A)(Jackson and Chapman, 20@rra et

al., 2010) (2) dissociation of Syp¢ AMP2 from synaptophysin, la smallSV
protein that i nteracts wDarids etSaly, [2@8; t r an
Hosoi et al., 2009)and (3) association of Syb twi -SNARE, all of which are
tightly regulated by [CE]; and the phosphorylation of the synprint sites en N
type and P/Qype C&" channels located within the intracellular leopnnecting
domains Il and Il (lk.;;) (Refer Figure C)(Rizo andRosenmund, 200&erra et

al., 2010)

CaMKs and PP2Ralso act as mediators in this regulati¢8hupliakov, 2009)
Reverse phosphorylation is predominantly accomplished by the cdk5. However,
the step at which the PTM occurs in the SVs recycling still nesnamnclear.
Recent researdhave suggested that some of the enzymes are compartmentalized
at the synapse, which further implies that PTMs predominantly occur at specific

synaptic compartmen{Shupliakov, 2009)

The balance of activities ofush protein kinases and protein phosphatases
contribute to the control oSynaptic strength and plasticity underlying LTP,
learning and memory. An imbalance in the regulation of protein kinases and
protein phosphatases in the affected neurons can causasalissuch as

Al zhei mer 6s di sease.

Old neurons are sensitized to cytosolic>‘Croxicity because Ca-buffering
capacity declines with advancing age. The supranormal cytosofic s@mals
might cause excessive €aandling by mitochondria and induction afoptotic

cell death(Bezprozvanny, 2009)

The regulation of presynaptic €achannels by effectors and regulators of‘Ca
signdling depicts that Cd channel play a critical role in regulating
neurotransmission and presynaptic plasticity. Failuremétfan and regulation of
presynaptic C& channels leads to migraine, ataxia, and potentially other forms

of neurological diseas¢Peretz et al., 1998)Recent evidence indicates that
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neuronal C& signaling is abnormal in many of the neurodegenerativardiiss

i ke, Al zhei mer 6s disease (AD), Par ki n.
sclerosis (ALS), Huntingtonds disease (
(Bezprozvanny, 2009)

As protein phosphorylation has also been shown to be involved iratieguthe
modeof SV exocytosis, the role of @Il in this process has also been studied
(Catterall and Few, 2008)

[.11 Background Results

Studies in a model of type diabetes whose exocytotic activity may involve
various processes that have beeatiscussed aboveVery excitingly, it has been
discovered by Dr A. Ashton that diabetic nerve terminals behave differtently
control terminals. Diabetic terminals rake exactly the same amount of
glutamate (Glu)as controls when release was evoked by @K@&ig iA).
Intriguingly, HK5C induced a larger change in fJain diabetic synaptosomes
than in control synaptosomes (Fig i.O)his result suggests thathere is a
difference between control and diabetic terminals in the mechanisms that
contribute tothis stimulus induced change in Cdevels. Remarkably, whilst
there is no change in HK5C evokeduGelease, there is a reduction in the
amount of HK5C evoked FM20 dye release in diabetic terminals when
compare to control synaptosomes (Fig ).Brhis result indicates that HK5C
evokes a greater amount &R exocytosis in diabetic synaptosomd$ese
results led to the hypothesis that it is the higher{Eéanduced by HK5C in
diabetic terminals that leads to a larger proportion of exocytosihidiK&R

mode and this could be due to the diabetic preparations possessing differences in

components that contribute to this rai§€a’’]; levels.
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Figure i. Comparision between control and daibetic syosminesA) No significant

difference observed ithe amount of glutamate released B) FlM2dye study confirms
that the diabetic terminals undergmre K&R mode of exogtosis in comparision to the
control C) Fura2AM study reveals thaapplication of HK5C induces a larger change in
[C&a™]; in diabetic syaptosomes compeaito control synapatosomes.
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Since the above biochemical differences were observed in diabetic terminals,
further studies on other biochemical and behavioural changes were carried out on

such diabetic rats.

.12 Diabetes Mellitus

Diabetesis from the Greek word meaning "siphon,” and "mellitus" comes from
melliferous, meaning "of or relating to honey." Diabetes has been recognized for
centuries and was originally diagnosed by testing the urine and finding it sweet
(melliferous). The World Health Organisation (WHO) defines diabetes mellitus
(DM) a sa chronic disease, which occurs when the pancreas does not produce
enough insulin, or when the body cannot effectively use the insulin it produces.
This leads to an increased concentration of gacoin the blood

( hy per gl (Ppenatle enal. a2P05)n diabetes, the patient has a high blood
glucose level either due to the body being unable to produce sufficient amount of
insulin (type 1 diabetes) or due to the cells in the body becoming imsalgtant

(type 1l diabetesjDonath et al., 2005)

The pancr eclt regulates scélldar fueb metabolism and glucose
homeostasis by secreting the hormone, insulin (Min et al.,, 2007). Insulin
promotes anabolism, and inhibitatabolism in muscle, liver, and fat cells. Its
functions include the increase in the rate of synthesis of glycogen, fatty acids, and
proteins. Thusinsulin plays a crucial role in the process of diges{ibanath et

al., 2005) Abnormal insulin secretionr usage results iDM. Several pathogenic
processes are involved in the deficiency of ins(lRlomereAroca et al., 2010)
These include aut oi mmune decells ofuparcreas.nAlsaodan t h e
includethe tissues/cells (mainly muscle, liver and/ar ¢ells)becominginsulin
resistant Another possibility isa defect in cellular signalling such that there is
inadequate insulin secretion or inadequate response to insulin secrégdinst

type is called type 1 diabetes mellitus (T1DM) and Hezond is calledype 2
diabetes mellitus (T2DM)Liver is an important insulin dependent tissue and
plays a pivotal role in glucose and lipid metabolism, and is severely affected
during diabetes(Moller, 2001) In diabetes the levels of hepatic enzymes

increasegFarswan et al., 2009)
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1.13 Symptoms for both types of DM include; marked hyperghgemia (rise in

blood glucose level)polyuria(frequent urinatioly polydipsia(increased thirst),
weight loss sometimes witholyphagia (excessive hunger), and blurred vision
(Kirpichnikov and Sowers, 20QLatham et al., 2009)The reason for increased
amount urine and thirst is because, glucose leaks into urine which 'pulls out' extra
water through the kidneys. Uncontrolled diabetes leads to acute and life
threatening consequences likgperglycaemiawith ketoacidosis (a state of
metabolic dysregulation characterized by the smedicetone) or the neketotic
hyperosmolar syndrome (due to dehydration). Other symptoms in€lsinaul
breathing (a rapid, deep breathing), nausea, vomitingaddminalpain, and an
altered state of consciousnggsderson, 2008)Frequent infections, especially
around genitals such as recurring thrush and, other infections such as developing

boils are indication for the development of T2DM.

The latestage diabetic comigktions can occur in both types of diabetes. In
T1DM late stage complications usually develop afterl®0years after the
diagnosis of the disease, wheread #DM, symptoms may appear close to the
time of actual diagnosis because the disease may gcegtetefor longe(Tfayli

and Arslanian, 2009)Studies show that proper control in glucose level (as close

to normal level) can significantly reduce or even stop complications.

Although the pathogenesis of diabetelated vascular complications is
compogte and multifactorial, they are associated with the level of glycaemia
(Kirpichnikov and Sowers, 2001Wncontrolled glucose regulation can result in

the development diyperglycaemigRoy et al., 2010)If persistent and untreated,
hyperglycaemiacan damage many of the body's tissues, particularly the
vasculature. As a result, diabetessociated microvascular and macrovascular
complications occur at advanced stag€ooper et al., 2001)The major
microvascular complications are nephropathy, retinopatyd peripheral
neuropathy, whereas the macrovascular complications in diabetes is manifested
by accelerated atherosclerosis, clinically resulting in premature ischemic heart
disease, increased risk of cerebrovascular disease, and severe peripheral vascula
diseasd€Feener and King, 199.7/rurther,the thesis concentrates on the effects of

diabetes on the nervous system.
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[.14 Cognitive Dysfunction

In addition to its well known adverse effects on the cardiovascular and peripheral
nervous systems, diabetes appears to negatively affect the brain, increasing the
risk of depression and dementiong with diabetes, cognitive dysfunction is
also a seriosi problem and its prevalence is rising worldwide, especially among
the elderly(Thomas et al., 2001Piabetes associated cognitive dysfunction, first
described nearly a century adgdéhou et al., 201Q)occurs in both typeof
diabetes.Recent studies havalso confirmed the link between the cognitive
dysfunction and diabetes, i.e. DM could also be the risk factor for the
development of cognitive diseasésllen et al.,, 2004) Human subjects with
either T1DM or T2DM typically show impaired cognitive functicompared to
agematched nowdiabetic subject¢Desraher and Rovet, 2004&reenwood and
Winocur, 2005) Latest observations have concluded that, compared to people
without diabetes, people with diabetes are at a greater rate of decline in cognitive
function (a 1.5fold greater risk of cognitive decline; and a-1o&l greater risk of
future dementia). Compared to ndmabetic individuals, diabetes increased the
ri sk of wvascul ar dement i a -fld despActivelhei mer
(Cukierman eatl., 2005) In T1DM, the effect on the brain structure and function
occurs at the extremes of age, i.e. during childhood and during ol\\&gsels

et al., 2007 Biessels et al., 200&loppenborg et al., 2008) Studies have
concluded thatneuronal deficits may be associated with impaired neurotrophic
support, inflammation and oxidative stress. Some studies have also demonstrated
that poorly controlledT1DM and fatal brairoedemaof ketoacidosis is associated
with a decreased presence p$ulin and IGFL receptors and accumulation of
nitrotyrosine in neurons of affected areas and the choroid plexus leading to
neuronal deficits(Hoffman et al., 2010)Cognitive deficits have also been
documented in rodent models of diabdiiessels et al2008)

DM has negative impacts on the CNS leading to diabetic encephalopathy and
concomitantaugmented incidence of cognitive proble(Bsands et al., 2006)
which are particularly associated with atrophy of the hippocampal formation that
is involved inlearning and memory processii@old et al., 2007)It is also
associated with other moderate cognitive deficits and neurophysiological and

structural changes in the bra{®atoh and Takahashi, 2008) recent study
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carried out by Stranahan, at., (2008 confirmed that, diabetes deteriorates
hippocampugiependent memory, perforant path synaptic plasticity and adult
neurogenesis in both inswdeficient rats and insukiresistant micéStranahan et

al., 2008)

It has been observed that, the peripherave® in diabetes havan additional
pathway by which insulin acts on the brain and sends messages via the nervous
system to exert a higher level of control on glucose output from the (iraer
Duinkerken et al., 2009Experimental studies in animal moslend in humans
without diabetes have shown that, poor glucose regulation after a glucose
challenge test was associated with poorer performance on a variety of cognitive
tests, the effect being more pronounced in the older age ¢kbegsier, 2004
Stranalan et al., 2008)

Neurons have a constantly high glucose demand. Neuronal glucose uptake
depends on the extracellular concentration of glucose, and cellular damage can
ensue after persistent episodes of hyperglycaemia; a phenomenon referred to as
glucose eurotoxicity (Tomlinson and Gardiner, 2008t ven though quite a few
studies have found the link between the brain alteration and changes in the level
of insulin, the role of insulin in the brain is still to be elucidated. It is pdstila

that insulin andts signdling play an important role in neuronal, glial, and overall
cognitive and memory functioning. Also, recent researches have shown that
insulin does penetrate the cerebral spinal fluid, probably via reeewgmiated
transport and reach the regttbe brain. AutoradiographfAutoradiographyis the

use of Xray (or occasionally photographic) film to detect radioactive matéritisdes

have shown that insulin can cross the blegmdin barrier(BBB), penetrating to

the circumventricular organs, including the arcuate and ventromedial nuclei of
the hypothalamugBingham et al., 2002) For insulinstimulated glucose
metabolism to occur in the brain; insulin, IRs and inseknsitive glucose
transporers are requiredRecently studies have proved that, insulin receptors
(IRs) are present on the endothelium of B&B, which allow receptemediated

active transport of insulin into the bra{Banks et al., 1997)it hasalso been
assumed that, insulin gabe synthesised in the brajBingham et al., 2002)
however, most of the brain insulin is thought to originate from the systemic

circulation.
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Some studies have also identified IRs in central neurons, astrocytes, synapses,
and other glia(Zhao et al., 204). The presence of IR has been confirmed
throughout the human brain, with particularly high concentrations in the
hypothalamus, cerebellum, cort@lopkins and Williams, 1997)lfactory bulb,
hippocampus, amygdala and septfunger et al., 1991)

Additionally, before glucose can be delivered to CNS neyribmaust cross the

BBB (Tomlinson and Gardiner, 20083lthough, brain glucose uptake seems to

be independent of insulin action, insulin sensitive glucose transporters have also
been found at thBBB and on glial cells in various studies of animal brain. These
include both insulirsensitive GLUT4 and a partially insuisensitive GLUT1
(Ngarmukos et al., 2001)GLUT1 is expressed in the microvessels of brain
(Tomlinson and Gardiner, 2008)he regpnal distribution of GLUT4 suggests

that insulindependent glucose uptake might occur in specialized neuronal
phenotypes but, in general, vascular barriers offer neurons the only protection
against glucose toxicity during hyperglycaemia. The highest ssiore of
GLUT1 and GLUT4 is in the hippocampus, the cerebellum and the olfactory
bulb; lower expression is reported for the lateral hypothalamus, the arcuate
nucleus and the globus pallidiBomlinson and Gardiner, 2008hRNAs coding

for accessory molece$, such as glucokinase and the, I&e also expressed in
some of these brain regions, but insukégulated glucose uptake has not yet been
proven to occur in the brain. Recently, GLUT8 has also been identified in the
brain, localized specifically to th@ippocampus, the cerebral cortex and the
hypothalamus. Studies in hippocampus suggest that it does not respond to insulin,
but that it is activated by glucose itself, which recruits GLUT8 to Pihé
(Tomlinson and Gardiner, 2008Even though the regionalistribution of
GLUT4 suggests that insultkependent glucose uptake might occur in
specialized neuronal phenotypdsere is no strong evidence that these systems
provide protection against hyperglycaamiPositron emission tomograpstydies

in humans, dwever, have shown no effect of increasing insulin levels on global
brain glucose uptak@asselbalch et al., 199%ndbased on the lack of effect of
hyperinsulinemia, it has been concluded thdtuman brain glucose metabolism

is not insulin sensitiveThis contrasts with the clear evidence for an effect of
insulin on brain function mentioned abovd€elstudy conducted by Duarteadt,

(2009) suggested that the neurochemical alterations in the hippocampus of male
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diabetic Spragudawley rats (tested 4 weeks after STZ administration), are not
related to defects in glucose transport in the brain, but is likelyeflect
osmoregulatory adaptations causedhgperglycaemigDuarte et al., 2009)The
published studiedestify inconsistent effects ofiyperglycaemiaon substrate
transport into the brain. Particularly, glucose transport into the brain was
suggested to be reduced, augmeriaklli et al., 2000)r unaffected Simpson

et al., 1999)by chronichyperglycaemiaAs mentioned beforehyperglycaemia
may cause deregulation of brain metabolism involving inadequate glucose
utilization, the hallmark of diabetic conditions in peripheral tissues. ,Also
hyperglycaemianduced hippocampal dysfunction and damage may bauksec

of the disruption of osmotic balance, which is of fundamental importance for the
viability of cells, in particular of neuror{omlinson and Gardiner, 2008 one
study, it was found that chroniit/perglycaemiainduced by STZ administration,
causeda plethora of metabolic alterations in the hippocampus, most of which
were normalized upon restoration of euglyce(baarte et al., 2009)

In a recentreview,a number of possibilities were considered for the association
between diabetes and cognitiveclige.

1. Hypoglycaemia may also affect cognitive function; howevters not fully
established. Studies have confirmed that intensive treatment regimens that were
associated with increased hypoglycaemic episodes in individualSrddM did

not adversely affect cognitiqiReichard and Pihl, 1994)

2. Hyperglycaemia may also be a factor for development of chronic cognitive
impairment(Huang et al., 2002)

Depression occurs more frequently in people with diabgdslerson et al.,
2001)andis difficult to differentiate clinically from dementia and early cognitive
decline(Swainson et al., 2001)

[.14.1 Hypoglycemia and brain

The brainis a very vulnerable organ to any changes in the glucose level. If both
higher and lower level of glucose persists in the circulatory system, it can lead to
severe alteration in the brain. In uncontrolled DM, the only treatment is insulin
therapy. Rise ithe level of insulin in the circulatory system, can lead to increase
the risk of both moderate and severe hypoglycaéRuante et al., 201@&nd can
thereby result in the alteration of the brain functi@ingham et al., 2002)
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Severe and recurrent epigsdof hypoglycaemia results in the brain getting
deprived of glucose, causing brain damage in animal studies, and leading to
longterm impairments in learning and memo@uh et al., 2005) Severe
hypoglycemia has been shown to alter brain structure amdecsignificant
cognitive damage in many but not all studisente et al., 2010)

1.14.2 Hyperglycaemia and neuronal deficient

Despite the fact that the underlying neuropathological and biological substrates
are still not elucidatedyyperglycaemideading to microangiopathy in the brain is
thought to be the primary reason for the cerebral complications observed in
diabetes(Wessels et al., 2007)Hyperglycaemiainduces variety of secondary
metabolic defects such gsplyol pathway flux, protein glycosylation, oxidative
stress, and impaired neurotrophic support. These secondary effects have been
identified as main factors for sensory polyneuropathy in diabetes.

Some researdhas demonstrated thatyperglycaemiaan induce cellular damage
through increased glucose metabolism by aldose redu@@s®sova, 2005)
elevated protein glycatio{Thornalley, 2002) and increased mitochondrial
NADH supply, thereby enhancing electron availability and causing partial
redudion of oxygen to superoxide radicals in the proximal part of the electron
transport chairfDu et al., 2001)These three mechanisms may combine to trigger
large elevations in reactive oxygen species (ROS) that induce oxidative stress and
tissue damagéCadcutt et al., 2009) It is assumed that, the ability of diabetic
nerves to survive oxidative stress may be impaired because of the suboptimal
trophic support from insulin, insukilike growth factors, and neurotrophic factors
(Calcutt et al., 2009)Although increased oxidative stress has become a widely
accepted consequence lofperglycaemian models of diabetic neuropathy, the
source of excessive ROS is not defindgperglycaemianay also responsible for
triggering the other cascade of changes, sudgtyaation end productdHuang et

al., 2002) activation of the hypothalamygituitary-adrenal axis (HPA), which
could have an effect on the brdi@howdhury et al., 2010)n a research carried

out by Messier et al., (2005), it was found that humans wetirlp controlled
diabetesshow hyperactivation of the HPA, resulting in elevated circulating
cortisol and cognitive dysfunction in diabetes. The role of glucocorticoids in

cognitive dysfunction in diabetes is still unknown but, high levels of cortisol has
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been associated with poor cognitive ability in humans subjected to psychosocial
stress, during normal aging and in ABtranahan et al., 2008} has also been
demonstrated that, hypergylcemia results in increased corticosterone, and
impairments in hippocampal neurogenesis, synaptic plasticity and learning
(Stranahan et al., 20Q08)

Post mortem studies of senile plaques from the brains of peotl Alzheimed s
dementia found metabolic oxidation products associated with hyperglycaemia
(Horie et al., 1997)Changes in the strength of synapses between groups of
neurons within the hippocampus are critical in certain types of learning and
memory (Stranahan et al., 2008Yhe regulatiorof synaptic connectivity at the
level of the dentatgyrusextends beyond changes in the number and strength of
synapses to the de novo addition of new neurons in adultficader et al.,
2006) Recent studies of anal models suggest impairment of both synaptic
plasticity and adult neurogenesis in diabetes. Streptozotocin {{8ddged
diabetic rats,a frequently used model of T1DM, is characterized by chronic
hyperglycaemiaassociated with impaired hippocampi@pemlent learning and
memory as well as defective synappiasticity in the hippocampu@iessels et

al., 2008 Duarte et al., 2009)

The cellular mechanism of learning and memory depends on LTP of synaptic
transmission, is believed to be impaired in the dentate gyrus of rats with STZ
induced diabeteiKamal et al., 2006)

Duarte etal., (2009) reported that, chroriigperglycaemidriggers astrocytosis in

the hippocampus, and increased glial fibrillary acidic protein immunoreactivity in
hippocampal membranes of Siitluced diabetic rats, when compared to
controls(Duarte et al., 2009)it is believed that astrocytic proliferation may be
due to the neuronal damage, as observed in other neurodegeneration such as
amyotrophic lateral sclerosis, AlfLauderback et al., 2001and Lewybody
dementia, and may contribute for diabeteduced hippocampal deterioration as
reactive astrocytes are kmn to produce free radical€hao et al., 1996and
apoptotic factorgFerrer et al., 2001)

Both pre and postynaptic deficits have been associated with impalired in

the diabetic hippocampuSynaptic transmission changes in the pyramidal cells
of the hippocampus in STAducedDMin rats (Kamal et al., 2006)Shortterm
replacement of insulin in ST#eated rats from the onset of diabetes prevents
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cognitive decline and protects against hippopal potentiation deficitéFrancis
et al., 2008)
The affect of all physiological fates due to the increased glucose level is

highlighted in Figure R.

ECM
| Primary afferent newron

Targer
g cent

Figure R: Physiological fates due to the increased glucose |layalhe major damaging

metabolicpathways driven by raised glucose levels and their damage targets (indicated
by the rouneended arrows) in a primary afferent neuron and its accessory cells
(astrocytes, microglia and Schwann celts).The processes that are disturbed by these
metabolic impacts include spinal sensitization, dysfunction of descending inhibitory

pathways, muted response to injury, demyelination and altered axonal transport, among
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others.(AGE, advanced glycation exgtoduct; ECM, extracellular matrix; MAP kinase,

mitogenadivated protein kinaggTomlinson and Gardiner, 2008)

1.14.3 Hyperglycaemia and neuronal regeneration

The ability of nerves to regenerate is inversely proportional to the duration of the
diabetegDuarte et al., 2009)Axonal regeneration is impaired after nerve cut or
crush injury in the STZ model of diabe{@®mlinson and Gardiner, 2008)
Experiments have confirmed that, selective synaptic degeneration occurs in
diabetic rodents due to reduction of the density yofaptic proteins such as
syntaxin, SNAP25 and synaptophysin, in the hippocampus. The number of the
postsynaptic protejinPPSD95 was unaltered in the hippocampus of -B€4ted

rats, when compared to the control rats, suggesting that diabetes mtenty af
the presynaptic component of the synapse following lbeign illness(Duarte et

al., 2009) Eventually, these modifications in nerve terminals may be responsible
for some of the altered synaptic plasticity in the hippocampus and thus memory
impairment obseved in STZinduced diabetic rats (Biessels, 1996).

Experiments using Ghionophore in mouse motor nerendings have illustrated

that synaptic fusion can be directly regulated by the redox state. In these nerve
endings, evoked and spontaneous quantal release was reduced by physiological
levels of ROYGiniatullin et al., 2006)When the neuronal proteins were studied

to check their seiitsvity to the oxidative stress, it wdeud that, SNARE proteins

are sensitive to oxidative stress, with SNPAP being the most sensitive
(Giniatullin, 2006) The redox state is known to affect cysteine residues. Specific
cysteine residues in WP25 play arole for the disassembly of SNARE and
exocytosis and not for membrane targeting. During oxidative stress in motor
nerve endigs, crucial alterations in SNA&B structure (cysteine residues) may
underlie the lack of SNARE complex assembly and reduced syt
Interestingly, the expression of some exocytotic proteins, including SNARE
proteins, is altered in diseasslevant brain areas in neurodegenerative diseases
such as AD andHD (Sze, 2000 Morton, 2001 Suh et al., 2005)The redox
modulation of SNAREcomplex formation is therefore another mechanism by
which mitochondrial dysfunction occurs early in some neurodegenerative

diseases and might reduce synaptic actifiligating, 2008)
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Experiments on ST-diabetic rab shippocampus have demonstrated that,
neurological dysfunction and impaired learning with diabetes are correlated with
reduced expression of the presynaptic protein synaptophysin in the absence of
neuronal loss. A decrease in basal synapsin | phosphorylation, which mediates the
fundamental iniating event in regulating the release ofT from the
cytoskeleton, may hinder the mobilization of vesicles within the presynaptic
terminal. This phosphorylation event is affected by CaMKII. CaMKII content and
activity are reported to be decreased by diabetes in the hippocampus, which also
exhibits dectrophysiological abnormalities and synaptic protein loss. Insulin
replacement therapy patrtially rectified CaMKII activity in Sdiabetic rat brain
(VanGuilder et al., 2008 Additionally, it ha been found by Ramakrishnaraet

(2005) that diabetesalie increase in CaMKII expression and enzyme activity in
different brain regions that in most instances are correlated with increased
serotoninelevels, thereby suggesting that CaMKIl may be involved in the
regulation of indolamines in diabetic animéfamakrishnan et al., 2005)

As explained earlier, as ageing in theaibrtakes placeyarious changes in
numerous aspects of NT sidlag occurs Recent researches have indicated
gross imbalances in NTs occurring during brain aging andelgted diseasas

the brain(Uranga et al., 2010)or instance, the levels and density of key NTs
such as dopamine have been demonstrated to be decreased in the aging brain
(Meng, 1999) Moreover, the levels of NTs such as acetylcholine decreases and is
accepted in thaging brain and ageelated neurodegenerative disorders such as
AD (Terry and Buccafusco, 200Blynd, 2004) Along with the changes in the

level of NT, changes in the levels of key NT receptors have also been reported.
The glutamate receptor subunits NRNR2A, and NR2B; and th&MPAR
decline with agdAdams, 2008Newton, 2008) There is also significant age
related decrease in the levels of dopamine receptors D1, D2, afidaBSinen,

2000) The effects of aging on the levels of cholinergic receptamweker, are

still unclear(Uranga et al., 2010)
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[.15 Behavioural Studies

In all the living organisms, natural actions are due to the synchronized
coordination of various complex sequences of patterns such that, each pattern
must be connected to another in a veethanised fashior(Berridge, 1989)
Behaviour is one of the moshportant properties of animal life. It plays a critical
role in biological adaptations, and is believed to be the bridge between the
molecular and physiological aspects of biolodyxperiments on learning,
memory and perceptual processes are revealingnmsghts into neural plasticity

and developmental influences on the brain. Today the behavioural study is not
only important to understand how the brain works but also is significant to
elucidate the neural disorder during diseases like AD. Cognitivessance, a
discipline aimed at understanding the functioning of the brain, encompasses

approaches ranging from behaviour to molecular.

Studies monitor ani mal sé behaviour al p
understanding of their behaviowand also to determine the effects of the
environmental changes, drugs or to have a detailed insight in the neuronal
regulation of the behavioyivan de Weerd et al., 20Q1ach speciespecific

behaviour provides basic understanding of how the brain organizegnéé&m

actions into patterned sequences. These actions allow syntactic processes of
sequence control to be isolated and examined, without the use of training
procedures, and relatively independent of the learning and memory processes on

which trained actiosequences depend.

This laboratory investigates the molecular mechanism&Ndfrelease and its
perturbation in diseased stateslowever, after examining the diabetic
synaptosomes, it has been established that the basic neuronal machinery is
affected. Therefore, the presentbehaviouralstudy was undertaken with the
intention of establishing the biochemical changes and the behavioural changes
that occurs in the diabetic animals in order to elucidate thelaton between

the behavioural patterns to thechemical changes that occurs in these animals
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[.16 Rationale Behind the methods used
Experimens reported herein used the weditablished model system consisting of
pinched off nerve terminals (synaptosomes) prepared from the cerebral cortex of

rat brain. These allow the study of the various pools of SVs from adult tissue.
[.16.1 Synaptosomes

Symaptosomes are a wadktablished model fadT release and are susceptible to
pharmacological manipulatior{&ernandez8Busnadiego et al., 201.0They were

first isolated by Whittaker in 195@reukel et al., 1997)Synaptosomes are intact
nerve terminal particles with small, clear vesicles, signifying their presynaptic
origin. Clearly, synaptosomes contain all the components necessary to store,
release, and retaiNTs. They also contain viable mitochondria with A&Rd

active energy metabolism. They maintain res{i@gt’]; concentrations of 1060
200nM in the presence of @M [C&'].. Resting membrane potential (which is
regulated by a N&K*-ATPase) is maintained and they express functional uptake
carriers and ioithannels in theiPM. On application of diverse depolarizing
stimuli (e.g. potassium and-aminopyridine), C& enters synaptosomes via
VGCCsor one can use ionomycin which allows?C entry due to its ionophore
transport properties and these three stimuli triggers exocytosis of docked vesicles,
thereby releasing various N{Breukel et al., 1997)

1.16.2 Glutamatergic synaptic transmission

Glutamate is the maiNT present in mamalian synaptosomg#icholls et al.,

1987) It plays a critical role in many neuronal functigi@as discussed above)
(Satoh and Takahashi, 2008)arious types of glutamate receptors are present in
the CNS lonotropic glutama receptors (iGIuR), i.e. NMDAAMPA and
kainate, are responsible for mediating fast synaptic transmission, whereas
activation of metabotropic receptors (mGIuRs) modulates neuronal excitability
and transmissiorfWoolley et al., 2008) About eight mGlu type of receptors

have been identified so far. It is believed thaiGlu2 receptors are located

presynaptically at the periphery of the synaptic amlaere they function to
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monitor excessive glutamate that has escaped from the synaptic space and
provide negtive feedback to prevent excessive glutamate rel@aselley et al.,

2008) It wasdemonstrated thgphysiological concentrations of transmitter in the
synaptic cleft were insuffient to activate all the pastnaptic receptors
suggesting that glutamateoncentrations during synaptic transmission could
possibly be the regulatory function of synaptic strengtcause of its role in
synaptic plasticity, glutamate is involved in cognitive functions like learning and
memory(Meldrum, 2000) Glutamatergicvesicles are defined by their ability to
pack glutamatgGlu) for release, a property conferred by the expression of a
VGLUT. VGLUTSs are subject to regional, developmental, and actiléfyendent

changes in expression.

Since >80% of all cerebral corticegynaptosomes are glutamatergic, the release of
endogenous Glu at 22°C (determined using a glutamate dehydrogenase coupled

assay and measuring fluorescence of NADPH product) was studled timesis.
1.16.3 FM210 dye assay to study the modes of exocytoss

Applications of styryl dye staining and destaining during endocytotic and
exocytotic processes have been used to study the kinetics of vesicle cycling and
the prevalence of different exocytotic modes of releaseFk.eversus K&R
exocytosis (Omiatek etal.,, 2010) Fluorescent styryl dyes (e.dei Mao,
enduring both lipophilic and divalent cation groups, are widely used to label
membranes for fluorescence microscopy investigations of vesicular exocytosis.
Styryl dyes like Fei Mao (FM) fluoresce brightlywhen harboured in the
hydrophobic vesicle membrane, but not in aqueous solution, and thereby report
vesicle fusion event&Zhang et al., 2007)Jpon stimulation, when the SVs that
undergo exocytosis in the presence of the styryl dye, the dye molecules are
subsequently integrated into the vesicular domain following endocytosis. This
dye molecule partition easily and reversibly inside of the cell membrane, and
increases the fluorescence intensity significantly by 20 {Qdiatek et al.,
2010) This dye canot escape throughfickering proteinacious por@gHenkel et

al., 2001) FM dye can leave the vesicle membrane by lateral diffusion away
from fused membrane upon HZhang et al.,, 2007)Zhang et al.,(2009)

hypothesized that the nanoparticles of thgl stye are small, which allows them
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to betransported intahe vesicle (interior lonen space estimated as aboung4
diameter), but are spatially excludetbrh the narrow fusion pore 8 nm
diameter) formed during&R (Zhang et al., 2009)

To remove nosspecific binding of FM dye to th®M, Advasep/ is utilized.
Advasep7 has a higher affinity for the dye than membranes. The dye inside the
membrane is not disturbed as advagegannot cross theM. Upon a subsequent
stimulation, theSVs reexocytose and depending on the mode of exocytosis, the
dye will or will not departition from the membranes. The FM dye should be
discharged duringF mode of exocytosis and the membrane will completely lose
its fluorescence. This would allow direct intsgation of the mechanism of
release (Figure S). Whilst iK&R mode of exocytosis, the SVs do not fully
collapse andgothe FM dye is still trapped within the luminal domain of the SV.
Previous stu@s have suggested that the K&kbde of exocytosis dominatet

the onset of stimulation, and thBRF prevails following continuously repeated
stimulation.The results in this thesis-meteprets the significance of this finding
since it relates to the pools of SVBhe use of lipophilic FM dyes to follow
vesicle cycling has also suggested the existence of K&R exocytosis in
synaptosomegGraham et al., 20QRichards, 2009)

Optimal stimulation conditions that produce maximum NT release will enable all
releasable SVs to be loaded with FM dgad subsequently such SVs can be
released upon the application of a stimulus. -Sptimal conditions for dye
loading will make it difficult to compare endogenous NT release because dye free
vesicles will still be able to release NT. Maximum stimulus uired to be
applied forthe study of the FM dye release @t the vesicles (RRP and RP)
needs to be labelled. Drugs that perturkid releaseand therefore reduce the

number of SV exocytosing cannot be used for such experiments.

In FM dye studies, thapplication of a depolarizing stimulus with 30mM {us

5mM C&* (HK5C) produced maximal synaptosomal NT released the
inclusion of a ®in poststimulus incubation, both carried out in the presence of
100uM FM2-10 dye, ensured that all releasableiales were fully labBed. All
loading of FM dyes, washing and release were performed at RT (22°C).

Exocytosis was studied by measuring the decrease in fluorescence in response to
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optimal concentrations of secretagogues ané" ®aown to induce maximal

rele as e. The size

of

t he

rel easabl e

pool (

to a single application of the strongest release stimulus.

Such conditions have be@astablished herein and furthesre all three stimuli

employed only induce one round rdlease of the SV pools such that one can

correlate release of Glu with FM dye.
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Figure S. Dynamics of FMdye terminal staining in the two models BT release:A.

K&R mode of exogtosis where the M dye (green spots) do not dissociate when

glutamate (red spots) are released=Bmode of exocytosis where both the FM dye and

Gluis released as the vesicle completely fuses witlPM¢Krupa and Liu, 2004)
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[.16.4 Fura-2AM experiments

Fura2, a C&*-indicators is used for measuring[@fa®]; concentration. Cells are
loaded by immersion in a solution of the permeant acetoxymethyl ester form
(Fura2AM), which is fluorescent buC&*-insensitve. Following cleavage by
intracellular esterasdiberates FurAM (the pentacarboxylat€a ‘indicator),

and therebybeing trapped into the cell. Measurement of *Giaduced
fluorescence at excitation wavelen@#0 nm and 380hm allows for calculation

of C&* concentrations based 340/380 ratios withearission wavelength 53tm
(here the wavelengths of emission wa$3% nm and excite at 340m and 390

nm were measured but for resuitsis often refeed to the 340/390 ratio as the
340/380 ratio). The use of the ratio automatically cancels out certain variable
such as local differences iuf&2AM concentration or cell thickness that would

otherwise lead to artifacts when attempting to im@géconcentations in cells.

[Ca®"]; is calculated from the rati(R) of fluorescence intensities obtained using

the formula of Grynkiewicz, et a1985):
[C&)i= KRIBRmIiN/ (Rmaxi R). (Gillis et al, 1994).

where, Rmax values obtained by permeabiliztg with 0.3% Triton X-100 in
the presence ofidM C&* and Rmin values measured by permeabiliZhg with
0.3% Triton X-100 in thepresence oftl5mM EGTA at pH 7.4 to chelate the
availableCa"ions.

Studies by others and by Ashton and Ushkarya005)illustrate that measuring

the 340 nm/390 nm ratio removes artifactual variations in the fluorescence
measured due to changes in dye concentration and instrument efficiency (Ashton
and Ushkaryov, 2005).
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1.16.5 Three stimuli employed in this study : HK5C, ION5C and 4AP5C.

K* wasraised (with a correspondinrgduction inNa" ions) to 30nM (HK). This
causes clampedepolariation at the nerve terminal membrawichactivates
various C&" channels and causes a large increase i Gdepending upon the
[Ca®]e employed) at the AZ and a subsequent generalized lower increas& in Ca

throughout the nerve terminal.

The application of potent and selective &zonophoreionomycin (ON) (Yoon

et al., 2008 (in the presence of extracellular Cato cells leads to influx of
[Ca®']e, and results ina large increase in the [ER, which can induce SV
exocytosis and triggersecretion. The molecule acts as a motilé*@arrier and
enhances Ginflux by direct cation entry across biological membranes. Please
note that ION5C works throughout the nerve terminal (not just at the AZ) and the

amount of C& at theAZ is not same as that for HK.

The addition of 1mM <4minopyridine (in the presencd extracellular C&)

(4AP) causes the prolonged openingu@CCsat theAZ due to its action oi*
channels (note others believe that 4AP also has actions that are independent of the
K* channels). However, this does not cause a clamped depolarizetiite, HK,

and so the actual increase in the {Gaat the AZ and throughout the nerve

terminal will not be as great as that for HK.
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[.16.6 STZ as a model

Streptozocin (STZ), whi ch haspanbreagcn pr oV
cells in rodats and STZinduced diabetes is a well established modeTfdM.

STZ (an alkylating agent) is a naturally occurricigemical, whichis derived

from the soil microorganisntreptomyces achromogends.is a cytotoxic
glucoseanalogue, whicpr ef er ent i al |l y ac-<calswialoat es i n
affinity GLUT2 glucose transporter in thBM causi ng necells.osi s ¢
However,STZ has no immediate, direct inhibitory effect upon glucose transport

or on glucose phosphorylation by glucokinélsenzen, 2008)

Wh e n STZ e rctlle ofspantrdag it breaks into its glucose and
methylnitrosourea moiety. The alkylating property of methylnitrosourea modifies

bi ol ogi cal macr omol ecul es, -cdlls, eagsmgat s DN
state of nsulindependent diabetgtenzen, 2008)It works by transferring the

methyl group fromSTZ to the mitochondrial DNA thereby impairing the
signal | i ng -cdluntochitomdoah mewbolisnf, causing inhibition of
glucoseinduced insulin secretion. As result of this, poly (ADRibose)
polymerase is overstimulated in order to repair DNA. This results in diminishing
celluarNADCand ATP stores, wh-cekrecrosis$. It gamsest e | y
further damage by protein glycosylation. AlthoughZ also methylates proteins,

DNA met hyl ation i s u-dl deah, b It i likelyetlsap on s i &
protein methylation contr i b-celisflenzen,o t he
2008)

Due toSTZ6s chemi cal properties (As present
greater stabilityjt is the agent of choice for reproducible induction of a diabetic
metabolic state in experimental animélenzen, 2008) Significant and rapid

hyperglycaemias obseved at 1wk posSTZ (Tomlinson and Gardiner, 2008)
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Figure T. Schematic representation of the toxic effects of the glu€dsei n-cels,

which produce chemical diabetgeenzen, 2008).

Studies have confirmed that STZ itself does not induce neurotoxicity in insulin
deficient diabete¢Davidson et al., 2009)The mouse/rat model of STidduced
diabetes has peculiar features that are observed in humans with respect to non
ischemic systoli@nd diastolic performance and microvascular rarefaction, which
are associated with changes in VEGF isoform expression and redox imbalance in
the myocardium(Stranahan et al., 20Q8%lowing of motor and sensory nerve
conduction velocity is a common featumre animal models of ST#hduced
diabetes(Thomas et al., 2001)in TIDM rats it has been demonstrated that,
impaired vascular reactivity precedes the development of nerve dysfunction as
identified by reduced nerve conduction velocity. Reduced conducgtotity
develops in motor and sensory nerves in STZ aniffamlinson and Gardiner,
2008) In addition to this, studies have demonstrated that 5wk ofiSduced
diabetes caused significant oxidative str@san et al, 2009) In an experiment
conducted b Davidson et al., (2009)nice displayed hypoalgesial®£wks after
injection of STZ and subsequent induction of diab€éRsvidson et al., 2009)
However, Beiswenger et al. reported that thermal hypoalgesia developed after

only 2 weeks of diabetgBeiswengeret al, 2008)
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1.17 Aims and Hypothesis of the Research
Hypothesis

Intracellular C&* plays an important role in modifying specific nerve terminal
proteins viaC&* dependent phosphorylation and this determines wheth&\the
undergoFF or K&R in nerve terminals prepared from either controlSarz-
induced diabets Interestingly, highefCa®]; levels result in more of thK&R

mode of exocytosis and leB& and such conditions prevail in diabetic terminals.

It is hypothesized that compared wntrol animals, diabetic animals may have a
larger activation or smaller inactivation of a specific>Cehannel subtype.
Furthermore, this may regulate a larger change in phosphorylation of specific
proteins compared to control terminals and this willy@arole in the increased
amount ofK&R in the diabetic terminald=urther correlation of such changes will

be compared to the behavioural changes observed ifirgiliZed diabetic rats.

Main aim: The main aim of the study is to investigate the roleCef" and
protein phosphorylation in the switching of mode in control and diabetic nerve
terminals.Additionally, to determine théehavioural changes thatay occur in

diabetic rats.
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Specific Aims:

1. To determine the reason for the higher level[@&]; present in the
diabetic animals by using, L-, N- and Qtype C&* channel blockers, as
these channels may play important physiological roles in the determining

the mode of exocytosis.

2. To investigate the role of CaMKII in switchiraf the exocytotic modes of

SVs in both diabetic and control animals by using specific inhibitors.

3. Determining the contribution of dynamin in the switching of the mode of

exocytosis in diabetic terminals.

4. Investigating the involvement of PKC in tihegulatingthe modes of SV

exocytosis.

5. Determining the role of myosin Il in the distinct modes of exocytwsis

both diabetic and contréérminals by blocking this enzyme with Bleb.

6. Detamine the difference in the STidduced diabetic ré& behaviour in
comparisonto the agematched control ratsthereby finding the link
between biochemical and behavioural aspects.
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Il. Regulation of the Mode of Exocytosis in Control and

Diabetic Terminals

[1.1 Materials and Methods

All experiments were conducteaccording to the requirements of the United
Kingdom Animals (Scientific Procedures) Act (1986) and approved and
supervised by University of Central Lancashire Science and Technology ethical
approval committee. The diabetic animals used were under thedioéfProf. Jai

Paul Singh (License numbéd?IL 50/824)

[1.1.1 Animal house

Male Wistar rats (Charles River, UK) weighing approximat&g0-200grams at

the time of arrival were used throughout the experiment. The animals were kept
in the cage in groups d*-4, in a temperature (22%2elcius) and humidity
(55+2%) controlled environment, witad libitum access to food pellet and tap
water on a 12hour light/dark cycle (lights on 07Z180(). The contrbanimals

were housed with woodhaving bedding and theiatbetic rats were kept in
sawdust bedding in a rectangular wire topped RC2R cages from North Kent
Plastics withoverall dimensions 56 x 38 x 22cm and internal size @575

22cm. All the principles for laboratory animals were followed and all the
procedues were carried out in accordance with the standard University of Central

Lancashire Procedures and Home office guidelines.

The rats rendered to be diabetic (apprately when they were 26860grams)
received single intraperitoneal injection of 150mg{gSTZ (Sigma, St. Lais,

MO, USA) dissolved in 0.09 citrate buffer, pH 4.5. STZ was administered
within 10mins after preparation, in the caudal abdominal cavity using sterile
25gamsneedle by holding the rat in one hand in dorsal position. The injection
site was swabbed using povideioeine solution and the designated amount of
STZ was injected (according to the weight of the aninialixing the following

four days the rats were tested for @ietes using glucometeAnimals whose

blood glucosdevel exceeded 200g/dL after treatment were considered diabetic
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(generally, the blood glucose level above 12mM was considered to indicate
diabetes but most animals had blood sugar levels averaging about 25mM).
Severity of the induced diabetic state wasessed by daily monitoring of blood
glucose levelsAt the time of the experimentthe diabetic rat brains were the

same size as the control and no obvious neuronal dysfunction were observed.

[1.1.2 Biochemical Assays

The chemicals that were purchaseshirSigmaAldrich Co. Ltd. (UK) are NaCl,
KCI, MgCl,, hepes, glucose (used for the preparation of the LO physiological
buffers), sucrose, calcium, glutamic acid, dimethyl sulphoxide (DMSO), HCI,
dynasore, glutamate dehydrogenase type Il, NADBiNasep7. lonomycin,
okadaic acid, blebbistatin, cyclosporin A, phori@myristatel3-acetate were
purchased from Tocris Bioscience (UK). FMQ dye and Fur@AM were
purchased from Invitrogen Ltd. (UK).

A motor driven Potter homogenizer, specifically designed dgmaptosomal
preparation was used for the homogenization procedure of the brain tissue. For
initial centrifugation Beckman centuge with a JA17 rotor was usedlecan

GENios Pro™ microplate reader (Figure U) was used for measuring release in the

di fferent assays used. XFluorE softwar
by the plate readethereby providing basic instrument handling and display of

raw data in an Excel® spread sheGreiner 96 well, flat (black and transparent)

bottom microplates were purchased from Greiner@ie (UK).
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Figure U. The Tecan GENios ProA) The Tecan GENios Pro advanced

multifunctional injector ReadeB) Loading of micotitre plateC) Compact

injector system with higiprecision pump®) Patented injector carrier.

Photos courtesy dfttp://www.labx.com/v2/adsearch/detail3.cfm?adnumb=367614

[1.1.3 Preparation of Synaptosomes

Following injection with STZmale Wistar rats wereised within 412 weeks for

all the experimental procedures unless specified. The rats were humanely killed

by a blow on the head, followed by cervical dislocation. Thereupon, the skull was
carefully cut open and the cerebral cartgas removed and placed icecold

sucrose buffer0.32M sucrose and 0.1M hepes pH 7.4 (maintaineddaelCe | ci u s
on ice). The cortex obtained was homogenised in the sucrose buffer and
centrifuged in Beckman centrifuge at 4,500rpm [relative centrifugal force (RCF)

2030 x g] for Dmi nut es (mi ns) at 4¢ecC. The S
subsequently centrifuged at 14,500rpm (RCEO075x%xg) f or 20mi ns at
the pellet was discarded. After the centrifugatittre supernatant was removed

whilst the pellet was resuspended in LO buffer (125mM NaCl, 58@{ 1mM
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MgCl,, 10mM glucose, 20mM Hepes; pH 7.4). The homogenized sample was
further centrifged at 14500 pm at 4eC for 20mins. This
all the cellular debris and to obtain crude P2 synaptosomes. This P2 synaptosome
pellet was used in all the experiments as the contaminating inactive mitochondria
and myelin did not interfere with any of the assaysd further purification of
synaptosomeot remove these contaminants produce synaptosomes that had a
shorter time of viability than the P2. The resultant pellet obdaisiéomogenized

in 12ml of icecold LO buffer which was gassed with pure oxygen. The
resuspended synaptosomes obtained were depte and continuously gassed
with pure oxygen. These synaptosomes were utilized for various different assays
such as, glutamate assay, FM20 dye assay or FwW2AM assay. The
synaptosomes were used withimr$ following their preparation. In order to kea

direct comparisons between the different assays, the synaptosomes were pre
treated identically for the three assays. Relevant controls were carried out in

every experiment in order to compare results from different experiments.

The assays for glutamateelease, FM2L0 dye elease andFura2AM
measurement of [G§;, were used with synaptosomes in the presence or absence
of ni fi-ajepioxe ;/c okt ox i Rcon@dkin MYIIC,¥KN93,

KN92, dynasore, cyclosporine A, blebbistatin, okadaic acid and active phorbol
ester. Some of these drugs were used in combination (double drug treatment) in
certain experiments. In most of the assahe drug was initially added during a
5min 37°C incubation and was reapplied during the final resuspension step
(following washing steps) just prior to the synaptosomes being transferred to the
wells of a microtitre plate. However, blebbistatin and dgma were not added in

the last step as mentioned above, but were included in an initial washing step.
This procedure was undertaken because preliminary experiments with dynasore
and blebbistatin indicated that the presence of the drugs during the mesgurem
stage of the assays interfered with the actual assays. However, both these drugs
were known to be still active following their initial removal as indicatedhay
results. Eventually, such removal of these drugs could lead to reversibility of their
effects but this takes longer than the time scatbeéxperimentzonductedPart

of the disturbance may be due to the drugs themselves interfering with the

fluorescence signals.
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The synaptosomeswere stimulated to evoke exocytosis using varying
concentréion of C&* and distinct stimuli; includingiK, 4AP, andION. All the

above mentioned assays involve the measurement of fluorescence changes. All
these methods are routinely employed in the laboratory of Dr. A. Ashton (see
Ashton and Ushkaryov, 2005).

[I.1.4 Glutamate Assay

Rat synaptosomes prepared were used in the following procedure for measuring
evoked glutamate release under various conditions. 2 x 1ml aliquots of
synaptosomes were added to microcentrifuge tubes and 2 x 0.25#tK ahd

Cd* (HK5C final) containing buffer (130mM & 25mM CaCJ) were added to
them. The mixture was incubatedRT for 90secondss]. Thereafter, the tubes
were centrifuged in arEppendorfbench top centrifuge at 11,5@on (RCF
11,000 x g) for 48 The supernatantas discarded and the pellets obtained were
resuspended in gassed 2 x 0.22ml LO and pooled (fiolaime 0.5ml as the
pellets hadsome volume) and incubated for 10minsRat Thereafter, desired
drug or solvent i.e. DMSO (for control samples) was addebesynaptosomes
and further incubated for 5mins at 37e¢eC
pellet obtained was resuspended in 1ml of LO. Finally, the pellet obtained was
resuspended in 1.6ml LO with the relevant amount of drug or DMSO. Then
0.121plaliquots of synaptosomes samples were added to 12 wells in a row of a
Greiner 96 well microtitre plate (black with transparent bottom) after adding 20ul
of LO to each well. This was followed by adding 10uL of 20mM NABRRd 9uL

of glutamate dehydrogase (GDH type Il: 4 units per mland so 36muUnits
added) to all the wells. Then the platasincubated for 10mins. In the mean
time, synaptosomes for the next part of the experimeetepreparedFollowing

the 10mins incubation, 40pHK or 5mM 4AP or basal bffer withoutC&* was
added to wells 42 inclusive and wells are thoroughly mixedp#of HK with

5mM Ca* (HK5C) or 4AP with 5mM C&* (4AP5C) or HiM ION with 5mM

C&* (ION5C) are added to wells&Wells 1-9 are then measured immediately in
TecanGENios Prd" microplate reader. The fluorescence was measune@If
cycles. he relevant settings for the microplate reader are specified in appendix
(table VI1.1). Following the measurement of glutamate release from the

synaptosomes(as determined by changes in the fluorescence signal), the
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response to the addition of a standard amou@lofwas measured. 10uL of LO
was added to wells-9 and 10pL of 1mM(10 nmol) freshly prepared stock
glutamate was added to wells-12 and followirg mixing. The change in

fluorescence was measured over 15 cycles.

[1.1.5 FM2-10 Dye Assay

The assay for FM2A0 dye release was carried out under similar conditions as for
the glutamate assay, in order to make a direct comparison between both the
assays. However, if a drug was found to per@ilrelease, then it was not tested

in the FM210 dye assay because one would not be able to interpret results if all

SVswerenotbeing released.

Synaptosomes were prepared (See section 11.1.3 above) and resuspended in 16mL
of LO buffer. Before the treatment for each set of measurements, 2mL of
synaptsomesvere oxygenated &RT for 15mins. This stepvas undertaken to
ensure that the terminals had equilibrated properly at this temperature and this
would enable maximal FM20 dye uptake. After the 15mins incubation 2 x 1mL

of aliquots were spun down in microfuge tubes in Eppendorf bench top
centrifuge & 11,500rpm (RCF 11,000 x g) for €l0The pellets obtained were
resuspended in 2 x 0.5mL of LO buffer and pooled together (final volume was
1.1ml as pellethave some volume). Into this mixture, 2.2uL of 50mM FMB

dye (100uM final concentration) was addend incubated for &0 Then,
0.275mL HK5C was added and stimulated synaptosomes were incubated. for 90
This step is very important, as this stimulus exposes the lumenal membrane
domain of exocytosing SVs to FMID dye, which then binds to these membsane
and when the SVs 1fiaternalized the dye is also internalized. Following this, the
synaptosomes were centrifuged fos4énd the pellet obtained is resuspended in
1mL of LO with 2uL of 100mM FM210 dye and the sample is incubated for
5mins atRT whilst being oxygenated. This is to assure that all the SVs are
labelled with the dye as some vesicles take several minutes to internalize and
removal of the extracellular dye before this time could lead to wash out of dye
from these no#internalized vesicles ands a result not all releasable vesicles
would be labdkd. Subsequently, specific concentration of drug or DMSO (in

case of control samples) was added to the synaptosomes and these were further
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incubated for 5mins at 8C. Following this step, 4L of 250M stock advasef3

(final concentration 1mM) was added to the terminals. Adva@segmoves FM2

10 dye from the PM of theynaptosomessince it has a higher affinity for the dye

than the Rdrophobic phospholipid bilayer(this reduces the background
fluorescenck Such synaptosomes are spun down and the pellet is resuspended in
1ml of LO buffer. This sample is again centrifuged and resuspended in 1mL of LO
buffer. 5 x 0.2mL of these synaptosomes are prepared and 5 x 1mL of LO buffer
is addedto each.This step is done to ensure the maximum amount of dye is
removed from the outside of the membrane. These samples are then centrifuged
and each aliquoted pellet is resuspended in 0.28mDafohtaining the desired

drug or DMSO. These samples are pooled B@uL of aliquots were added to
each of the 8 wells of Greiner 96 well microtitre plate (flat black bottom). The
fluroimeter measurement settings are specified in appendbVIFor each row

of 8 wells (labdled 18), 4 wells were injected with 40uL dadither HK5C or
4AP5C or ION5SC for evoked FM20 dye release measurement, whereas the
other 4 wells were injected with 40uL of LO buffer to produce the values for basal
release of dye. Each well was measured separately for 2mins (461 cycles). As the
individual wells are being measured separately (unlike for the Glu assay), the first
well of the series (wWk1) will be measured about frins prior to the last sample
being measured (well 8). It is essential to take this into account and so each type
of experiment wasrepeated twice within the same experiment, such that in one of

8 wells, the first 4 wells were exposed to stimulus and the last four wells had
basal buffer addedwhilst in the other row, the first 4 wells had basal buffer
added whilst the last feuvells had the stimulus. The data was averaged for all
the 8 wells exposed to the stimulus and for the 8 wells exposed to basal buffer, to
avoid the time dependent difference in the measurements. Each experiment was
repeated at least four times to allove @wo carry out statistical analysis.
Furthermore, the experiments were designed such that the order of the particular
drugs treatment was varied in between these distinct experiments to ensure that
the age of the synaptosomes (since their preparatiomadliglay a role in the

observed action of a particular drug treatment.
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[1.1.6 Fura-2-acetoxymethyl ester Assay

Following the synaptosomes preparation (Refer Section 11.1.3), they were
resuspended in 10mL of LO buffer. 50uL of 50mgr&2AM in DMSO (1mM

stock: 5uM final) was added and the sample was incubated for 30mins at 37°C
with oxygen. After incubation, 3mL of LO buffer was added and 12 x 1mL of
aliquots were transferred to microfugebes. Thesewere spun down in an
Eppendorfbench top centrifuge dtl,500rpm (RCF 11,000 x g) for gd(Each of

the synaptosomal pellets obtained were further washed in 1mL of LO buffer (this
step was undertaken to remove any extracelluar-EA&N) and resuspended in
1.1mL of LO buffer. These samples were then pooledkapd oxygenated on ice

until required.

2 x 0.8mL of aliquots were placed in tlgpendorf tubes and 2 x 0.2mL of
HK5C was added. These samples were incubated ®b&fore they underwent
centrifugation with the corresponding pellets being resupsend2c id.5mL of

LO buffer. The aliquots obtained were pooled together and transferred to test
tubes. These synaptosomes were incubated at rRdnfior 10mins whilst being
oxygenated. Thereafter, the required concentration of the selected drug/ DMSO
was addednd the synaptosomes were further incubated at 37°C for 5Smins. Then
the sample was transferred to the micofuge tube and was spun down. The pellet
was resuspended in 1mL LO buffer prior to recentrifugation. Finally, the sample
was resuspended in 1.6mL of baffer containing the relevant concentration of
the desired drug/DMSO. 0.12mL of this synaptosomal suspension were added to
each of 12 wells of a Greiner 96 well microtitre plate (black flat bottom) for
measuring the FuraAM fluorescence. The settingsrfihe measurement of Fura

2AM fluorescere is detailed in Appendix \.3.

Fluorescence measurements were measured from the top of the plate. Each well
was measured twice. Firstly, the samples were measuretieaexcitation
wavelength of 34Gim andemission wavelength of 53%m for 40 cycles without

any stimulus or basal buffer being injected by the integral injector present within
the plate reader (Refer Figure U). Thereafter, the settings were changed to
measure 160 cycles with a 40uL injectionedther the selected stimulus or LO

(basal buffer). This double measurement procedure was then repeated with the
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next adjacent well excephat the samples were measuradte excitation
wavelength of 39Gim and emission wavelength of 58&. The resultsdr these

two adjacent wells were lined up and the 340/380 ratios (actually 340/390) for the
time courses could be ascertained (e.g. well 1 at 340 and well 2 at 390 were
combined). This procedure was then repeated for wells 3, 4, 5, and 6. In one row,
wells 1-6 had C4' containing stimulus injected whilst wells12 had basal buffer
injected. The wells with LO buffer act as a measofethe basal change in
340/380which can be utilized to determine the specific change iATGaduced

by the stimulus. Tl procedure was continued until all the 12 wells were
measured. Following this, a maximum and minimuni*@aynal was calculated,

by introducing 16uL of 33.75mM Gawith the detergent 4.05% Triton %100

to the synaptosomes with the stimulus (i.e. tHedaaly contained extracellular
C&") to observe maximum signal for €aLikewise, 16pL of LO buffer was
added to the samples with the basal buffer, followed by 24uL of a solution
containing ethylene glycol tetraacetatic acid (EGTA) %{Cehelating agent;
giving a 15mM final concentration) plus 3% Triton200 which was used to
determine the minimal signal for €aAll the wells were then measured together
firstly at 340nm and then at 390m respectively for 40 cycles each. A repeat of
this procedure wasarried out in a subsequent row except welGHad basal LO
buffer injected whilst wells-12 had the relevant stimulus injected. The results of
these two sets of measurements were averaged to take into account any difference

due to the age of the synapbmes in the wells.
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[1.1.7 Statistical Analysis
Independent experiments carried out in set @f ®ere averaged and all the
calculations and statistical analyses were performed Wingsoft Excel and
GraphPad Prism softwar€he level of significance for the data was obtained by
analysing a few points between the two sets of data being compared. The values
were statistically analysed usingn pai r e d t-test Tl erestltd sre
presented as the average and the error dr@ghestandard error of the mean
(SEM) for the data points obtained. The reswith probabilities less than 0.05
were considered to be statistically significtortall the experiments
Many data points were obtained during the FMRdye assay. Thewak, graphs
obtained had the data points too close together and the SEM obtained was fused
together such that the line appears as a nearly continuous thickened curve. For
presentational purposes some SEM are deleted so that distinct points can be
visible.
The legends in the graphs indicate the number of independent experiments and
the number of times each condition is measured.dlitamateassay results are
presented as the percentage of the maxir@lureleased in order to compare the
experiments performed on different days and with different conditibrssto be
noted that, even though the weight of the diabetic animals used during the
experiments were just more than half the weight of the coratsl(presented in
Chapterlll), the weight of the cortex was similar in both the rdiserefore,
direct comparisons could be carried out between the two rat terminals. The yield
of synaptosomes was equivalent for both control and diabetic animals.
The waelengths for the three assays performed are indicated in the table below
(table 3.A). The emission fluorescence obtained is that which is used in-the Y
axis in all the graphs accordingly.

Table II.A: Wavelengths used for experimental study

Assay Excitation Wavelength (nm) | Emission Wavelength (nm)
Glutamate assay 340 465
FM2-10 dye assay 485 555
Fura2AM assay 340 and 390 535
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[l. 2 Results

As stated in the introduction, the level of the evoked change ffi][@as higher

in the diabetic nerve terminals comparison to the control temals (Figure i.C).

It wasspeculatd that this might be because of differences in the properties of the
VGCCs between control and diabetic terminals. Therefore, va@atischannel
blockerswere testedo see whether ddrence in the activity of distinct VGCCs
could account for the differeas in the two terminaland whether such channels
may play a role in the switching of the modes of exocytosis.

[1.2.1 Role of Ptype VGCCs

¥-Agatoxin TK (Aga TK) is a potent-B/pe VCGGs blocke(Wright and Angus,
1996; Serulle et al., 2007at 50nM and synaptosomes were incubated with this
concentration. 50M Aga TK failed to block Glu release in both control and
diabetic synaptosomes, iodting that all the releasable SVs have been

exocytosed (Figure 1).
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Figure 1: No dfect of HK5C evoked Glu release + 5iM Aga TK on @)

Control synaptosomes and)(Diabetic synaptosomes.

Although, this toxin does not block the Glu release wheoked with HK5C,
some of the Rype channels were significantly blocked as when evoked changes
in [C&"]; were measured (using Ft2AM), there was reduced &aentry. This

was the case for both the control (Hig2A) and diabetic synaptosomes ({ig

2B).
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Fiqure 2: 50 nM Aga TK significantly perturb$iK5C evoked [C&]; release

using Fura2AM on (A) Control synaptosomes an8)(Diabetic synaptosomes.

Please note that the above experiments were carried out at different times.
Further, such measurememtsre only performed oncen diabetic terminals so
the actual 2 fervcentrd anddfabetaenédve terminals in tse

figure cannotbe comparel.

Results observed from Riges1 and 2 suggest that blockage ofyPe VGCCs
doesnot reduce the HK5C evoked changes in?[asufficiently enough at the
AZ to reduce the maximum Glu releagesupramaximum C&" concentration is

employed whe using HK5G such that there is more €antry than is needed to
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induce maximum Glu exocytosiso that even a reduction in this (as seen with
treatment with Aga TK) is still sufficient to induce maximum Glu release. This
demonstrates that there is sufficient?Cantry through other G& channel
subtypes for maximum Glu release. At lower {aconcentration researchers
have suggested thattfpe channels play a role in Glu releg®ykes et al.,
2007 Ladera et al., 2009)

To verify this, the nerve terminaigere stimulatedvith HK in the presence of
1.25mM of C&". Under such condition§lu rdease was significantly decreased
in control synaptosomes using BM Aga TK (Figure 3A), thereby proving that
P-type channeldo play a role in Glu release. However, Figure 3B indicates that
50nM Aga TK still does not affect the Glu release in diabetiminals. This data
leads us to make an initial conclusion thatype channels do not appear to

contribute to Glu release in the diabetic terminals.
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Figure 3: 50 nM Aga TK action orHK1.25C evoked Glu releass significant

in(A) Control synaptosomesbut has no effect i(B) Diabetic synaptosomes.

As P-type channel blockade did not affect the total number of SVs exocytosing
upon application of HK5C (as Glu release was not perturbed) in control
synaptosomeghe role ofsuch channels in switching of the mode of exocytosis
was testedising the FM210 dye assay. A prequisite for relating any changes

in FM2-10 dye release to changes in exocytotic mode is thdhealreleasable
SVsmust undergo exocytos{ge. need maxnum amount of Glu release for any

particular stimulus).
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Figure 4 reveals that blockade otype channels with 56M Aga TK does not
play a role in switching of the mode of exocytosis since there was the same

amount of FM210 dye release with or withoutga TK treatment.
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Figure _4: No change in HK5C evoked FMRD dye release incontrol
synaptosomeseated with 50 nM Aga TK
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[1.2.2 Role of L-type channel

Experi ments carried out in Dr. -thmehtonos
VGCCs blocker nifidipine (Nif)(Dolphin, 2006;Yang et al., 2009does not

affect the HK5C evoked Glu release in control (5A) and diabetic (5B) nerve

terminals.
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Figure 5: 1uM Nif fails to perturb the Glu releaseevoked by HK5C in(A)

Control synaptosomes ané)(Diabetic synaptosoméBarba, 201Q)
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Therefore, the role of type VGCCs in Glu release was examined using sub
maximal C&" concentration i.eHK with 1.25mM C&" (HK1.25C) on control

and diabetic synaptosomes. Figure 6A demonstrates that 1uM Nif perturbed
substantial amount of Glu release in comparison tetreated terminals in the
control synaptosomes. Howeverkdi the results with Aga TK, noffect was
obsered with Nif on the diabetic synaptosomes stimulated with HK1.25C
(Figure 6B). Clearly, the contribution of Eahannels to evoked release seems to
be distinctbetweercontrol and diabetic terminals.
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Figure 6: (A) Significant amount of Glu release perturbed when evoked with
HK1.25C in control synaptosomes treated wi{M Nif (Barba, 2010)(B) No
difference observed when similar treatment applieDiabetic synaptosomes.

As the amount of Glu released was not péed using HK5C evoked release, the
FM2-10 dye assay was carried out to study the role-bfpe channels in the

switching of the modes.
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Figure 7: HK5C evoked FM210 releasés increased in the presenceleiM Nif

in (A) Control terminalgut is notchanged in(B) Diabetic terminals.

Remarkably, 1uM Nif exhibits distinct effects on the control and diabetic

synaptosomes. Figure 7A demonstrates that the blockagetyelL VGCCs

causes a switch in the mode from K&R mode of exocytosis to FF in contu@ ne

terminals. However, Figure 7B shows that 1uM Nif does not affect the mode of

exocytosis in the diabetic terminals. This suggests thdaypé& channels in
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diabetic terminals do not play the same role as they play in control terminals. For
control termirals, this result is important, as for the first time it is demonstrated
that C&* going through specific VGCC, in this casetpe VGCG, can play a

role in the regulating the mode of exocytosis. Thereforé; @aing through the
L-type channels would alwv the RRP to undergo K&R mode of exocytosis, and

when this channel is blocked, the mode is switched to FF.

Figure 8 displays the comparison between FN2Xye release withuM Nif and

0.8uM OA (okadaic acid), which is known to switch all RRP from K&R maofdie
exocytosis to FF (Dr. Ashtonds unpubl i :
similar, thereby suggesting that Nif also switches all the RRP from K&R to FF

mode of exocytosis. Please refer later for more experiments involved with OA

O 7 T T T T T T T T T
)‘\ 10 20 30 40 50 60 70 80 90
2 HKSC 0An=13 (3 expts)
< 500 Xp
@ Nifn=16 (3 expts)
L=
c
Q
@ 1000
e
o
=
o
3. -1500
™~
=
(W,
-2000 -
-2500 -
Time (s)

Figure 8: Similar amount of FM210 dye release observed in Control terminals
evoked with HK5Candtreated withD.8uM OA or 1uM Nif

Finally, figure 9 show that 1uM Nif reduces some?Cantry in control
synaptosmestimulated withHK5C. This indicates that, there must bepra
maximum C&" present in the extracellular space, such that &€ury through the
other VGCCs types, is sufficient to permit maximum Glu release (Figure 5A: see
similar arguments above for Aga TK), although blockade-tfde channels does

cause a cdmnge in the mode of fusion.
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Fiqure 9: Application of 1uM Nif significantly decreases HK5C evokf@a’"];

in control terminals
[1.2.3 Role of Ntype VGCCs

After studying P and L-type VGCCs, the role of fype VGCCs were elucidated
by usingN-type channel blocket O M-carotoxin GVIA (GVIA) (Wright and

Angus, 1996pn the control and diabetic nerve terminals.
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Figure 10: 1uM GVIA has no effect ollK5C evoked Glu releasauM GVIA in

(A) Control synaptosomdsut has an effect i(B) Diabetic synaptosomes

When Ntype VGCCs are blocked usingiil GVIA, the stimulated HK5C Glu
release in control nerve terminals is not altered (Figure 10A). Interestingly,
however, UM GVIA inhibits some of the HK5C Glu release in diabetic terminals
(Figure 10B.
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Figure 11: There is a ignificant decreasén HK5C evokedchange in[Ca®"];
upon addition oftpM GVIA in (A) Control synaptosomesnd in(B) Diabetic

synaptosomes.

Figures 11A and 11B indicate that 1uM GVIA does perturb thé &ztry in both
control and diabetic nerve terminals. The result demonstrates that this toxin

blocks N-type VGCCs at least to a certain extent.

10C



Previously, researchers have implicated the role -tyd¢ channels in the Glu
release in control termina{kadeaa et al., 2009andthis wasdemonstrated using
submaximal C&" level i.e. HK1.25C (Figure 12) .
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Figure 12: 1uM GVIA perturbs HK1.25C evolk Glu release in @ntrol

synaptosomes.

When FM210 dye release was studied with control terminals using HK5C no
change in dye release is observed, a result similar to that for Aga TK but different
from Nif. These results lead to the conclusion that thgpge VGCCs do not play

a role in switchng the mode of exocytosis in control nerve terminals.

101



0 ‘/HII(.5c T T T T T T T
10 20 30 40 50 60 70 80 90
) -
X 500 Cont n=40 (5 expts)
[T T =1 M GVIA n=39 (5 expts)
e
8 41
§ -1000 1
o T
S 1
=
S -1500 T
NI B - 4
= |
|59 - T
-2000 B
-2500 -
Time (s)

Figure 13: No change in the FM20 dye release in control terminals evoked
with HK5C following treatment with 1uM GVIA

Clearly, 1pM GVIA does not affect either the Glu release or the -EM2lye
release in control terminals, but it appears to inhibit significant amount of Glu
release in diabetic terminals (Figure 10B). Therefore, this concentration of GVIA

cannot be used to study the FNIQ dye release in diabetic terminals.

However, as the data swggls that Nype channels do play a role in SV
exocytosis in diabetic terminals, further studies were undertaken. Investigations
were carried out to ascertain whether the use ofnsakimal dose of GVIA
might produce a sulmaximal blockade of Nype VGCCs in diabetic terminals

such that Glu release is not perturbed, but that such a reductiofi'ierig may

be sufficient to switch the mode of exocytosis. Thus, the concentration of GVIA
was variedand its effectsvere observedFigures 1418 demonstrat¢he effect

that increasing sulmaximal concentrations of GVIA have upon HK5C evoked

Glu release and FM20 dye release from diabetic terminals.

As demonstrated in Figure 14, 188 GVIA has no effect on the HK5C evoked
Glu release in diabetic terminglBig 14A) and negligible effect on FMBO dye
release (Fig 14B).
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FM2-10 dye releasen diabetic nerve terminals.

When the concentratn of GVIA was increased to 15M, there wa no effect

on Glu release (Figure 15A) although there was a small effect onleMelease

but this was not statistically significant (Figure 15B).
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diabetic nerve termingl

Thenthe concentratiomvas increasetb 200nM. GVIA failedto have an effect

on HK5C evoked Glu release (Figure 16A), but the F\Nd2dye release appears

to be increased (Figuré6B) as compam to the effect produced by 15M
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GVIA. However, the increase in the FM® dye release is still not significant as

compaed to control nerve terminals.
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Figure 16: 200 nM GVIA has no effect 0fA) HK5C evokedGlu releasdut has
a small but nossignificant effect onB) HK5C evokedFM2-10 dye releasen
diabetic nerve terminsl
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With an increase to 300M of GVIA, no effect on Glu release is demonstrated
(Figure 17A), but now a significamicrease in FM2L0 dye releaséor the first

30s out ofthe 12@ measurement cycls observed when compared to the control
nerve terminalsThis is an important result, as a conditioais been established
such that, this sutmaximal dose of GVIA can be involved in switching of the
mode of exocytosis. However, this experiment needs to be carried out more times

in order to show the significantfrence for the entire time course.
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Figure 17: 300 nM GVIA has no effect 0fA) HK5C evokedGlu releasdut has
a significant effect or{B) HK5C evokedFM2-10 dye releasen diabetic nerve

terminak.
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The use of a higher concentration oftyye C&" channel blocker (400M
GVIA) actually induced a small blockade in HK5C evoked Glu release (Figure
18A), but this is less than as seen with 1uM GVIA. Clearly, as this condition
causes less SV to exocytose one would expect a reduction in the amour-of FM
10dye that would be released and this is actually what is found when the effect of
400 nM GVIA on FM2-10 dye release from diabetic terminals is measured
(Figure 18B).
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Figure 18: 400 nM GVIA reduces botl{fA) HK5C evokedGlu releaseand (B)
HK5C evoked=M2-10 dye releasm Diabetic nerve terminal
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From the above results obtained with GVIA, there remains a possibility that the
best submaximal concentration of GVIA to study the role oftjpe C&
channels in regulating the mode obeytosishas not yebeen establisheds this
could be between 200 and 36M (250 nM) or even between 300 and 40D1

(350 nM). Such concentrations of GVIA need to be tested in the future.

After monitoring the role of individual VGCCs, we conclude that in control
terminalsL-type channels play an important role in the switching of the mode of
exocytosis, whilst in the diabetic terminalstyype channels seem to play distinct
role in controlling the fusion of the vesicles and also the mode of exocytosis. The
present resultsupport this argument that Bnd Ntype channels in the control
synaptosomes, and land R type channels in diabetic synaptosomes do not play
a role in regulating the mode of exocytosis.

[1.2.4 Role of R, @ and N-type VGCCs

A toxin that blocks several channels together was tested in the following
experiments.N-, P- and Qtype C& " channel s ar e-cohotoXin bi t ed
MVIIC (MVIIC) (Wright and Angus, 1996).

Figure 19A establishes thauM MVIIC treatment leads to a reductiom HK5C
evoked Glu release from control synaptosomes. However, in diabetic terminals,
MVIIC induced a smaller amount of inhibition of HK5C evoked Glu release

(Figure 19B) than that seen in the control terminals.

This result obtained is n@urprising;as more Ntype channels are active in the
diabetic synaptosomeas comparisorto the control. Also it has been established
that MVIIC binds to Ntype C&" channels with an affinity of 2000 fold lower
than GVIA (Randall and Tsien, 1995) and blockgype Gf* channels at
concentrations 16@000 fold higher than Aga TK with very slow on/off kinetics.

It is believed that, MVIIC is potent at inhibiting-Ype channels (Wright and
Angus, 1996). Thus, this toxin probably only partially blocks the three distinct
channels but as only the-tjpe channels seems to be important for diabetic

terminals, one would expect less blockade in these terminals.
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[1.2.5 CaMKII define mode of exocytosis for RRPs

Research was carried out to el@ine whether CaMKIlI might plag role in
regulating the mode of exocytosis. An increase in the level of JjGduring
stimulationactivatesCaMKIl and this can regulate SV release by several distinct
mechanisms (Pang et al., 2010). This can be tested by using a spelifd| C
inhibitor 10uM KN93. This methoxybenzenesulfonamide compound exerts its
effect by compeang for the CaM binding site of @G&Kll, thereby inhibiting

C a MK | effe@t§Rezazadeh et al., 200@mportantly, the specificity of KN93
can be assessed by using its inactive homolog, KN92, which is known not to
affect CaMKII. To study effect of CaMKIl,hree stimuli; HK5C, ION5C and
4AP5C were employed.

Remarkably, when the Glu release was studied using the above three stimuli, it
was discovered thatOuM KN93 significantly reduced the number of SVs fusing
when HK5C (Figure 20A) and ION5C (Figure 20B)ere applied whereas
interestingly, the Glu release was unaffected with 4AP5C (Figure 20C)
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These effects observed are not due to changes in the evoked increase in the
[C&"];, as10uM KN93 does not change the [€h when stimulated by HK5C
(Figure 21A), ION5C (Figure 21B) and 4AP5C (&g 21C).
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The specificity of KN93 was tested using its inactive homolog, K\@RBeeler et
al., 2008) 2 uM KN92 failed to affect the evoked Glu release induced by these

three distinct stimuli (Figures 22 A, B and C). Note that whilst the experiments
with HK5C and ION5C were done thrice, the result with KN92 and 4AP5C was
determined only once. However, as KN®Self failed to affect 4AP5C evoked

release (Figure 20C)t was believedthat KN92 has no action upon 4AP5C

evoked Glu release.
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The results following CaMKII inhibition demonstrated in Figure 20 can be
explained in terms of the pools of SVs that are beingutited by the various
stimuli. Both HK5C and ION5C cause sufficief€&"]; increaseat the AZ and
areagdistant from this to induce the release of both the RRPs and RPs. Whereas,
4AP5C causes an increase in the’[Gdhat is sufficient to evoke the release of

the RRPsbut it does not induce the R SVs to fuse. This information indicates

that 10uM KN93 inhibits the release of the RPs but not RRPs. This is obvious
when the Glu release evoked by the three stimuli in presence of KN93
compared(Figure 23): all three stimuli release similar amounts of Glu and this

represents the release of the RRPs.
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Figure 23: Comparableamouns of Glu release observed in the presencé®f
MM KN93 when evoked with HK5C (orange line), ION5C (green line) and
4AP5SC (pink line).

The data with KN93 can be explained by the interaction of CaMKIl and
synapsin | (Refer daussion for details). From these results the role of CaMKII in
regulating the mode of exocytosis can only be assessed by studying 4AP5C
evoked release of the RRP (Figure 24) as the number of SVs exocytosing is not
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changedOnecannot use HK5C or ION5C alsetre is a difference in the number
of SVs exocytosing with or withouttOuM KN93. Excitingly, Figure 24
demonstrates that CaMKII inhibition wittOuM KN93 leads to a larger increase
in 4AP5C evoked FMA0 dye release indicating that active CaMKII induces
K& R mode of exocytosis for some RRP of vesicles.
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Figure 24: 10 pM KN93 causes anncreasein FM2-10 dye release in control
terminals stimulated byAP5C

Having established the role of VGCCs for both control and diabetic terminals,
and a role of CaMKII ortontrol terminals (similar studies with KN93 need to be
undertaken on diabetic terminals in the fujurgdhe role of specific

phospheroteins in defining the mode of exocytosis was investigated.
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[1.2.6 Myosin Il is unaltered in diabetic synaptosomes

Unpublished study by Dr. A. Ashton and colleagues reveal that myosin Il may

play a role in switching of the mode of exocytosis with a particular stimtus.

guestionwas addressedaly comparing control and diabetic terminals.

Figure 25A and 25B is a rept of previous experiments. It shows that inhibition

of myosin 1l with its potent inhibitor BlefShu et al., 2005has no effect on the

HK5C evoked Glu releaswhereas it increases the amount of FM® dye
release in control nerve terminals (Figure 25B). This indicates rinaisin I

induces K&R mode of exocytosis on RRP with HK5C evoked release.
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significanty increasse (B) FM2-10 dye releasein control terminals.When
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equivalent experiments were performed on the diabetic terminals in the presence

and absence of 50uM Bleb, it was established that the Glu release was not

perturbed (Figure 26A)Likewise, it also causesmilar increase in the FM20

dye release (Figure 26B). Therefore, it can be concluded that no difference in the

activity of myosin Il is observed in diabetic and control terminals.
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[1.2.7 Inhibition of Protein Phosphatase 2B/Calcineurin increases

the kiss-and-run mode of exocytosis in control synaptosomes

The results seen above in which HK5C evoked FI2dye exocytosis was
increased in the presence Bfeb suggested thaHHK5C induced increase in
[Ca®"]; at the AZ is sufficient to activate myosin (Tokuoka ad Goda, 2006;

Bhat and Thorn, 2009)which would normally close the pore quickly (i.e.
produce apparent K&R exocytosig)his action of myosin Il may override the
action of other proteins that might regulate the mode of exocytosis, e.g. role of
dynamin (see later). Thus, research was unkiemtéo investigate the interaction

of myosin Il with other components of the regulatory machinery including protein
PP2B/ CaN in control nerve terminals. The inhibition of CaN with cyclosporine
A (Cys A), results in a larger increase in stimulus evokedgésin [C&'];, and

so it was speculated as twhether Cys A treatment would lead to a further
activation of myosin l[lwhich would then lead to a even larger increase i2+M

10 dye release when myosin Il was inhdaltby Beb. Indeedperhapsmyosin |l

could be a protein whose phosphorylation state was regulated by CaN. In order to
compare Bleb action vs Bleb plus Cys A actibiwvas necessany repeat earlier
experiments (already c aory),tomahitootheteffectn Dr .
of Cys A an control terminals. Figure 27A demonstrates tipedl Cys A does not
perturb the Glu release when evoked with HK5C. However, inhibition of CaN
decreases the amount of HK5C evoked FMR2 dye release from control
synaptosomes. This is because activated &l&ws the RPsa undergo FF and
inhibition by Cys A results in some of the RPs being converted to a K&R mode

of exocytosis.
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[1.2.8 Dual effect of Mysoin Il and PP2B inhibitor

Figure 2& demonstrates thathe dual treatment of Cys A plus Bleb does not
have any effect on the HK5C evoked Glu release. Howéwemnitial hypothesis
was disprovenvhen the effect of Cys A plus Bleb on HK5C evoked FMRdye
releasewas investigated Rather than observing an increase in FM2dye
release, Cys A appear to prevent Bleb from inducing any increase ifl@Mge
releasesuch that there is much less dgéease in the presence of both drugs than
when there was only Bleb present (Figure 28B).
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releasecompared to nottreated cont but this treatmergduces(B) lessHK5C
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evoked FM210 dye releaseompared to control synaptosomes treated with

UM Bleb alone.

The result obtained in Figure 28B is very significant (explained in details in
discussion) as this could help future researches to understand precisely the

molecular mechanism that occurs in the switching of the mode of diffexént
[1.2.9 Effect of the inhibition of dynamin on Control Terminals

Figure 29A demonstrates that inhibition of dynamins | and Il with 160uM
dynasore (Dyn) has no effect on the HK5C evoked Glu release on the control
synaptosomes. Furthermore, no effect on FM2lye release wadsa observed

in Figure 29B.
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[1.2.10 Dual effect of Dynamin and Myosin Il inhibitor

A novel experiment investigating the dual effect of 50uM Bleb and 160uM Dyn
on the SV exocytosis from synaptosomess carried outAs these drugs dooh
individually affect the Glu releasd, was fully expected that the dual treatment
would not affect HK5C evoked Glu release and, therefore, the number of SVs
exocytosing. Figure 30A demonstrates that this is the case. From all the current
(e.g. Figure 30A) and previous results (e.g. Figure i®as anticipated that
myosin Il was capable of bypassing the role of dynamins, so Bleb should cause
an increase in HK5C evoked FM® dye release even when dynamins are
inhibited by Dyn However, agairthe hypothesis was disproved, as when HK5C
evoked FM210 dye release was compared following treatment with 50uM Bleb
aloneandthe combination of 50uM Bleb and 160uM Dyn (Figure 30B)yas
observed that the action of Bleb was blocked i.e. less dye was released. This
result suggests thaall the RRPs were swahed back to K&R mode under this
dual treatment mode. This result is crucial, as it helps to determine the pathway in
mode switching, although currently this result remains difficult to interpret.
Clearly, more experiments need to be repeated on this ttacetderstand this

fully.
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UM Bleb alone.

[1.2.11 Dynamin inhibition switches the RPs to full fusion in

Diabetic terminals

As differences in the mechanism of VGCCs were obtained in control and diabetic

synaptosomesijt was decided to examine if there were differences in the
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contribution that dynamins play in HK5C evoked SV exocytosis from diabetic
synaptosomes. HK5C evoked Glu release was not affected by the treatment with
160uM Dyn (Figure 31A). However, in comparison to control synaptosomes, it
was detected th&yn significantly increased the amount of HK5C evoked FM2

10 dye release from the diabetic synaptosomes, suggesting that dynamins can

play a role in defining the mode of exocytosis in diabetic nerve terminals.
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Figure 31: 160 uM Dyn has no effect otK5C evoked(A) Glu releaseébut this

significantly increasef) FM2-10 dyerelease in diabetic terminals.
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Clearly, there appears to be a difference in response to HK5C stimulation
between control and diabetic terminals following inhibition of dynanlingas
therefore, investigated whether there was a difference in the effebDlyrof
between control and diabetic terminals whlea SV exocytosisvere stimulated
using 4AP5C

Figure 32A demonstrates that Dyn did not affect the 4AP5C evoked Glu release.
However, nhibition of dynamins led to a larger amount of FU2 dye release
evoked by 4AP5C in control terminals. This suggests that dynamins can induce
SVs to exocytose by a K&R mode whewoked by4AP5C but that this is
switched to FF when dynamins are inhibitgdDyn (Figure 32B).
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Figure 32: 160uM Dyn has no effect on 42T evoked(A) Glu releaséut this

significantly increasef) FM2-10 dyerelease in control terminals.

In contrast, when 4AP5C evoked Glu (Figure 33A) and HAM2dye release
(Figure 33B)was measured in diabetic synaptosomes in the presence of Dyn,
neither the Glu or FMA0 dye was altered compared to the -treated control.

Note that there is a need to do more experiments for release of Glu. These results
highlight differences betweendltontrol and diabetic synaptosomekich may

help us to elucidate the precise mechanisms occurring. In particular, this could
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reveal that the drugs and their target proteins may actually be acting on only one

pool of the two pools of SVs. This onsideed in more detail in the discussion

at the end of this chapter.
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[1.2.12 Role of Protein Phosphatase 2A

From the previougsxperimentsit has beerestablished that the diabetic terminals
undergo mor&K&R mode of exocytosis in comparison to control nerve terminals
(Figure iB). In control synaptosomes, RRPvesicles underg&&R mode of
exocytosis. However, in diabetic terminals as led2H0 is released, it is
believed that some of the RI?vesicles also undergo K&R mode along with the
RRPs. I n Dr. Ashtonds | ab o, PR2A anhibitor i t
okadaic acid (OA) plays a role in gahing the RRPof vesicles from K&Rmode

to FF mode of exocytosis in control terminals (demonstrated by Figure 34) when
FM2-10 dye release is evokedth HK5C.

300

o |a—HK5C

-300 |

-600 A

-900 A

-1200

-1500

-1800

FM2-10 fluorescence (AU)

-2100

22400 Cont n=18 (3 expts)
OANn=19 (3 expts)

-2700

Time (s)

Figure 34: Significant increase iiFM2-10 dye releasérom control terminals
upon stimulation wittHK5C in thepresence 0.8 uM OA

The current study was undertaken to establish conditions whereby all those
vesicles that are undergoing K&R in diabetic terminals can be switched to FF.
Hence, the role of PP2A in the diabetic terminalas studied Figure 35
demonstrates the effeof 0.8uM OA on HK5C evoked release. As Glu release
was not perturbed by OA (Figure 35A), FMP dye assay was subsequently
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measured. The study revealed that OA increases the amount of dye released from
the diabetic terminals significantly. However, caredohlysis of all experiments
previously carried out with control terminals indicatleat, there is less FM20

dye being released from the diabetic terminals and so not all the SVs are being
switched by OA treatment to FF in the diabetic terminals. Tduédcbe explained

by the suggestion thaDA just works on the RRP vesicles and fails to switch
those RPghat are undergoing K&R in diabetic terminals. In control terminals,

only the RRP SVs are undergoing K&R.
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Figure 35: 0.8 uM OA has no effect otHK5C evoked(A) Glu releasebut this
significantly increase¢B) FM2-10 dyerelease in diabetic terminafbut notas

much when compared to Figure 34 for Control Synaptosomes)

When the action of OA in diabetic terminals was measured following 4AP5C
evokedrelease, significant amounts of FMP dye was released indicating that
the OA did cause a switch of some RRPSVs to a FF mode (Figure 36).
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Figure 36: Increase iMAP5C evoked FM2L0 dye releasen diabetic terminals

in thepresence 0d.8uM OA .

[1.2.13 Protein Kinase C switches some SVs to full fusion mode of

exocytosis in diabetic terminals

The role of PKC was studied by treating the synaptosomes with active phorbol
esters (PMA) which activate this kinase (Lou et al., 2008a). 1uM of PMA is

known to cause switching of the RRPs to, Bkat were normally undergoing

K&R, when release is evoked with HK5C (e.g. Figure 37) without affecting the

total number of SVs exocytosings shown by the lack of effect of PMA on

HK5C evoked Glu release.
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Figure 37: Significant increase iIrHK5C evoked FM210 dye releasaipon
application ofl uM PMA in control terminals

Glu release evoked with HK5C in diabetic nerveni@als was not affected by
PMA (Figure 38A). However, the HK5C evoked FMPO dye release was
significantly increased following PMA treatment on diabetic synaptosomes
(Figure 38B), but the amount of release was not as great as that seen in the
control terminals (Figure 37). When PMA was added to diabetic terminals and
4AP5C evoked FMZO0 dye relese was measured, PKC activation led to an
increase in dye release indicating tls@ime RRP SVs have been switched to a FF
mode (Figure 39).

134



120

=
= =] o o
o =] =] =]

Glu release (% of max control)

]
Q

K5C

=—t=—Cont n=14 (4 expts)
== PMA n=7 (2 expts)

100

150 200 250 300
Time (s)

FM2-10 fluorescence (AU)

-3000

-2400

-2700

— (0Nt N=90 (8 expts)

e PIMA N=44 (5 expts)

Time (s)

Figure 38: 1 uM PMA has no effect otHK5C evoked(A) Glu releaseout this

significantly increase¢B) FM2-10 dyerelease in Diabetic termina{put notas

much when compared to Figure 37 for Control Synaptosomes)

135




300

-300 A

-600 A
-900 A
-1200

-1500
-1800
-2100

FM2-10 fluorescence (AU)

-2400

— Cont n=92 (8 expts)

-2700 ~ e PIVIA N=42 (5 expts)

-3000

Time (s)

Figure 39: Increase iMMAP5C evoked FM2.0 dye releasapon application ol
UM PMA in diabetic terminals

[1.2.14 Dual treatment by inhibiting PP2A and activating PKC

switches all the pool of SVs to full fusion in diabetic terminals

It would appear from the results with OA or PMA in diabetic terminalssbate
SVswhich wereunderging K&R exocytosiswere not switchedo FF. Thus,he
dual effectof 0.8 uM OA+ 1 uM PMA was investigated to observe whether this
treatmentmight produce maximal FM20 dye releasand therefore complete
switching of SVs td-F.

Thedouble treatment had no effect on the amount of HK5C evoked Glu release in
diabetic terminals (Figure 40A). Howevesuch dual treatment induced a
significantly larger amount of dye to be released from the nerve termipais

the application of HK5C (Figre 40B) on diabetic terminals. This FMBP dye
release is larger in comparison to treatment with PMA (Figure 41) or OA alone
(Figure 42).
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Figure 42: Significant difference observed between HK5C evoked AN2lye
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The 0.&tM OA +1uM PMA dual treatment also increased the amount of 4AP5C
evoked FM210 dye release from diabetic terminals, (Figure 43) but this did not
produce a bigger difference than treatment with the individual drugs alone i.e
PMA alone (Figure 44) or OA alone (Figub).
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Figure 43: 0.8 uM OA + 1 uM increase 4AP5C evoked FMA0 dye release *

in diabetic terminals
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Figure 44: No significant difference observed between 4AP5C evoked-E®2
dye release in diabetic terminals treated withM PMA aloneandwith 0.8 uM
OA +1uM PMA.
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[1.3 Discussion

It was already established in Dr. As ht c

exhibited a larger stimulus induced increase[@&]; levels and a higher
proportion of K&R mode of exocytosis as compared to the control terminals
(Figure iB and iC). However, th€lu release remained unchanged (Figure iA).
The main aim of this study was to establish any biochemical changes that occur in
the diabetic terminals that could accodar the changes outlined abovehe
appoach employed was to establistie for various VGCCsC&"* dependent
kinases and protein phosphatases in regulating the mode of exocytosis and to
decipher differences between control and diabetic termimdiich could shed

light on this process.

11.3.1 Role of VGCCs

The main cause for the difference in the behaviour of diabetic terminals and
control terminals was speculated to be due to the leviglat]; obtained during
stimulation and, therefore rotd various VGCCs was examined. The blockade of
P-type VGCC with 50m Aga TK(Wright and Angus, 199erulle et al., 2007)

did not block theGlu release from HK5C evoked diabetic and control
synaptosomes (Figure 1A and B). Additionallyo change in the med of
exocytosis was observed in both the terminals (Figure 4). However, it perturbed
change in the [C4]; from HK5C evoked control and diabetic terminals (Figure
2A and B) and also reduced the HK1.25C evok#d release in the control
synaptosomegFigure 3A), suggesting that thetype channels can play a role in
the evoked release of Glu in control terminals under certain conditions. However,
even under these conditions (e.g. see Figure 3BInb@ga TK failed to perturb

Glu release from diabetterminals, ando P-type channels probably do not play

a role in mode switching in diabetic terminals.

The role of L.type channels was investigated using the blockeMINif (Yang

et al., 2009) This VGCC blocker does not affect tHK5C evokedGlu release in
control and diabetic terminals (Figures 5A and 5B). Winarked with HK1.25C,

1 uM Nif treatment blocked>lu release in the control terminals but exhibited no
effect on the diabetic terminal$his result may suggest thattype channels do

not play a role in mode switching in diabetic terminals. Furthermore, when FM2
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10 dye study was observed in the control terminals, blockbdetype VGCCs
induced a switch in the mode of exocytosis tqg fHgure 7A) whilst Nif had no
effect upon diabetic terinals. Therefore, itype channaappear to play a role in
defining the mode of exocytosis in the control terminals. Under the appropriate
conditions, C& going through the itype channels would enable the R&FSVs

to undergo K&R mode of exocytosis, b fails to flow through this channel
due to its blockade by Nif, the mode is switched to FF. This is further confirmed
when the FM210 curve is compared with OA treated control synaptosomes
(Figure 8). However, no such switch was observed in the titaterminals
(Figure 7B).

It can thus be concluded that-type channels can play a role in defining the
mode of exocytosis in control terminals. This result is similar to the results
obtained by Xia et al., (2009) when studying the exocytosis of DCWaieMer,

no previous studies hawkscovered a role for such channels in defining the mode
of exocytosis in nerve terminals. Previously, some models of synaptic
transmission have revealed a role fetype VGCCs in NT release under certain
conditions(NachmanClewner et al., 1999gand such channels have been shown
to be important folL.TM formation(Fourcaudot et al., 2009 contrast,jt was
found that in diabetic terminalk-type channels do not perform the same roles as
in control terminals. This may be due to fact tltdiabetic terminals either the
L-type channel are less active, or that other channels are more active such that the

role of L-type channels is replaced.

The treatment of the terminals with thety{pe VGCC blocker, JuM GVIA
(Verma et al., 2009yevealed some interesting results. Although, the HK5C
evoked Glu release from the control terminals were unaffected (Figure 10A), the
release was perturbed in thiabetic terminals (Figure 10B). This result indicates
that N-type VGCC play a major role itslu release in diabetic synaptosomes
relative to their contribution to release in control terminals. Further investigation
in control terminalsndicatedthat bbckade of Ntype channels played no role in

regulating the mode of exocytosis (Figure 13).

There are several explanations for the fact that thgpH blocker reduced the

Glu release in diabetic terminals. In such tissues, thgpd channels are either
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overactive, or the number of these channels are increased through the insertion of
additional Ntype channels in the presynaptic membrane or such channels remain
open for a longer period of time. Any of these explanations would meanhihat

roles of otherchannels are reduced such that most of thé &atry into these
terminals will be through Mype channels. There are various phosphorylation
cascades that could contribute to this effeot activation of PKC is an attractive
candidate mechanisnas PKC can enhance-lype channel activity directly and
antagonize signhhg cascades that inhibit-type channel openinAhmed and
Siegelbaum, 2009)An additional explanation is thabne might be able to
enhancecoupling between G influx through theN-type channels and the
release machinery. In many CNS terminals’*@aflux through Ntype channels

is less efficiently coupled to release compared t6" @dlux through P/Gtype
channel§Ahmed and Siegelbaum, 200®erhaps it could be possible thad N

type channels are important in the diabetic terminals, these channels increase the
total [C&"]; load. Interestingly, it has been found in other conditions that one can
get upregulation of CG& channels e.g. upregulation of-type channel in the
spind cord is related to inflammation in the hind paw induced after chronic
constrictive nerve injury. This condition leads to symptoms of allodynia and
hyperalgesia(Verma et al.,, 2009)and intriguingly these have often been
observed in uncontrolled diabetats.

Conditions were established in the diabetic terminals such that Glu release was
not perturbedeventhough some but not all-lpe channels were blocked. This
concentration could then be used to study the ABIZ2lye release. 30tm GVIA

did notaffect HK5C evoked Glu release but this toxin did induce an increase in
FM2-10 dye release. This release was greater at all time points relative to the
control but statistically the difference was only significant in the early stages of
the time course (Bure 17). This experiment needs to be repeated several more
times to establish that there is a significant difference for the whole time course of
release. Further study need to measure thenBO@VIA induced reduction in
HK5C evoked changes in [€&. Likewise, it needs to be established whether
250 or 350hM GVIA may be a better concentration of toxin to use thanr300



1uM MVIIC (which blocks multiple VGCQOs significantly reduced HK5C
evoked Glu release in both control and diabetic terminals (Fig@yebut the
extent of blockade in diabetic terminals was significantly less than in control
terminals. This result is not surprising 8VIIC is known to block N, P-, and
Q-type VGCCs(Wright and Angus, 1996nd control terminals seem to rely on
severalchannel subtypes for releasghilst N-type channels seem to play the
major role in diabetic terminals. As MVIIC has-100 times lower affinity for
N-type channels than GVIARandall and Tsien, 1995)ot all the Ntype
channels in the diabetic terminaksll be blocked, no other channels play that
much of a role and so more Glu release will be observed than seen in the control

terminals.

Overall, all these experiments indicate thattype channels play a role in
establishing the mode of exocytosis in the control terminalsist N-type
channels play a crucial role in the diabetic terminals. However, the precise
concentration of GVIA tdbe usal to study this phenomenon still needs to be

established.

[1.3.2 Role of Calcium/Calmodulin dependent Kinase Il

Previous data indicated that both®Cand protein phosphorylation regulate the
switch between the two modes of exocytosis. Treatment MoV KN93 (that
specifically blocks the action of CaMHKI{Wheeler et al., 2008yas undertaken

to elucidate the role of CaMKII. When three different stimuli were used to study
evoked Glu release, it was established that HK5C and ION5C evoked release
were perturbed in the presence of KN@ilst 4AP5C evoked release was not
affectedin the control terminals. This result can be explained from knothiag
4AP5C induces smaller changes in the amour@af influx, which is sufficient
enough to release the RRP but not the RP. Fhosrdata,it can be inferred that
inhibition of CaMKII blocks the release of the RP ofSbut not the RRP (Figure

23). The data withLOuM KN-93 can be explained by the fact tithe RP of SVs

is associated with the cytoskelet@nd in order for these vesicles to exocytose
they need to be dissociated from the cytoskeleton. The SVs are linked to each
other by the phosphproteinsynapsin 1that binds the fibrous proteins actin and

spectrin and is linked to the cytosolic surfatalb SV membranes. Additionally,
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synapsin filaments radiate from the PM and attach to veasdeciated synapsin.
These interactions may allow the SVs to face in the right direction, i.e. towards
the PM. Synapsins are preferentially located near theaRBse ultrastructural
level i.e near the vicinity of the A@Fdez and Hilfiker, 2006)After the arrival of

AP, the C&" entry results in the activation of CaMKII, which then phosphoeglat
synapsin 1 (Shupliakov, 2009). Upon phosphorylation, synapsnses laffinity

for both the SV membrane and the actin microfilamég@isgolani and Goda,
2008) This mechanism enables the SVs to detach from the cytoskeleton and such
vesicles are then available to contribute to NT release (Fdez and Hilfiker, 2006).
The esults obtained suggest thdie RPs are attached to the cytoskeleton and
that the inhibition of CaMKII by KN93 results in the synapsin 1 remaining in its
dephosphorylated forpsuch that the RPs cannot detach from the cytoskeleton
and are therefore unaNable for exocytosis as is demonstrated by the decrease in
the Glu release (Figure 20A and B). This result also emphasizes the fact that
HK5C and ION5C evoke releasé not only the RRP but also the RPvesicles.
Likewise, this also provides further evidencetlod claim that 4AP5C only acts

on the RRP and does not act on the RP of vesicles.

Importantly, the role of @MKII in regulating the mode of exocytosould be
studiedby evoking FM210 dye releaswith 4AP5C. In control terminals, it was
found that blockade of CaMKIl resulted in the switching of the mode of
exocytosis, from K&R to FF (Figure 24). Thus, phosphorylation of certain
proteins by CaMKII results in the RRP undergoing exocytosis by a K&Bem
whilst failure to phosphorylate such proteins leads to the vesicles exocytosing by
the FF mode. Similar studies needs to be carried out in the future on diabetic

nerve terminals.

[1.3.3 Role of Myosin I

The inhibition of myosin Il by Bleb was respghle for tie switch in mode of
exocytosiswhen evokedby HK5C from K&R to FFin control terminalsandin

the diabetic terminajsndicating that the function of myosin Il was unaltered in
such synaptosomes. Previous results in chromaffin cells in whiebhcdamine
vesicle fusion was studied demonstrated a similar role of myosin Il in regulating

the mode of fusion (Aoki et a001). However, it is difficult to directly compare
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control synaptosome@-igure 25B) and diabetic synaptosomes (Kig26B) as

these were done several months apart. To directly compare the exact amounts of
FM2-10 dye being released between control and diabetic one actually needs to do
these at the same time (i.e. in the same experiment). Whilst one can observe that a
drughas an effect upon FM20 dye release from either type of synaptosome, the
actual absolute amounts sometimes vary and this makes it difficult to assign the
change in release to a particular pool of SVs. This argument is put forward
becausedt was speculagd that the effect of Bleb on diabetic synaptosomes is
probably due to the switch of RR® SVs to FF but that there is no switch of
those RPof SVs that areundergoing K&R. This is becausdt has been
hypothesizd that myosin Il acts when activated by thigh amount of CAat the

AZ following application of HK5C. However, such levels of “Cavill not be

seen by the RPf vesicles as they are exposed to the bulk*Cavhich is
probably not sufficient enough to activate myosin Il. Thuis believed that the

Bleb treatment in the diabetic terminals induces the RRP to switch, touFBs
myosin Il is not activated by the level of Cahat activates the RP, those BP

SVs that are K&R will not be switched to FF. This is not so obviousné

compars Figs 25B and 26B.

[1.3.4 Role of Calcineurin

1uM Cys A inhibits CaN Ca*-dependent protein phosphata&atiuk et al.,
1995 Igarashi and Watanabe, 200¥Yhen control terminals were treated with
Cys A, there was no effect dtK5C evokedGlu release but, intriguingly, there
was a decrease HK5C evokedFM2-10 dye release. Furthermore, inhibition of
CaN with Cys A results in a larger increase inq{Gdollowing application of a
stimulus, a result seen previougBerson and Raman, 201This treatment was
repeatecherein, just to compare with the dual treatment involving the inhibition
of myosin Il and CaN. Such treatment failed to perturb HK5C ev@{adelease
but unexpectedly, decreased tHK5C evokedFM2-10 dye release compared
with Bleb treatment alone. This dispravehe initial hypothesis that,the
combination of these two drugs may result in a larger increase inloMe
releasedue to a CaN mediated increase in{Gaipon stimulation This could
possibly activate myosin Il further (thus, get greater K&R) but this would be

switched to a greater amount of FF due to the fact that Bleb inhibited mii;osin
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One possible explanation could be that the RPof vesicles are switched to
K&R mode of exocytosis with the dual treatment (usually the Cys A only causes
a switch of some of the Réf SVs to this mode)whilst Bleb induces the RR&f
vesicles to undergo FF. Thus, the two drugs give opposing effects and so
compared to Bleb alone tleewill not be as much FM20 dye released following

the dual treatment. This might appear to suggest @y A has counteracted

Bl eb 0s dhelypothesis &bave suggests that the two drugs are acting on
different pools of SVs. However, the fact thleb treatment may increase the
effect of Cys A on the RPf vesicles will need to be further investigated in
future. These results and explanation atyuadld to theknowledgegained in Dr.
Ashtonds | aboratory about t logs. Ipmw | s of
seems apparent thays A may only work on the RBf SVs (remember with
HK5C all the RRPof SVs are already releasing via a K&R mode). Indeed, in
preliminary experiments DAshton has found that Cys A fails to have an effect
on the mode of»dcytosis evoked by 4AP5C and this fits in with the fact,that
4AP5C only evokes exocytosis of the RRP &y A does not affect the RRP
Thus, it would appear that dephosphorylation of protein substrates for CaN is
required for the RP to undergo the FFduoof exocytosisand prevention of
dephosphorylation by blockade of CaN will lead to the &FSVs undergoing

K&R exocytosis. This argument is supported by the study carriedirout
Drosophilawhich demonstrated thataN was required for endocytosis to the RP
but not for the RRRKumashiro et al., 2005 Clearly, this effect may involve
inhibiting the role of dynamin in clathrdependentendocytosis, whichis
associated with FF as dephosphorylation of dynamin isirestjdior this latter

process to occur.

An obvious future study is to carry out an equivalent experiment to FRfige

where dual treatment of Bleb a@@&Nare applied on diabetic terminals.
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[1.3.5 Role of Dynamins

In order to directly study the role diynamin an inhibitor of its GTPase activity
160uM Dyn was employedChung et al., 2010)n the control terminals, Dyn did

not affect the amount of Glu or FMID dye release when evoked with HK5C
(Figures 29A and B). This result with Glu release alsofioms another result

that has been established in Bre Ashtord Eboratory. It has been shown that all
three stimuli (HK5C, ION5C and 4AP5C) actually only evoke one round of SV
fusions (of either the RRP and the RP or just the RRP) (Ashton, unpublished
observation) This is confirmed herein because if there were several rounds of
release, those SVs which exocytosed by FF and recycled by the dynamin
requiring clathrindependent endocytotic pathway would be inhibited by, Byd

so one shoul@bservea raduction in the amount of Glu released compared to the
controt and this is not seen.ikewise, recycling by a dynamitependent
clathrinrindependent mode (possibly K&R, see below) should be perturbed and
so less release should occur if there was recyelntrereleasing of SVs during

the time of application of these stimuli.

In the diabetic terminals, HK5C evoked release of Glu was not perturbed by Dyn
treatment, but it was found that these synaptosomes discharged significantly
greater amount of FM20 dye than control terminals (Figures 31A and B). This
interesting result suggests thdynamins do play a role in defining the mode of
exocytosis of some of the SVs in the diabetic terminals. Active dynamin causes a
greater amount of the K&R mode of fusidrhowever, both the 4AP5C evoked
release of Glu and FM20 dye were not changed followiilyn treatment orthe
diabetic synaptosomes. As 4AP5C only releasefRRi@, this result suggests that
Dyn allows the RPs to undergo FF mode of exocytosis and not the RRPs (as no
extra release observed with 4AP5C). It can thus be concludeddfmamins

work on the RPs in defining the mode of exocytosis in diabetic terminals and
there is no effect on the RR# vesicles. It should be noted that just as with
experiments with Bleb the absolute amount of FMR2dye released frorbyn
treated terminals cannot be directly compared between the control (Figure 29B)
and diabetic synaptosomes (Figure 31B), as both tBrgeriments were not

performed at the same time.
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The result obtained also suggests that even though dynamins are required for
replenishment of RRPs in the control synaptosothest al., 2009)it works on

defining the mode of exocytosis on the RPhmdiabetic terminals.

The last couple of arguments might suggest that Dyn would act on the RPs and
switch them to FFwhilst Bleb acts on the RRPs to switch them to FF. However,
the result for control synaptosomes for 4AP5C evoked Glu and-EMaye
release followingDyn treatmentalsoneeds to be considereéd/hilst inhibition of
dynamins has no effect on 4AP5C evoked Glu release, there is moré(Fii2
release. Thus, with 4AP5C evoked release it would appear that Dyn is inducing
the RRPof SVs to swith to a FF mode of exocytosis. This result differs fthm
findings in control synaptosomes with HK5C evoked release treated. A possible
explanation for the difference obtained could be,thi€5C induces a larger
change in the Galevel at the AZ than 4AP5C, and the former condition can
activate myosin Il whereas 4AP5C does flatkuoka and Goda, 200Bhat and
Thorn, 2009) Thus, the activated myosin Il can close the pore independently of
any action of dynamin and so dynamin act@an be blocked by Dyn but myosin

Il if active can still close the pore. However, as myosin Il is not activated upon
the application of the 4AP5C stimulbst dynamins arghese latter proteins will

play a role in closing the pore and when blockedDyn, a switch toFF is
observed as demonstrated by the increase in FM2dye release. Such an
explanation is borne out by the results with the diabetic terminals. Upon
application of the HK5C stimulus, some RPSVsareundergoing K&R release

(as explainegreviously this may be due to the larger changes iA"JG#btained
following HK5C application) However,as these RPBf SVsis notexposed to
levels of C&" that could activate myosin Ithe mode of these vesicles can be
regulated by dynamins (unlikehé RRP of SVs). However, with 4AP5C
stimulation the increasia [C&]; level at the AZ in diabetic terminals may now

be sufficient to activate myosin Il and so Bleb can regulate the mode of

exocytosis and this will bypass any role of dynamins.



[1.3.6 Dual effect of Dynamin and Myosin Il inhibitor

HK5C evoked Glu release in control synaptosomes, was not changed following
the dual treatment with 50uM Bleb and 160uM Dyn. Fromtladl experiments

and discussiomabove,it wasexpected that such a joint tteeent would cause all

SVs to switch to FF. However, compietdisprovingthe hypothesis, this dual
treatment significantly reduced the amount of FMRdye release. This finding
remains unexplained, as it was believed that myosin 1l bypasses the role of
dynamins and therefore, by inhibiting both of these proteins could result in more
of the FF mode of exocytosis. Perhaps, the inhibition of both of these proteins
causes activation of another protein or these two proteins actually regulate each
other in someway, possibly at some particular stage in the vesicle pathway.
Future experiments utilizing this dual treatment on diabetic terminals may help

reveal the complex interactions that might be occurring.
[1.3.7 Role of Protein Phosphatase 2Aand Protein Kinase C

Phosphatases play a crucial rolea number of signal transduction pathways
neurons(Rusnak and Mertz, 2000Dr Ashton had already established that
inhibition of PP2A with 0.8uM OA results in switching of the mode of exocytosis
from K&R to FF mode of exocytosis in the control terminals (Figure 24).
there is more K&Rexocytosis observed in the diabetic terminals this must be
because some RPs along with all the RRPs release via this mode. 0.8uM OA did
switch the mode of exocytosis td-Fn such diabetic terminals (Figure 36ut

this switch did not produce maximal FF as in control terminals. As a complete
switch to FF of the RRBf SVs was apparent with 4AP5C in @feated diabetic
terminals (Figure 36)such results suggest thahe RP of SVs that were
undergoing K&R in the diabetic terminals could not be switched by inhibiting
PP2A.Theseresults suggest thad?P2A exclusively acts on the RRPs of SVs, and

the RPs in the diabetic terminals that undergo K&R is unaffected.

1uM of PMA causes a switch in the mode of exocytosis in the control terminals
(Figure 37) and so this was studied in diabetic termirals.known thatPMA
activates the PKC and Munc 13 pathway, but it has been shown by Dr Ashton

(unpublished observationhat PMA switches the mode of exocytosis in control
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synaptosomes via the PKC pathwagy its action can be blocked by an inhibitor

of PKC. Interestingly, similar results to those following OA treatment were
observed in the daibetic terminals (FiguB) 3his could also suggest th&KC

also acts exclusively on the RRPs (as shown with 4AP5C stimulation, Figure 39)

and not on the RPs in the diabetic terminals.

However, when diabetic nerve terminals were exposed to OA and PMA together,
all the pools of SVs ere switched to a FF mode of exocytosis (Figure 40). This
was further confirmed by comparing the combined treatment with the individual
treatment. It was thus established tHRAMA+OA induced more FMA0 dye
release than PMA alone (Figure 41) or OA alone (Figure 42). Thus, whilst each
of these treatments seem to work exclusively on the RRP, the joint treatment also
allows the switch of the RP. Clearly, there appears to be seirseaztivity that

is acted upon under the dual treatment. This could involve a larger increase in the
phosphorylated state of some PKC substrates due to the inhibiton of PP2A.
Clearly, further studies need to be carried out in order to elucidate the m&tha

by which such a joint treatment acts. However, this could be very useful in

determining an important PKC substrate that regulates the modes of exocytosis.
[1.3.8 Summary of Results obtained

The summary of the results obtained are depicted in therdsigand Tables
belowThe proposed difference in the Control and Diabe&cveterminals are

summarized imablell.1 and Figure Il.2below:

Table Il.1: Propmsed difference in Control anddbetic terminals using HK5C.

Control Terminals

RRP RP
K&R "H X
FF X "H
Increase in [C4]i || “H"H "H
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CONTROL SYNAPTOSOME

Resting condition HESC stim (RRP release) HKSC stim (RP release)

B DIABETIC SYNAPTOSOME
Resting condition HESC stim (REP release) HESC stum (RP release)

--“

. Ready Releasable pool + Glutamate
Reserve pool vesicle .
vesicle
! ) Kiss and Run ( ) Full Fusion

Figure II.2: Proposed difference in Control and Diabetic termin@3:The Left

A

panel depicts a typical Resting nerve terminal (when no stimulus is applied) with
black vesicles representing the RRP and the green ones signifying the RPs. Note
that just one RRP of SV and two RP vesicles have been illustrated as this reflects
that usually the RP is larger than the RRP but this does not indicate the actual
number of SVs in the RRP and the RP. The middle panel represents a typical
increase in the [G&; upon application of stimuli (HK5C in this case). The
orange colour represertise level of C& and the level drops as you go further
away from the AZ of the terminal (the intensity of the orange colour decreases).
First the RRP are released by K&R mode of exocytosis as soon as the stimulus is
employed. Thereafter, the RPs are askd by FF seconds after the arrival of
stimulus (represented by the Right panéB) In the diabetic terminal upon the
arrival of stimulus (represented by the middle panel), thé'JQavel is increased

to a higher level than in the control terminak(Rcolour). Herein, the RRPs are
released similar to that of the control terminal. However, subsequently some RPs
are released by K&R mode of exocytosis (due to the higher level &f]{)Cand

the rest of the RPs are released by FF mode of exocytosis.
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Upon application of various drugs to such terminals to elucidate the role of the

VGCCs, the protein kinases and phosphatases are summarized in Table 11.3.

Table 11.3: Role of VGCCs, protein kinases and protein phosphotases in defining
the mode of exocytosis in Control and Diabetic terminals.

Role in
defining of
Control Terminals

the mode of
exocytosis
P-type X X Not
VGCCs Tested
L-type H X Not
VGCCs Tested
N-type X X || Not
VGCCs Tested
CaMKllI Cannot|| Cannot “H

be be

tested ||tested
o ; X X --.
Calcineurin X “H Not

tested

Dual effect of X “H Not
blocking




Myosin Il and tested
Calcineurin

Dynamins X X “H
Protein “H || Possibly|| Not
Phosphatase tested
2A

Protein kinase “H X Not
C tested
Dual effect of Not Not Not
blocking tested || tested || tested
Protein

Kinase C and
Protein

Phosphastass
2A

"H Plays a Role in Defining the mode of exocytosis

x Does not play a Role in Defining theode of exocytosis
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An example of such drug action is illustratedtire change in the mode of

exocytosis upon application of Dyn in Figure 1.2 below:

A CONTROL SYNAPTOSOME
Resting condition HKSC + DYN (RRP release) HESC + DY N (RP release)
K )
B DIABETIC SYNAPTOSOME
Resting condition HESC + DYN (RRP release) HESC + DYN (RP release)

. Ready Releasable pool « Glutamate
Reserve pool vesicle .
vesicle
! ’ Kiss and Run ( ] Full Fusion

Figure 11.4 : Difference inthe mode of release evoked by HK5CGQontrol and

Diabeticterminalsfollowing application of Dyn(A) There is no difference in the
control terminal upon application of Dyn. The panel is replica of the panel A in
Figure 1.1, and this indicates that dynamins do not play a role in the mode
switching (with HK5C) n the Control terminals(B) In the diabetic terminal
however, upon application of HK5C in presence of Dyn, the RRPs are still
undergoing the K&R mode of exocytosis (represented by the middle panel) but
those RPs undergoing K&R mode of exocytosis arecbwit to FF. This signifies

that Dynamins play a role in defining the mode of exocytosis of RPs in Diabetic

terminals.
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[I.4 Conclusions and Future Studies

It can be concluded thdt-type channels play a role in the switching of the mode
of exocytosis in control terminals. However;ty$oe channels play a significant
role in the diabetic terminals and more experiments with the optimahaxbnal

concent r-@notoanGVia hed o be performed.

Activated CaMKIl can induce a K&R mode of exocytosis of RRPs in control
synaptosomesas the mode is switched to FF following KN93 induced inhibition
of this enzyme. Additionally, these experiments confirmed , tFBAP5C
exclusively releases the RRPs whilst HK&@ ION5C release both RRP and RP
of SVs. A role for CaMKIIl in mode switching in diabetic terminals needs to be

established.

There was apparently not much difference in the role of myosin Il in regulating
the mode of exocytosis in control and diabetic synaptosomes when HK5C was
employed but 4AP5C acdvated myosin I, and thereby Ipases an effect of
dynamin, in diabetic terminals. The dual blockade of myosin Il and CaN led to
the idea thatCaN only regultes the fusion mode of the R#® SVsin control
terminals Thus, by using diabetic terminals and comparing these to control
terminals,it was established thaactive PP2A regulates the modeexfocytosis

of the RRPof SVs whilstactive PP2B (CaNjegulatethe mode of exocytosis of

the RB. The inhibition of both dynamins and myosin Il resulted in many SVs
undergoing a K&R mode of fusion via an unexplained mechanism. An
explanation may be revealed in the future by repeating this study on diabetic

synaptosores.

Finally, the dual treatment of OA and PMA led to a switch of all SVs to a FF
mode by a mechanism that is not fully understood. More research nebds to

carried out to understand the underlying mechanism of the changes observed.
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lll. Monitoring Behavioural Changes in Diabetic Rats
using LABORAS

As demonstrated in Chapter Il, the diabetic rat terminals exhibit different
biochemical changes when compared to control nerve terminals. Consequently,
was suspeatd that these changes affect the symaptasticity in the longerm

and may result in some behavioural changes. Thus, some initial observations
involving studying various aspects of behaviouas carried outA newly
developed behaviour registration system, Laboratory Animal Behaviour
Observéion, Registration and Analysis System (LABORAS) for the automatic
registration of different behavioural elements of individually housed mice and

rats was validated.

[11.1.1 Laboratory Animal Behaviour Observation, Registration

and Analysis System

LABORAS is a powerful system that fully automates the behavioural scoring of
small laboratory rodents, like rats and mice. LABORAS not only provides
tracking related datdut also provides you with data on a large number of real
behaviours, unlike many le¢r systems, such as phdieam trackers and video
tracking. It is a sophisticated and extensive technique rather than the conventional
use of video systems or 6infrared bea
measures vibrations. It thereby does not have thblgms of reflections, poor
resolution or large data files. LABORAS iisdependent of light conditions i.e

it can measure in dark and under all light conditionsautbomates the behaviour
scoring of up to eight solitary housed animals at the same Tin&.homecage
system can monitor behaviour of rats for over a 24hrs activity period for up to 7
days. Van de Weerd et al., (2001) comedrthe conventional observation
methods with LABORAS and showed that LABORAS is a reliable system for the
automated mgistration of eating, drinking, grooming, climbing, resting and
locomotor activity(LMA) of rodents during a prolonged period of time. Thus,
this system can reduce observation labour and time consid€x&lyde Weerd

et al.,, 2001)and can beeliable andfree of inter and intraobserver bias or

anticipated scoring, thereby providing a standard behavioural measurement

157



worldwide LABORAS enables the researcher to carry out more and increasingly
effective experiments in less time using fewer animals arsddgsipment. It is

this unique functionality, which enables LABORAS to perform behavioural
research faster, more consistgr@ind more efficiedy than human observations

or other automated systems can achieve.

Figure V: The LABORAS behaviour registration systerS8ensor platform

1.Corian baseplate 2. Carbon Fibre measurement plaedr polycarbonate
cage4. Construction that holds upper part of the cage 5. LABORAS Control Unit

(http://www.metris.nl/en/products/laboras/laboras_informatiory

LABORAS is based on vibration and force signal analysis to determine both the
behaviour and the position of the animEhis system (Figure V) is made up of a
triangular shaped sensor platform consisting of a heavy "Corian" baseplate where
the force transducers are accumulated, a very lightweight and firm Carbon Fibre
measurement platgarbon Fibre Plate 700 x 700 x108B0mm, Metris b.v.)
which is positioned on the top of the transdud&fan de Weerd et al., 20Q1)
These are positioned on two orthogonally placed sensors (SPS Load cell, 1 kg,
AE-sensors BV, Dordrecht, The Netherl and
a bottom plate (690 x 690 x 976 x 13mm, Aeroweb Honeycomb material,-CIBA
Geigy, Switzerland). The whole structure is positioned on three poles, which have
rubber feet to adjust heighhd to absorb external vibratiof@uinn et al., 2005)

The rats are mitionedin clear polycarbonate cages (floor area 840)dmeight
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25cm/height to food hopper 15cm, cage: UNO Roestvaststaal, Zevenaar, The
Netherlands, Hopper and Bottle: Lab Products Inc., Seaford, USA) with beddings
(either wood shavings for control rats sawdust for diabetic rats), whigh
placed on the sensor platforf@uinn et al., 2003)The upper part of the cage
(including the top, food hopper and drinking bottle) is suspended in a high
adjustable frame and is free from the sensing platform (Asnshn Figure V).

Four platforms are connected to the hardware and compliter. resultant
mechanical vibration caused by the movements of the rats are picked up by the
carbon fibre measuring plate and is transformed by each force transducer into

electricd signals by each sensf@uinn etal., 2005) These signal s

ar

to a fixed signal and vy tlampifrereAtcotdingtoe | i mi n

the weight of the rats entered during the commencement of the experiment, the
gain and offset ofnte preamplifier are adjusted. The software through a simple
calibration practice regulates this. The output signals of the amplifiers are sent to
the LABORAS Control Unit (LCU), which converts the analogue signals into a
digital format. The LCU can handl#he signals of up to eight measurement
platforms. The LCU sends the data over a serial line and digitally stores on a
computer for further processing. In this system, each movement pattern has a
unigue frequency and amplitude and can be differentiatethdygomputer into
separate behavioural categori@uinn et al., 2003)This is illustrated in the
Figure W.The LABORAS software (Metris B.V., Hoofddorp, The Netherlands)
consists of an administration module that registers information on the experiment
ard test conditions. The data acquisition and storage module controls the
hardware and handles the storage of the sampled sigriadssoftware then
processes the stored data using several signal analysis techniques to classify the
signals and registers thduration and frequency into multiple behavioural
categories of eating, drinking, rearing, climbing, immobility, undefinedA ,

and groomingVan de Weerd et al., 200Quinn et al., 2005)



Figure W: Vibration patterns corresponding to individubBEhaviours are

represented pictoriallfvan de Weerd et al., 2001)
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Table IIl.A: Positional and vibrational parameters used in the behaviour

classification algorithms

Behaviour Description for LABORAS

Drinking The animal stands upright to lick watesm the water
bottle

Eating The animal eats food pellets while standing upright,

gripping the bars of the food hopper with its front paws &
gnaw the food between the bars. It also includes gnawir

particle of food clasped between the front paws

Grooming Shaking, scratching, wiping or licking its fur, snout, ears

tail or genitals

Motionless/Imm | Movements are absent while the animal is in a sitting

-obility position

Locomotor Activities such as walking, running, or jumping.

activity

Rearing Standing on the hind legs without touching the cage wa

with the forepaws

Undefined All behaviours that do not fit in one of the previous

categories

The time resolution for behavioural sampling was &% the measures based

on changes of gravity of the rats. Changes in gravity that exceeded 1.45cm/ 0.25s
were recorded as LMA. Immobility was registered when the animal moved less
than 0.75mm/0.25¢Augustsson et al., 2003The behaviour that dominates |
scored.In addition it also provides tracking parameters such as position, speed,

maximum speed, average speed, travelled distance and position distribution.
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[11.2.1 Materials and methods

For the validation study, 4 male Wistar rats either comraliabetic were used.
At the time of the arrival, rats were about 1BI0grams in weight. The animals
were kept in same conditions as mentioned in section Mvhdn not used for

studies

During the 24hrs monitoring period, 4 rats were singly housed adthibitum
access to food and water a temperature and humidity controlled enviornment
Prior to the study, the rats were weighed, along with the amount of food and
water given during thaetudy. The weight of the food and water after 24tirs
monitoring was also recorded. The instrument weaibratedand then the rats

were transferred into the respective cages and monitored for 24hrs. Each batch of
rats (i.e. either the control or the b&ic cohort) was monitored every alternate
day (4 days in a week); 2 days for diabetic and 2 days for control.

Most animals have circadian rhythm in their behaviour. Therefaght-time

tests would be more appropriate for rats since they are nocturinadls as they

have high levels of activity after the beginning of darkness, thereafter periods of
rest and activity alternate. Before dawn they have another (lower) activity peak.
During the daythey mostly sleegBorlongan et al., 1995)Consequentlythe

data presented has showed both the whole 24hrs period and the graphs for active
period (Night time 19.007.00). The active period hencéorth addressed as dark
cycle. Additionally, 12hrs light cycle (7.609.00) was analyzed.
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[11.2.2 Statistical Analysis
The results were obtained by averageach 2.24hr time poindata obtained

during the two independent experiments carried out on the same week and with
the agematched data obtained during the next set of experiment performed. The
data was plotted using Microsoft Excel andpaired student-testwas used to
obtain statistical significancelhe resultswith p @.05 were considered to be
statistically significanfor all the experiments

The results presented compared the differencech éehavioural pattern found

in each experiment and an average of the two independent experiments performed
during different times of the year. The behavioural patterns were plotted as the
total duration for which each were carried out and the frequehthegatterns.
Additionally, the data is presented for the entire period of study (24hrs), for the
dark cycle and light cycle. Each day the experiments were commenced at slightly
different times (as following the 24 hours of measurements LABORAS takes 2
hours to calculate the data), so the precise start time for each experiment were
notedand then the time courses werdjusted accordingly e.g. so that the time

points in the 24 hour period were the same.



[11.3 Results

As described earlier, LABORAS is capable of measuring various behavioural

parameters at the same time.

[11.3.1 Comparison of weights

The weights of the rats wenmonitored on daily basis along with the amount of
food and water consumed. Figure 46 andlligtrates the comparison of weight

gained by contro{Cont) and diabetiqDiab) animals over the whole experiment,

two independent experiments that were carried out.
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Figure 46: Diabetic rats gain significantly less weights than the Controlonats
the period over 12 weeks after the STZ injectro(A) Expt 1(B) Expt 2
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It is clear from Figure 46 that the diabetic rats (DR) put on a fittdeethan half

the weight of the control rats (CR), for both the experiments (Figure 46A and
Figure 46B). However, when the CR and the DR were compared against the two
experiments, it was found that the amount of weight the DR gained in experiment
2 (Expt 2) was significantly more than the DR from experiment 1 (Expt 1)
(Figure 47B). However, no significant difference for the weight gained was
observed in the CR (Figure 47A). Many factors could be responsible for the
difference observed in the two experimentduld be possible that the amount

of STZ injected would be slightly different for the two experiments, and as a
consequence the animals from eRmto not develop as severe diabetic condition

as the rats in expt 1. #rnatively, the rats in expt fnay rave been more
sensitive to the STZ treatment, or the rats from expt 2 might have become
resistant to STZ treatment. These could possibly explain some of the
descrepencies that were observed in the results from the two experiments.
However, it should be netl that at the end of 12 wegke rats used in expt 2
were still diabetiand this was checkday measuring their blood glucose leyels

which was> 20mM for all the rats.
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[11.3.2 Locomotor activity

LMA is defined as the ability of animal to moveoin one place to another.
LABORAS classes walking, running, climbing, jumping in its LMA category.
For most of the week€$)Rs were significantly less locomotive than €R the

24hrs (Figure 48), or the dark period (Figure 43BPlease note that it is
appaent from the figures that the rats only travelled for about 1 minute in each of
the 2.24hrs sections during the whole 24hrs cycle. It should be remembered that
LABORAS measured several activities and so although the rats appear not to be
expressing LMA lhiey are carrying out many other activities. Further, it is clear
that rats in cages (whether control or diabetic) are quite sedentary compared to
when they are free in the wild. Clearly, this does suggests that this LMA may be
measured in a slightly artfial situation but it can still show whether €&nd

DRs behave different towards this activity. Likewislke frequency of LMA was
reduced in DR relative to CR in 24hrs (Figure4d9A) or 12hrs dark cycle
(Figures49B and49C) when the average of the twaperiments is determined.
However, no difference in LMA behaviour was observed in the 12hrs light cycle
for both the duration and the frequency (Figu48sand 49) indicating that the

difference seen between the €&hd DRs occurs during the dark cycle.
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In the average speed and dista(ieigures 50) covered for expt 1, (Bigs 5@\)

it was observed that the BRovered a larger average distance with a greater
average speed. This can explain why thes@ppear to be less locomotjeut
actually cover more distance because they move quicker. However, expt 2 and the
average ofthe two experiments displayed no differerfoe the 24hrs period
(Figures 5@8), 12hrs light (Figures BPA) and 12hrs dark perio(Figures 3.B).

This could be because, as previously mentioned, the diabetes induced insthe DR
was not similar in both the caseor the CR would be less active in one
experiment and more in the other. Thus, this experiment needs to be repeated a
few more times in order to eliminate and average the discrepancies observed in

the two experiments.
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Similar difference was observed in th2hrs dark cycland12hrslight cycle for

both speed and distance covered by the DRs and CRs. However, caletage

of the two experiments [resented for these time periods.
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[11.3.3: Immobility:

LABORAS describes immobility/resting behaviour as movements that are absent
while the animal is in a sitting or lyingosition. In addition, short movements
(e.g. turning over while sleeping) were also classed under immobility. Despite
that for most of the weeks as stated in section 111.3.2 D&re less locomotive
than the CR the duration of time D&being immobile wassignificantly less

than that for CRfor all the time periods for the averagetioé two expts (Figures
53A, B and Q. However, in expt 2 no differenseasobserved between the two
sets of ratsr(ot shown. Additionally, the frequency of immobility wasrsilar for

both the animals for all the time periods (Figusgs\, B and . It should be
noted that the rats were immobile for most of the time during the study;
therefore, not much of difference in the time spent in this behaviour is observed
for the enire 24hrs or the dark or light cycle. One result which seems to be
consistent between the 2 expts is that thes Bf¢ less immobile (i.e. they are
doing some measurable activity) during the light 12hrs period. This suggests that
the DRs might respond diffeently to the light dark cycle. It should also be
pointed out there is not a problem between thes Bivwing less LMA but also

less immobility as this simply means that thedDRust be doing more of some

other measurable behauro
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[11.3.4 Rearing

Rearing is defined as the rats standing upright on their hind legs (mostly against
the wall of the cage). From the FiguisA, 55B, 56A and 56 can be inferred

that the DRs reared significantly less than the §Rfor both duration of
monitoring and frequency (from week83in most of the cases) for the 24hrs and
the 12hrsdark cycle. This suggests that the DRere less keen to explore the
surrounding environment. However, individual experiment carried out do not
show a significant differencénot shown) but the average does support the
conclusion that indeed DRear less when compared to €RAdditionally, ro
significant difference was observed in rearing during the light cycle (figis€s
and560), suggesting that there was a change in nocturnal pattern of the diabetic

rats.
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[11.3.5 Grooming

The animal shaking, scratching, wipimg licking its fur, snout, ears, tail or
genitals is classified as grooming. Results obtained confirm ribasignificant
difference in the duration of grooming in the ®&d CR for both 24hrs period
(Figures57A) and 12hrs dark cycle period (Figu®&B). However, the duration
of groomingfor DRswas significantly more during the light cycle (FiguiéC).
This data is very important, as this strongly suggeststti@pattern of activity in
the diabetic animals is changed such that, it is more adtivieg the day and
considerably less in the night. When the frequency of grooming was monitored in
the two groups, it was concluded that oomed more than GR for all
periods (Figure$§8).
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[11.3.6 Drinking

LABORAS defines drinking behaviour when the rat stands upright gripping the
water bottle and licking water. Not surprisingly, wlescovered that the DR
drankcopious amount ofvater more frequentlas compared to the CRs (Figures

59 and 6). However, it was observed that the difference in duration of time DR
drank more water than GRvas not that great (Figurds9), in contrast tothe
frequency of timegFigures 60) This data suggests that, the £4pend less time
drinking water, but have it more frequently as compared t€Re Additionally,

in certain experiments, even though the physical measurements (weighing the
water botte before and after the 24hrs when rat was in cage) indicated that the
DRs drank more than CRs (Figure 610ABORAS did not record significant
difference. This suggests either that LABORAS is not accurate in measuring
drinking behaviour or just support tifect that the DR drink more water in less
duration of time. This is not surprising for diabetic animals, as it is already known
that excess blood sugar, or glucose, in the body draws watertfi@tissues
resulting in feeling dehydrated. This leads timéreal to drink more water and

thereby causing frequent urination
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[11.3.7 Eating:

LABORAS classes eating behaviour as the period when rat eats food pellets
while standing upright, gripping the bars of the food hopper. It is apparent in all
diabetic cases that as the glucose does not get utilized propehg byain and
other parts of the body; the body craves continuously for glucose. This in turn
leads to excessive hungemél DRs thus consumed considerafyigre food as
compared to the CR. In support of this theory, the duration (Fi§Rreand
frequency(Figure 63) of the eating behaviour for all the experiments and time
periodsrecorded show that DR consumed significantly more food than €fer

longer period of time and more frequently. This was confirmed by simply
weighing the amount of food addedttee cage at time zero and weighing this
again after 24hrsvhere it was found that there was a significant difference in the
amount of food consumed over a 24hrs period (FigdyeThis latter reflects the

total consumption over the whole 24hrs periodisttour LABORAS data shows

the consumption over an average 2.24hrs period in 24hrs or over an average
2.24hrsperiod in the 12hrs dark or 1&Hight period.
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Figure 62 DRs display significantly more duration of eating in comparison to
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[11.3.8 Undefined:

All behaviours not classified in one of the previous categories are classed as
undefined behaviour. From the results obtained, it can be inferred that, DR
dispayed significantly larger duration of undefined behaviour in comparison to
the CRs when both the experiments were averaged (Fg68: However, the
frequency of undefined behaviour was similar in both sets of rats (Ei§@relt

is difficult to interpet these results as we do not know what behaviours are
occurring that LABORAS categories as undefined behaviour (i.e. not one of the
behaviours that it can distinguish). However, if the relevant software is purchased
other behaviours of rats can be analyby LABORAS and such software could

be used in future experiments to try to determine what some of these undefined

behaviours may actually represent.



2000
1800 -
1600 -
1400 -
1200 -
1000 -
800 -
600 -
400 -
200 -
0 . . . . . . . .

Undefined Duration (s) in 24
hours

=4—Cont n=8 (Expt 1 & 2)
== Diab n=8 (Expt 1 & 2)

0 1 2 3 4 5 6 7 8
Number of weeks

9 10 11 12

13

2000

1800 -
1600 -
1400 -
1200 -
1000 -
800 -
600 -
400 -
200 -

0 T | | | | | | |

Undefined Duration {s) in 12
hours dark cycle

=== Cont n=8 (Expt 1&2)
== Diab n=8 (Expt 1&2)

0 1 2 3 4 5 6 7 8
Number of weeks

9 10 11 12 13

2000

1800 -
1600 -
1400 -
1200 -
1000 -
800 -
600 -

hours light cycle

400 -

Undefined Duration (s) in 12

200 -

"

= Cont n=8 (Expt 182)
wf=Diab n=8 (Expt 182)

0 T T T T T T T T

5 6 7 8
Number of weeks

10 11 12

13
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[11.4 Discussion

As characteristic biochemical changes were observed in the diabetic terminals,
which may affect synaptic plasticity, the main aim of this study was to observe
the behavioural changes that may occur due to the diabetic state. Standard
LABORAS software wastilized in theseexperimerd to assess the modification

in the LMA, speed, distance, immobility, rearing, grooming, eating, drinking and
undefined behaviosr LABORAS has been alreadyvalidated system that can
perform behavioural recordings and classifien in a standardized and nRon
invasive way, with reduced experimental time requindtebn prolonged periosl

of examination can be ma@éan de Weerd etla 2001;Quinn et al., 2003)

The weight of the animal, and the amount of food and water consumed we
constantly measured throughout the experiment. The results obfi@minetigures
46,59-61 and 6264 illustrate the reduction in the weight gain of theDBlative

to the CR, despite the higher consumption of water and food by thet&Bfed
animals. These measurements confirm the diabetic condition. Weight loss,
polyphagia,polydipsia and frequent urinatiqiirpichnikov and Sowers, 2001
Latham et al., 2009are very commo symptoms observed the diabetic state

for any animal (including humans). It is well known that, symptoms of diabetes
include elevated level of glucose in blood. This leads to the loss of glucose in the
urine, thereby causing large uwinoutput leadingto dehydration, which
consequently causes increased thirst and water consum(hidimam et al.,
2009) The lack of insulin in the diabetic animals (and humans) also affects the
fat, protein and carbohydrate metabolism, leading to weight loss despite an
increase in appetiteK{rpichnikov and Sowers, 20011t is believed thatthe
increase in the hunger ecausegylucose cannot enter into various cells (despite
the level of glucose being higher in thiwod) due tothe lack of insulin. This

leads to the body continuously craving glucose and leading to increased hunger.

The results obtained from figudBA, 48B, 49Aand 49B suggest thaDRs are
less locomotive compared to tldRs. This supportgheinitial hypothesis as it is
well known that when the physical wdlking of an individual decreases, it

becomes less active. However, the average distance and speed dardR
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significantly more than C&(Figures50, 51and52). Additionally no change in
the LMA was observed during the light cycle.

The data obtained suggests thats2iRe less immobile than GRFigures53 and

54). As discussed alreadgne might believe that this contradicts with the LMA
data obtained but as explained, this is not necessarily the case. Another possible
explanation is that becautABORAS measures changes gravity that exceed
1.45cm/0.25sas LMA (Augustsson et al., 2@), it could be plausible that DR
travel with more speed and cover more distance in shorter pefitidhe (<1.45
cm/0.25), thereby not allowing LABORAS to classify this behaviour as LMA.
Therefore, the LMA behaviour for DRappears less than the €Rlowever, the
average distance and speed is recorded significantly more than sh@rRin

expt 1). This data indicates th#te DRs move more quickly than the GRThis
argument is confirmed by the result obtained by the immobility behaviour.
Immobility is registered when the animal moved less than 0.75mns/0.25
(Augustsson et al., 2003)

Thus it can be concluded that the BRre more active than GRand this may be

just due to increase in the anxidike behaviour(Casarrubea et al., 2011)
Additionally, it should be noted that differences in the two independent
experiments (no significant difference in the average speed and distance in Expt
2) is detected. Therefore, these experiments need to be repeated to obtain

consistent results.

Additionally, in this initial analysis of the datall 4 rats were included for both
experimentsTherefore future research could involve going back and examining

each of the individual rats for all these behaviours. It may be that in each
experimental setere is one rat thas behaving oddlyand it theeby disturbing

some ofther esul t s e. g. if one rat doesndt mo

would have a large effect on the average for movement or immobility.

Rearing is a vertical locomotion activity when the animal stands on its hind leg
while raising up its forearm in the air or placed on the wall of the cage and this is
seen as a survival strategy in assessing the environment for modification.

Stimulating CNb increases rearing and inhibiting CNS causes decrease in rearing



behaviour(Aderibigbe et al., 2010)r'he results obtained from FigureSA, 55B,
56A and 56B reveat decrease in the rearing behaviour in DFom an early
stage after the induction of didgbs. It can thus be interpreted thdiabetes
inhibits the CNS activitfAderibigbe et al., 2010)Conversely, no difference in
rearing is observed in light cyc{€igures 55C and 56C3¥uggesting that the day
rearing activity of the diabetic animals isalnanged as compared to the dark

cycle.

A similar decrease in the rearing behaviour was observed by the study conducted
by Shoji and Mizoguchi, (2011) in older rats. The present study may suggest that
the diabetic state leads to early ageing in the rodents (as discussed in the
Introduction), displaying peculiar characteristics similar to the observed in older
rats (Shoji and Mizoguchi, 2011)The decrease in rearing may be due to the
decrease in the exphktory activity (Lumley et al, 2001) The
rearingbehaviouresponse is regulated by multiple NT systems; including
GABA, cholinergic, adrenergigpioid, serotonin, glutamate and dopamine and
their receptorsA decrease in rearingehaviourmay be due t@otentiationof

GABA or inhibition of serotonin, cholinergic and dopamine neurotransmission
(Aderibigbe et al., 2010)

Grooming in mammals is a salfrected(Wright et al., 2011)natural, stereotypic
behaviour.Grooming is an importaritehavioural compant in animals and is
associated with darousal (absence of stimulation) in the C(@8eribigbe et al.,
2010;Casarrubea et al., 201 Hjirst the head is groomed, then body regions, the
genital regions and the tail. This cephalocaudal progression of grooming is
defined as the O06syntactic groom chain.
multiple regions of the rodent brain, mainly imstem, striatum, and cortex are
used to implement the syntactic groom ché@hen et al., 2010)Grooming
stimulates the release bétaendorphis. This is one physiological reason for
why grooming appears to be relaxifigverne et al., 1989)

The duréion of grooming inDRsseems similar to that @Rsfor 24hrs and dark
cycle (Figuress7A and57B). Intriguingly, the light cycle data indicate that BR
groom more than CR (Figu&r C). This further emphasizé¢hat, the DRs display

more activity during the day rather than night. In addition, the frequency of
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grooming bouts is augmented (Figus8). This behaviour is pathological and
may lead to hair removal (this was not analyzed in this research although it was

obvious thathere was hair loss).

There are several postulated roles of grooming, which may differ depending on
environmental conditions. In addition to its hygiene function, grooming has been
assumed to be involved in stress adaptaflaimmley et al., 2001) The $ress
response may be mediated via corticotragieasing hormone or neuropeptides
such as neuromedin, &hich can act on the amygdala to induce grooming by
increasing mesolimbic dopamine secretjbftGowan et al., 2010Additionally,
noveltyinduced groming has been considered to be a displacement behaviour
that may decrease strassluced provocation. Stress hormones, such as
glucocorticoids, increase hypothalamiginine vasopressend oxytocin in rats.

It is thought that anxious rats groom moreenftCasarrubea et al., 2D1Wright

et al.,, 2011) Researchers have shown that activating the anxiogenic effect of
various drugs, increases grooming behaviand is linked with the activation of
serotonergic transmission. Grooming behaviour is due toinh@vement of
multiple neuromediators and brain regioftdoward et al., 2008)Electrical
stimulation of the hypothalamus especially preoptic area also induces grooming
in rodentyLumley et al., 2001)

Excessive grooming in rodents behaviour is very similar to that described for
humans with the obsessieempulsive disorder (OCD) spectrum disorder
trichotillomania, where compulsive removal of hair is also a halln@Hen et

al., 2010)

In an experimentcarried out on théioxb8 mutant mice, excessive pathological
grooming behaviour was associated with a defect in microiliecoglias are
found in abundance in cortex, including the frontal orbital regions and basal
ganglia. Microglia could affect neuronacttivity and behaviour by number of
mechanisms. These include the secretion of cytokines that stimulate or inhibit
neuronal activity. Such cytoskines can work in parallel with NTs. The duration of
contact at synapses is dependent on neuronal activdgn Ehe above, it can be

concluded that, due to their mobility and dynamic contacts with synapses,

195



microglia could represent an additional system for stabilizing and managing
neural networkgChen et al., 2010)

The results obtained from the current expents suggest thathere is an
increase in the anxiety in STidduced diabetic rats and this is in agreement with
earlier experiments carried out by Ramanathan et al., (1998). This study also
demonstratedhat the augmented anxiety on various experimep&radigms
including the social interaction test and the anxiolytic effect of diazepam in DRs
(Ramanathan et al., 1998k is believed that the augmented anxietiated
behaviour may be due to damaged corticosterone and hippocampal serotonergic
systems(File and Seth, 2003). In addition, it is assumed thathippocampus
controls anxiety responses, especially the dorsal raphe nucleus. Previous reports
suggest that the GABA neurons in the dorsomedial hypothalamus regulate a
variety of physiologic and belvioural responses associated with anxiety and
stress. It has also been proposed that, the reciprocal neural circuits linking the
medial prefrontal cortex, the extended amygdala and the hypothalamus play a
crucial role in mediating fear and responsesresst(File and Seth, 2003).

As there are some discrepancies in the results observed in the two independent

experiments, it is clear that further LABORAS monitoring needs to be performed.

The data obtained demonstradasarked increase in undefined behaviour insDR
compared to CR (Figures65 and 65 As no specific behaviosrare classed

under this category, it is difficult to interpret this result. Different software
available for LABORAS to measure behaviours such as hind limb licking,
scratching, wet dog shakes, head shakes, head twitches and purposeless chewing
could be ued in the future to define what behaviours may be included in the

general umbrella of undefined.
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[11.5 Conclusions and Future Studies

The results obtained from the curreexperimens clearly demonstratehat
LABORAS is capable of detecting various belours over a long period of time

in rats and this can detect differences between rats that have been treated with
various pharmacological reagents e.g. STZ. These behavioural deficits can be
seen in LABORAS under home cage conditions in the absencengthje
behavioural preraining and pharmacological intervention. LABORAS and the
social interaction test therefore provide novel, highly sensitive, quantitative
methods for establishing differences betweers @Rl DRs. The DRs were only
measuredup to 12 veeks following STZ injection. This is because the animal
licence being operated under stipulates tthe rats only up to 12 weeks
following the induction of diabetesan be usedCurrently, a new licence is being
applied for in whichonewill be allowed b use rats up to-8 months following
induction of diabetes. Such rats might show even more obvious behavioural
differences compared to the control.

It should be highlighted that LABORAS can only recognise behaviours that have
established algorithms. Meover, the LABORAS system can only be
programmed to identify behaviours that produce vibrational signals of significant
amplitude and consistency. More complex or refined behaviours such as yawning
or disturbances of gait would therefore not be recogni®eihn et al., 2005). It
should be emphasized theABORAS continuously records data in real time and
thatonecould chose to analyze what differences are occurring for every 60mins
period of the day (or even shorter). Such analysis would enable usvhater

there are differences apparent between the @il DR at particular times
during the day and not just in the nocturnal 12hrs period. The current analysis has
divided the day intoten 2.24hrs sections and the data presented actually
represents thaverage of these 2.24hrs sectidos eitherthe full 24hs or 12hrs

dark or 12hrs light cycle. Clearlypne could look at longer segments of time
including summating all the activities over 24 or 12hrs. However, as this was the
first use of LABORAS in his laboratoryjt was chaosen the times that we have
shown. Further analysis may yield further interesting results. It was hoped that if
2.24hrs sections gave a reliable measurement of differences in behaviour then

perhaps rat behaviours could be measjustfor this short period.
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V. General Conclusions

From the results obtained in chapters Il and Il it can be concluded that diabetic
rats display difference in both biochemical and behaviour when compared to the

nondiseased rats.

The biochemicathanges suggest thahe L-type VGCCs play a crucial role in
regulating the mode of exocytosis evoked by HK5C in control terminals, whilst in
the diabetic terminals f§/pe VGCCs seem to be involved.rkbe same stimulus,
dynamins didnot play a role inwitching of the modes aéxocytosis in control
terminalsbut did in the diabetic terminal$his can be reconciled by stating that
only SVs, which are dependent on dynamaen® the RP. The inhibition ¢tFP2A

or the activation of PKC switched all SVs toF& mode in control terminals
whereasin diabetic terminals not all SVs that were undergoing K&R fusiere
switched to FF, althouglihe dual treatment with these drugs did switch all the
vesicles to a FF mode by an unknown mechanism. More researchtodeels
preformed utilizing this dual treatment in order to understand the underlying

mechanism for the changes observed.

Monitoring the eating and drinking habits and the weight of rats confirmed that
STZ administration induces some classical symptonasadifetes in such animals.

The increase in average speed and distance, decrease in immobility, reduced
rearing and increased frequency of grooming signify anxiety and stress induced
behaviour in the diabeticats that can be explained by various neuroméalia

acting in various brain regions. These initial studies (done over a 6 snonth
period) need to be repeated a few more times to establish some consistent and
repeatable behavioural patterns. The two sets of 4 animals (expts 1 and expt 2)
varied in some ases and further analysis in the future will indicate whether these
differences could be assigned to a rogue (in the sense that not behaving as they
should) rat in each of the cohorts. Additionally, various other LABORAS
softwares could be helpful to det@ne the undefined behavioural changes
observed in the diabetic rats. Furth@me behaviour indicadedifference in the
activity of DRs during day and the night monitoring. These data signify that DR

perhaps have altered active period in comparison tedis@ased rats. Again, one
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could reanalyze the data in the future to choose to look at different periods of

time within the 24 hours of data collection.

The results obtained do suppthe hypothess that distinct behavioural changes
would be apparent in the diabetic rats. This hypothesis was based on the
biochemical changes that meobserved. The alteration in the behaviour may
correlate with the biochemical changes observedfatugde work will need to be
performed to prove this idea. Future experiments si¢edbe performed to
determine the effects of the vitro application of either insulin or high glucose
levels on control and diabetic termingis observe if such conditions could make
diabdic terminals behave like controlsr make control terminals behave like
diabetic terminals (this would include the measurement of the amount of K&R
and the level of [Cd]; induced by a stimulus). Additionallyjn vivo
administration of insulin injections (or slow insulin release with implanted
peristaltic pumps) to rats that are made diabetic by STZ can be studied to
ascertain whether such treatments now make terminals preparedtifese
animals identical to controketminals and whether behavioural differences are
now corrected. A time course for reversal of diabetic induced effects could be
performed in this type of experiment. Again, this could involve both behavioural

and biochemical measurements.

Longterm thereremains the possibility of testing whether the regulation of
neuronal Ntype channels in the diabetic rat could reverse the changes seen in the
rat. Such a proof of principle experiment could lead to the possibilityttieat
treatmend in humans could ngvent any longerm synaptic plasticity changes
seen in longerm diabetic patients. However, before this can ever be mooted a lot
more research has to be carried out with this model of type 1 diabetes. Further,
other models of type 1 diabetes and everdei® of type 2 diabetes could be
studied to see whether similar biochemical difference are apparent between these
diseased rats and control healthy rats. This would establish the generality and
commonality of the changes that have been described in thbebnistry and

behaviour of th&sTZ-type 1 diabetic rats.
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VI. Appendices

IV.1 Settings for plate reader
TableVl.L1. 1: Tecan GENios ProTM microtitre j

measurement of glutamate release:

Greiner 96 wellflat transparent bottom microtitre plate

Fluorescence, Kinetics
Part of the plate:-9/7-12

Excitation wavelength: 340m

Emission wavelength: 46%m
Gain: 70

Measurement mode: Bottom of the plate

No. of cycles: 2114

Shake duration: Sbhefore the measurement ansl it between the
cycle
TableVIL.l. 2: Tecan GENios ProTM microtitre

measurement of FM210 dye release:

Greiner 96 wellflat bottom black microtitre plate

Fluorescence, Well Kinetics
Part of he plate: 14/ 58

Excitation wavelength: 486m

Emission wavelength: 55%m
Gain: 40

Measurement mode: Top of the plate

No. of cycles: 461

No. of flashes: 10: lag time O ps

Mirror type: Dichroic 3

Integration time: 40 us

Injector volume and speed: 40 pL

Injection mode: Every injection refill.
Shake duration: €l

228



Table VI.1. 3 : Tecan GENios ProTM mi

measurement of the changes in intracellular [CA];:

crotitre

Greiner 96 wellflat bottom black microtitre plate

Fluorescence, Well Kinetics

Part of the plate: 1/2/3/4/5/6/7/8/9/10/11/12

Excitation wavelength: 346m/ 390nm

Emission wavelength: 53%m

Gain: 30

Measurement mode: Top of the plate

No. of cycles: 40/160

No. offlashes: 10: lag time 0 us

Mirror type: Dichroic 3

Integration time: 40 ps

Injector volume and speed: None/ 40 pL

Injection mode: Every injection refill.

Shake duration:<l
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Buffers used in the experiments

Table VI.1.4: Homogenization Buffer (pH 7.4)

Components Concentration Amountin 1 litre
Sucrose 0.3 M 109.54
Hepes 10mM 2.383

Table VI.1.5: LO Buffer (pH 7.4)

Components Concentration Amount in 1 litre
NacCl 125mM 7.305¢g
KCI 5mM 0.373¢g
MgCl, 1mM 0.203g
Hepes 20mM 4.7669
Glucose 10mM 10mL*

* Solution of 1.8 g glucose made in 10mL water before adding it to the buffer

as glucose alone will not dissolve in the buffer
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I\VV.2 Calculations

All the data produced in the glutamate release, AM2lye release and Fu?a
assay weranalyzedby methods outlined in appendiXC6(p121), appendix 6D
(p129) and appendix 6E (p15m/)the thesis of Pooja Mohanrao Barbar (Barbar,
2010). As this informatio represents 46 pages of text, it was deemed reasonable

just to cite these methods of analysis rather than repeating this text.
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LABORAS Calculation:

After 24 hours of monitoring, LABORAS provides data as shown below:

Raw Data
A B C E|F| G| H | J K L M N (o]
A
N

Wi C | C

ND A M o]

(o] G| A D UNDE LOCO IMMOB_ GROOM DRIN EAT_ TOTA

w T-BEGIN T-END E|L|E|FD M_D D REAR_D | _D K_D D LD

[s] [s] [s] [s] [s] [s] [s] [s]
1 000:00:00 002:24:00 1 0 0 900.24 20.3 6384.99 80.47 1018.12 86.76 149.15 8640
2 002:24:00 004:48:00 1 0 0 1233.3 38.1 4324.49 517.25 2077.23 189.44 260.18 8640
3 004:48:00 007:12:00 1 0 0 611.84 7.35 6832.52 193.79 774.94 20.79 198.77 8640
4 007:12:00 009:36:00 1 0 0 423.95 0.51 7868.18 25.42 199.26 92.94 29.74 8640
5 009:36:00 012:00:00 1 0 0 950.53 74.4 4086.04 741.8 1831.41 130.41 825.43 8640
6 012:00:00 014:24:00 1 0 0 820.87 61.2 4742.44 498.73 1811.47 245.33 459.96 8640
7 014:24:00 016:48:00 1 0 0 447 .64 11.7 7669.21 36.93 458.47 0 16.06 8640
8 016:48:00 019:12:00 1 0 0 743.57 63.7 4539.82 460.56 1812.83 106.34 913.17 8640
9 019:12:00 021:36:00 1 0 0 733.53 63.8 4706.8 803.22 1553.05 86.47 693.12 8640
10 021:36:00 024:00:00 1 0 0 1880.9 50.1 3390.33 694.29 1862.88 402.38 359.16 8640

1 000:00:00 002:24:00 2 0 0 1746.6 104 3064.11 1087.48 1706.95 168.85 762.3 8640
2 002:24:00 004:48:00 2 0 0 1168.4 10.1 5825.69 207.34 906.88 91.96 429.66 8640
3 004:48:00 007:12:00 2 0 0 1211.8 21.6 5162.28 539.57 922.23 173.73 608.8 8640
4 007:12:00 009:36:00 2 0 0 1378.1 23.7 5797.7 328.87 785.37 92.04 234.27 8640
5 009:36:00 012:00:00 2 0 0 12135 79.1 4897.13 826.51 1080.35 83.18 460.24 8640
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6 | 012:00:00 014:24:00 854.91 19.3 6906.26 194.48 558.24 53 53.77 8640
7 | 014:24:.00 016:48:00 1023.7 46.7 5596.29 568.65 854.75 | 112.57 | 437.37 8640
8 | 016:48:00 019:12:00 919.46 32.6 5519.39 568.91 1101.37 27.38 | 470.88 8640
9 | 019:12:00 021:36:00 1273.4 65.2 4214.23 814.27 1554.15 | 115.21 | 603.58 8640
10 | 021:36:00 024:00:00 1724.4 67.5 4376.24 830.45 1055.67 | 119.04 | 466.72 8640
1 | 000:00:00 002:24:00 1345.6 32.7 5470.09 351.83 1439.77 0 0 8640
2 | 002:24:00 004:48:00 2024.5 28.6 4541.97 599.63 1439.2 0 6.12 8640
3 | 004:48:00 007:12:00 2117.3 9.45 4734.75 590.71 1182.01 0 5.82 8640
4 | 007:12:00 009:36:00 1143 5.92 6392.43 251.83 846.8 0 0 8640
5 | 009:36:00 012:00:00 1459.5 105 3884.57 1211.63 1662.41 19.94 | 296.83 8640
6 | 012:00:00 014:24:00 1118.2 24.2 5817.9 209.35 1194.63 71.32 204.4 8640
7 | 014:24:00 016:48:00 1188.4 33.6 5215.64 570.7 1575.68 0 56 8640
8 | 016:48:00 019:12:00 1383.9 325 5105.27 550.89 1546.18 0 21.29 8640
9 | 019:12:00 021:36:00 1731 26 5595.42 368.57 834.36 0 84.66 8640
10 | 021:36:00 024:00:00 1951.9 55.5 3265.38 1013.06 2224.41 0 129.76 8640
1 | 000:00:00 002:24:00 1619.9 95.3 3594.84 892.97 1512.67 | 382.56 | 541.76 8640
2 | 002:24:00 004:48:00 1419.2 73 3034.63 684.17 2441.07 445.6 | 542.38 8640
3 | 004:48:00 007:12:00 1068 0 7391.89 53.9 45.63 27.94 52.64 8640
4 | 007:12:00 009:36:00 936.15 21.2 5582.92 382.16 1164.94 | 182.12 | 370.55 8640
5 | 009:36:00 012:00:00 1091.3 118 4234.73 997.63 1647.62 | 267.37 | 283.58 8640
6 | 012:00:00 014:24:00 1071.7 43.3 6845.4 113.15 504.4 43.64 18.37 8640
7 | 014:24.00 016:48:00 993.79 13.7 5893.27 296.51 1097.33 182.4 | 163.03 8640
8 | 016:48:00 019:12:00 874.57 43.2 5026.94 638.5 1231.72 | 295.25 | 529.83 8640
9 | 019:12:00 021:36:00 756.64 19.6 6384.5 289.03 874.04 204.5 | 111.69 8640
10 | 021:36:00 024:00:00 1152.3 99.5 3953.41 1065.1 1655.56 | 180.76 | 533.31 8640




P Q R S T U \% w X Y z AA AB
DR
LOC GRO | IN T_SP| SPD_
UNDEF| OM_ | IMMO REAR| OM_ | K_ | EAT_| TOTAL | SPD_M| D_M | LAV DISTAN
_F F B_F _F F F F _F AX X G SPD_AVG CE
[co

[count | [cou | [counts | [cou | [cou | un | [cou | [counts [mm

s] nts] ] nts] nts] ts] | nts] ] [mm/s] | [s] /s] [mm/s] [m]
376 22 357 24 80| 14 50 923 111 | 4723 64 | 0.129284| 1.117
284 48 167 128 183 | 25 59 894 235 | 1099 74 0.495 4.277
186 5 166 35 47 3 22 464 168 | 6256 73 | 0.279418| 2.414
153 1 150 8 19 8 6 345 59 | 1452 51 | 0.013429| 0.116
244 78 105 174 157 | 13 59 830 234 | 5845 75 | 1.217602 10.52
247 65 137 | 133 | 135| 28 40 785 236 | 142 77 | 0.866094| 7.483
161 14 145 18 13 0 4 355 118 | 6179 65 0.05268 0.455
238 76 135 149 143 | 18 82 841 275 | 4451 76 | 1.071967 9.262
213 71 110 152 108 | 11 71 736 249 | 1768 73 | 0.973893 8.414
466 67 290 | 137 | 209 | 43 50 1262 245 | 2974 78 | 0.759057| 6.558
547 101 351 253 192 | 29 102 1575 245 | 7722 74 1.3908 | 12.017
477 10 418 54 87| 15 44 1105 213 | 6469 67 | 0.254578 2.2
528 30 431| 126 | 111 | 31 95 1352 169 | 6799 69 | 0.551471| 4.765
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