=M The

\:Mi' University
s o N Of
Sheffield.

Regulation of exocytosis and peptide release

by synaptotagmins in sensory neurons

WdzZRA G asSalt NRa

A thesis submitted in partial fulfilment of the requirements for

the degreeof Doctor of Philosophy

The University of Sheffield
Faculty of Science

Department of Biomedical Sciences

December2019






Abstract

In response to inflammation and nerve injury, nociceptive DRG (dorsal root ganglion)
neurons become hyperexcitable and this hyperexcitability persists in chronic pain. A key
feature of chronic pain states is enhancedcretion ofneuropeptides (such as CGRor
Substance R3s a result partlpf gene expression changes)d partly changes at the level of
regulated secretion. @ date howeverno studies have investigated what changes occur at
the level of exocytosis and what changes in the secretory machinery are required to support
enhanced neuronal transmission. The research described in this thesis addresses this
fundamental question and ahtifies the role of two regulatois of vesicle fusion,
synaptotagmin 4and 7(syt47), in enhanced peptide secretion from nociteqs following
exposure taneuronal growth factor (NGF).

Synaptotagmins are vesicular membrane proteins that are known for tiode in
coupling excitation and increased calcium concentration to vesicle fusion and release of
transmitters In this thesis four synaptotagmin isoforms are described for the first time in
DRG neurons using a combination of western blotting and immuaadscence: syt2, syt4,
syt7 and 11. Syt2 and 7 are low and high affinit§/ €ansors respectively that are important
regulators of vesicle fusion. Syt4 and 11 are isoforms thatuasble tobind calcium, and
therefore theirrole in regulated secretiorsiunclear. Syt4 is the more weknown isoform
of the two, but sudies published to date have provided conflicting views, supporting both
an inhibitory and potentiating roleOur results have shown that all the above isoforms are
expressed in peptide expssing DRG neurons and are present on CGRP containing vesicles.

NGF is a weknown inflammatory mediator of the aduftervous system; ienhance
peptide secretiorin nociceptive DRG neurons that express its recept&A andcontributes
to hyperalgesiaby sensitising TRPV1 channé#ere we show that syt4 is present in the
majority of TrkA positive DRG neurons, and that the enhancement in CGRP secretion
following NGF exposuris reduced in neurongsolated from Syt4 knockout (KO) mice. In
order to dissetfurther the role of syt4 and 7 in exocytosis in live DRG neurons, we have
established a pHluoribased fusion assay using total internal reflection (TIRF) microscopy.
Using this technique, we found that syt4 and syt7 are functionally targeted to an

overlapping population of vesicles, where they mediate fusion events with long fusion pore
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open times and slow endocytosiBo our knowledge this is the first study to address directly
the role of Syt4 in peptide secretion from nociceptors. Our results provide novel insight into
the molecularmechanisms contributing to pain signalling and in particular the secretion of

CGRP, a weltihown mediator of pain conditions.
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1. Introduction

1.1.Sensory processing

The smatosensory systeand nociception

Infformation FNRY |y AYRAGARdzZEf Qa Sy@ANRBYYSy
system which produces the conscious sensation of temperature, touch, body position and
pain. This pathwaytarts with the sensory afferentthat are activated by the specific stimuli
on the surface or the inside of the bodgnd then convey this information through the
dorsal root gangligDRGYo the spinal cord, where they form synapses with second order
neurons (figure 1.3. These second der neurons then either pass their information on to
other neurons in the spinal cord, or project towards the brain, and finally to the sensory
cortex where the sensation is creat€d@odd, 2010) The sensory neurons in this pathway
belong b the peripheral nervous syste(PNS)their cell bodies form B pairs of DRGaong
the spinal cord DRG neuronsre pseudiunipolar, which mearthat a single axon stem
bifurcates into two branches, termed peripheral and central axarsd they each grow
towards the periphery or the central nervous systéMatsudaet al., 1996; Nascimento,
Mar and Sousa, 2018As opposed to multipolar neurons, where inputs arriving on the
somatodendritic compartment summate and elicit an action potential at the axon initial
segment(AIS) adult DRG neurons lack @early defined AIS (Gumyet al, 2017)though
proteins associated with it, such as ankyrin G, are enriched in cultured embryonic DRG
neurons (Dzhashiashvilet al, 2007) instead,action potentials form ortheir peripheral
axon endingsnd a putative Alggion might serve as a lopass filter for electrical signals
(Carret al,, 2009; Nascimento, Mar and Sousa, 2018)

Different sensory afferents respond tifferent types of stimuli such ased, cold,
pressure, pHitch, proprioception and pain, anthis feature provideshe basis of modality
specfic sensation in vertebratesWhether they respond to one or multiple stimulus
modalities, DRG neurancan be unimodal or polymodal, and thDRG neurons give rise to

a uniquely heterogeneous cell populatio
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Figure 1.1.1 Schematic anatomy of the spinal cord, dorsal root ganglia (DRG) (orange) and
attached nerves.From the periphery, signal travel through the spinal nerve where sympathetic
(blue) and motor neuron axons (green) run together with the gegifal DRG neuron axons. The
central fibres form the dorsal root and enter the spinal dorsal horn, where they synapse onto second
order neurons. Image waslaptedfrom Nascimento et al., 2018

Classification adorsal root ganglion neurons

Soma size, conduction velocity and response profiles

Classically, sensory neurons were categorized basddatares such as cell size, axon
diameter and myelination (which relates to conductance velocity), firing threshold,
neurochemical properties and the type of stimulus they respond to. According to this
traditional classification, we can distinguish smaftledium and large diameter sensory
neurons (recent reviews includerodd, 2010; Le Pichon and Chesler, 2014; Emery and
Ernfors, 2018

Large diameter neuronso Hpn KdYDS KSI @Aafe YvYeSandyl GSR
proprioceptors), and conduct action potentials at a high speedl@® m/s). These are low
threshold mechanoreceptors that specialize on sensations such as light touch, vibration and
hair movements, and proprioceptors that help maintain posture andschel reflexes.

Medium diameter neurong~30p 1 KY®WS '+ TFAONBa GKI GO FNB GKA
conduct action potentials at a lower speed{6 m/s). They are associated with different

types of innocuous and also noxious stimuli, and becauseef thster conduction velocity
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compared to FAONBa> GKSe& NP (K2dzaKd G2 NBadz i
endings arborize in the superficial laminae of the spinal dorsal horn, while large diameter
fibres arborize in the deeper layers-WJ(Todd, 2010)

Small diameter DRG neurodsd S 6 SSy ™ ngive rigeRio @ fibresk which are
unmyelinated and have the lowest conduction velocity (around2rd/s). Some of these
fibres are lowthreshold mechanoreceptor (CTMRS) activatd by light touch, but most C
fibres are specializedor painful or noxious stimulg hence, called nociceptors. These
nociceptors can be subdivided into two further groups: peptidergic and-peptidergic
neurons. Peptidergic DRG neurons express neurogeptsuch as substance P (SP) or
calcitoningene related peptide (CGR@ilsson and Pernow, 1975; Wiesenféldllinet al.,

1984) while nonpeptidergic neurons are defined by the binding of the lectin 1B4 isolated
from the plantGriffonia simplicifoligStucky and Lewin, 1999nd express Maelated G
protein-coupled receptorgMrgprs), some of which have been linked to the sensation of itch
(Donget al,, 2001; Han and Simon, 201bpth types of C fibres arborize in the superficial

(I/11) layers of the spinal dorsal harn

MRNA and protein expression based classification

The categories describedbove are not mutually exclusive and there are numerous

overlaps between them, eg. some IB4+ neurons also express CGRP and other markers

associated with peptidergic neuror(€ar; Yamamoto and Nagy, 1990; Price and Flores,
2007) In thepast ~30 yearsignificant efforts have been made to distinguish these neurons
by expressional markers such as ion channels and receptors that provide the basis for
cellular functions. The genexpression profiles of DRG neurons revealed by these studies
provide evidence for a much more complicated picture about sensory neuron function. Bulk
RNA sequencing of DRG neuron populations provided useful insights into the variability of
genes expresseth the different populations, but these experiments were not unbiased
because they involved preorting DRG neurons based on defined markers (Nav1.8+/ IB4
Nav1.8+/IB4 Parvalbumin+jChiuet al, 2014) Otherstudiesrefined theseexperimentsby
running single cell RNA sequencing on a large number of cells and thereby eliminating the

pre-selection bias. Usoskin et gherformed RNA sequencing analysis on 799 cells and
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identified 3,574 genes per cell and 4 main neuronal clusters with 11 subclasses in total
(Usoskin et al. 2014, FigurelR). The four main clusters were termed NF (by neurofilament
heavy chain)PEP (peptidergic), NP (npeptidergic) and TH (by tyrosine hydroxylase). The

NF cluster could be subdivided into 5 groups and contains proprioceptors and LTMRs (by the
expression of, among other markers, parvalbumin, TrkB and TrkC). The NP group could be
subdivided into three groups and included the unmyelinated nonpeptidergitr€s
(although one group expressed CGRP and TrkA). By their expressional profile, these cells
likely play a role in neuropathic pain and inflammatory itch. The PEP group aotitee

hand consistsof thermosensitive Gibres (based on the expression of TRPV1) and
YeStEAYFGSR '+ y20A0SLII2NESY 020K 2F gKAOK Oly
and CGRP. Finally, the TH group consistlofMRs and sense mechanical paid pleasant

touch as they express the mechanosensitive ion channel piezo 2.

NF1 NF2 NF3 NF4 NF5 NP1 NP2 NP3 PEP1 PEP2 TH
LDHB LDHB LDHB LDHB LDHB PLXNC1"™"  pLXNC1™"  pLXNC1"9" TRKA TRKA PIEZO2""
CACNATH  CACNATH  TRKchd" TRKC"" TRKC"" P2X3 P2X3 P2X3 CGRP CGRP VGLUT3
TRKB"I" TRKB" FAM19A1 PV PV GFRA2 TRKA SST KIT KIT GFRA2
NECAB2 CALB1 RET SPP1 SPP1 MRGPRD CGRP TACH CNTNAP2
RET CNTNAP2  CN MRGPRA3 PLXNC1™"  FAM19A1

I |
C-LTMRs

LTMRs

NEFH NEFH
RET

RET
TRPA1
TRPC3

NAV1.8/9

TRPA1

NAV1.8/9

Figure 1.1.2 DRG neuron types and selected markers as defined by Usoskin et al. (;
Abbreviations in the top row are the neuron groups: NF = neurofilament positive cells
represent large diameter, myelinated fibres, NP = nonpeptidergic, unmyelinated fibres,
peptidergic fibres, TH = tyrosine hydroxylase expressing fibres,semtiing the mechanosensiti
GLTMRs. Selected markers (previously used in black, new ones defined by the study in
shown under the neuron groups. Note the expression of CGRP in the NP2 gigue wa
adapted from Usoskin et al., 2014).

Anothe group performed high coverage RNA sequencing on 197 neurons and
identified 10,950 genes per cell, followed by functional characterization using

electrophysiology(Li et al, 2016) Due to the deep sequencing used in this study, the
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authors found 10 main neuronal clusters termed-CI0 and overall 14 subtypes. Clusters
CZ16 include the small neurons that are generally mechanoheat nociceptors, but some of
them are also senve to itch and pressure, andne clusteris the Cfibre LTMRs, which
corresponds to the TH group in Usoskin et al. Clusterd0Care the large neurons and
largely consist of mechanoreceptors and nociceptors sensitive to anexioechanical
stimulus (mechno-nociceptors), but some of them are also sensitive to heat due to TRPV1
expression. The same data has beeranalysed by the same authors using a different
method that merged two clusters and resulted in 9 gropset al., 2018) and a more
recent single cell RNA sequencing of the whole mouse nervous system also identified
peptidergic, norpeptidergic and neurofilament type as the three main sensory neuron
groups, with several subgroups in eg@eisekt al, 2018) These studies provide a complex
picture of the diversity of sensory neurons and draw attention to the important conclusion
that traditional markers used before cannot unequivocally define a certain population, eg.
some IB4+ neurons also express CGRP and TRPV1 at high levels. Thus, nihgnDd@
neuron populations, studies should take into account not just molecular characteristics but
also cell size, and physiological function (defined by electrophysiological properties and
pharmacological tools, as well esvivobehavioural experiment).

The studies described above mainly focused on the characteristics of DRG neuron
populations in normal conditions; however it is well known that sensory neurons undergo
various physiological changes during pathological (chrorag).dn the following section
therefore we will define chronic pain and introduce the pathological changes occurring in

these conditions, and the current theories of underlying mechanisms.

1.2. Pain¢ changes occurring in somatosensory neurons in patholetgatab

Pain is an unpleasant sensation that most people experience during their lives.
Individuals with a rare disease called Congenital Insensitivity to Pain are unable to feel pain,
which leads to injuries (eg. repeated burns or bone fractures) andicedl healing
(Katherine Schon, 2018)cute pain is therefore an important and useful mechanism that
alerts the body of damage, diseases and danger. In some cases however, pain persists even

after the removal of the painful sigl and becomes chronic. Chronic pain is generally
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life (Azizet al, 2015)

There are many causes and therefore many types of chronic pain. Neuropaihic
arises from damage to the nervous system (the nerves, spinal cord or the brain), which can
be caused by accidents or certain diseases (eg. multiple sclerosis, diabetes, cancerous tissue
pressing on a surrounding nerv@)enseret al., 2011; von Hehn, Baron and Woolf, 2012)
Inflammatory painon the other hand is caused by peripheral tissue damage and involves
inflammatory mediators such as prostaglandins, bradykinin, histamine, nerve growth factors
(NGF) and chemokines being released at the site of inflammation by infiltrating immune
cells. hese inflammatory mediators activate their receptors on nearby nerve terminals,
which in turn will also release iafnmatory mediators such as CGRP and &P this
receptor activationalso induces signalling pathways which lead to hyperexcitability of the
nerve fibre and peripheral sensitizatiqdi, Xu and Gao, 2014yeripheral sensitization is
often accompanied by incread pain sensitivity to supehreshold stimulation (stimuli that
normally feel painful)termed hyperalgesia,and abnormal pain sensatiorfollowing
innocuous stimuliimechanical or thermal allodynia). NGF and CGRP are both important
mediators of inflammatin and have been intensely studied over the last few decades as
they can provide efficient ways to alleviate pain using blockers and antibodies directed
against them, or their receptorEdvinsson, 2015; Chargal.,, 2016; Banister, Kucharczyk
and Dickenson, 2017)

Nerve Growth Factor (NGF) signalling

NG~ is one of the four eurotrophins along with BNF, N3 and N¥# that support
neuronal survival, neurite growth and synapse assembly during develop(fezet and
McMahon, 2006) Neurotrophins are secreted by neurons and their target tissues, which
drivesthegrowt2 ¥ | E2y & (261 NRa GKSANI GFNBSGA o6dzi A
neurons that are overproduced in the early stageswofbryonic developmenfYuen et al.,
1996)
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Figure 1.2.1 Neurotrophin receptors and downstream signalling pathwalkgch neurotrophin
activates its higfaffinity receptor (arrows with solid lines), and 49Tcan also bind to TrkA and TrkB
with low affinity (arrows with dashetines). All the neurotrophins can bind to the P75 neurotrophin
receptor (NTR), but with low affinity. Downstream signalling elements activated by P75 are c
Jun/NFkB, while the three major pathways activated by the Trk receptors are the Ras/MAPK,
PI3K/Akt ad PLC pathways. For abbreviations, see List of abbreviations on page 9.vigure
adapted fromKhan and Smith, 2015

NGF is synthesised as gX&F that binds to the receptor pwhile NGF binds to the

tyrosine kinase receptor A (TrkA) with high affinibut NGF and all other neurotrophins

bind p75 with low affinityPatapoutian and Reichardt, 20075 is a tumor necrosis factor

(TNF) receptor and it promotes apoptosis when TrkA signalling is redincesthe balance
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of TrkA/p75 receptorsaand thelevels of neurotrophins arémportant in determiningthe
physiological effects of NGEhao, 2003)Upon NGF binding, Trk#oleculesform dimers

and are internalized as NGHKA protein complexes in signalling endosomes through a
dynamindependent mechanism(Bodmer,! & OF 32 | Y R Y,daNddageAttied | = H n
retrogradely transported back to the soma along the axDelcroixet al, 2003) NGF and

other signalling molecules transported with the complex activate Rasraf-MAPK, PI3K

akt and PLOAGPKC signalling pathways in the sofirgure 1.2.1).

The constant, baseline production of NGF by innervated tissues ensures that during
embryonic development, the NGfependent signalling pathways promote axonal growth,
sprouting and neuronaurvival(White et al., 1996; Pateét al,, 2000) In the first two weeks
following birth, sensory neurons stop depending on NGF sisnaval factor but it can still
promote axonal regrowth following injury(Lindsay, 1988)This change of NGfependence
during development is attributed to a switch in gene expression at these early stages, when
about half of the small diameter, nociceptive DRG neurons (those that are IB4 positive)
downregulate TrkA and upregulate the GDNF receptor(Rennettet al, 1996; Molliveret
al., 1997) The expression of signalling pathway elements and ion channels also changes
within the first two postembryonic weeksfor exampleERK/MAPK, PI3K and PKCI NB | f €
upregulated in the adulisas measured by microarra@Zhu and Oxford, 2011)hese
changes in gene expression and neuronal phenotype likely underlie the change from the
reliance of DRG neurons on NGF for survival to sensitization to noxious stimuli such as heat
and capsaicitfWinteret al,, 1988; Zhet al., 2004)

During tissue inflammation, activated immune cells produce cytokines that stimulate
other immune and other cells such as neurons, to start producing more NGF. It has been
described inmultiple inflammatory conditions that local or systemic NGF levels asze
both humans and mouse model®Bonini et al, 1996; Di Molaet al, 2000; Stanzel,
Lourenssen and Blennerhassett, 2008®nversely, administration of NGHduces
hyperdgesiaand decreasedieat pain thresholdAndreev NYet al., 1995; Dyclet al., 1997)
and increases the capsaicin sensitivity of the DRG cult(Mé&ster et al, 1988) while
antagonists can be used to relieve pdktefti et al, 2006; Changt al., 2016) These heat
and capsaicin sensitive phenotypes indicate that NGF acts specifioalliRieV1 expressing
sensory neuronOne major mechanism of NGF induced hyperalgesia is the upregulation of

several pairrelated genes such as TRPV1 chan@ké&t al., 2002) sodium channel§Gould

25



et al, 2000; Keret al,, 2001; Mamet, Lazdunski and Voilley, 200@uropeptidesand BEDNF
(Lindsay and Harmar, 1989; Apé&tlal., 1996; Parlet al., 2010) which are then trasported

back through the peripheral axon to the site of inflammatigmndsay and Harmar, 1989;
Parket al, 2010) Moreover, these gne expression changes can result in phenotypic switch,
where nerve fibres start expressing neuropeptides or TRPV1 channels that did not do so
before, which further contributes to increased pain sensat{@atranoliere and Woolf,
2009) Apart from changinghe gene expression, NGF also induces the sensitization of
TRPV1 channels locally at the axon endings through direct phosphorylation of the channels
by PKC acting downstream of RJ3ausing membrane transkation and increased activity

of TRPV1 channel3his,coupled with the increased levels of voltagated ion channels
leads to neuronal hyperexcitability and increased secretion of already upregulated CGRP, SP
and BDNF. These factors further sensitize neurons and contribute to the inflammation and

peripheralsensitizationJi, Xu and Gao, 2014)

Calcitonirgene related peptide

As mentioned in section 1.2, CGRP is a neuropeptide expressed in nociceptive sensory
neuronsin the DRGs and trigeminghngliaand has been historically used to define this
neuron population in studies. Due to its role in inflammatory and neuropathic pain states,
CGRP and its receptors have been the subject of intense study over the last few decades in

the search for moreffective pain management strategies.

Structure, receptor

CGRP is a small, 37 amino acid peptide that goes through bathdCNterminal
cleavage to create the active peptide. Due to the alternative splicing of its gene, CGRP
appears in two formsh¢/ Dwt {C@HP) that only differ by a few amino acids in mice,
NI} Ga I yR KGR2RP ig the madeformhin the nervous syst@maraet al., 1985;
Steenbergtet al, 1986)(figure 1.2.2)

The CGRP receptor, like most other neuropeptide receptors, igpetéin coupled
receptor (GPCR) formed of the calcitonin reloegike receptor (CLR) and receptor activity
modifying proteinl (RAMP1JChokskt al., 2002) CGRP binding to its receptor on neurons

and blood essels activates adenylate cysdgaand increases cCAMP levels, whadtivates
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several PKA dependent pathways resulting in phosphorylation ofsAn$itive potassium

(KatA channels and increased nitric oxide lev@lelsonet al, 1990; Russebt al, 2014)

CGRP also affects gene expression in an autocrine and paracrine manner in DRG neurons
through activation of the cAMP response element binding proCREBjAnderson and
Seybold, 2004)

Common coding Poly “A” site Poly “A” site
5' Non- 'eg"’”s exOlS Calcitonin- CGRP CGRP 3' Non-
coding exon coding exon coding exon coding exon

Transcription, polyadenylation, RNA splicing

Thyroid “C” CiV Ne‘uronal cells
Calcitonin mRNA 5'"( l I ""3' 5'--( ) l"'S' CGRP mRNA

1 Translation l Translation

Calcitonin — CGRP
precursor  H,N—tl Semnt,, | CaEletn1caal—COOH HoN—t| iicdaa| (9a | taaf— COOH precursor
(17.4 kDa) = (15.9 kDa)

Lys-Arg
-Lys-Arg
ys-Arg
~Arg

Gly-Lys
Gly-Arg-Arg-Arg

Post-translational processing \

[ — [—

N-terminal Calcitonin C-terminal N-terminal CGRP C-terminal
peptide peptide peptide peptide

Figure 1.2.2 Processing and synthesis of CGRE.CALCL1 gene encodes both Calcitonin and CGRP.
The expression of the calcitonin coding exon occurs priynarithe thyroid, while in neuraad cells

the CGRP coding exon is expressed. The CGRP mRNA |@ettaimso proCGRP and further
processing createthe mature CGREEigure was @apted fromRusselet al., 2014

Post-translational processing \

Pathophysiology
One of the primary physiological roles of CGRP is vasodilatation which can induce

swelling and redngs at the site of inflammationmmune cells can infiltrate through the
dilated blood vesselssecreting inflammatory mediators and contributing to the above
described peripheral sensitizatigBrainet al., 1985; Russe#t al., 2014) CGRP and other
neuropeptides are also trafficked anterogradely from the soma to the spinal cord, where

they contribute to central sensitizatioim response to pain signallinjleurans that beome

27



hyperexcitablefollowing peripheral inflammation, start secreting motensmitters such as
CGRP, SP and glutamatethe spinal dorsal horiflyengar, Ossipov and Johnson, 2017)
CGRP binding to its receptars second order neuronactivates signalling pathways that
cause increaseckvoked and spontaneous activitgnd altered gene expressiprwhile
adivation of PKA/PKC pathways lead to phosphorylattdrthe NR1 subunit oNMDA
receptors increased membrane excitability and central sensitiza(iSouthet al., 2003;
Latremoliere and Woolf, 2009; ®8lf, 2011) (figure 1.2.3) Over time, these and other
processes will induce plasticity changkeat result in the increased responsiveness of spinal

cord neurons to stimulation, which manifests in hyperalgesia and allodynia.

Citrulline L-Arginine
NADP* NADPH

Transcription,
Plasticity

Figure 1.2.3Receptors and signalling pathways activated by CGRBRP first binds to its receptor
complex formed by calcitonin recepttike receptor (CLR), receptor activity modifying protein 1
(RAMP1) and the receptor component protein (RCP). ThprdBin activaesadenylyl cyclase (AC)

to produce more cAMP, which leads to the activation of PKA and various downstream signalling
targets. Activation d extracellular receptagactivated kinase (ERK) and cAMP response element
binding protein (CREB)eadsto altered gene expression. PKA may also stimulate the production of
nitric oxide (NO) through the activation of nitric oxide synthase (NOS) to promote vasodilatation. An
important effect of PKA activation is the phosphorylation of ion channels, which may increase
neuronal excitability. Figure waisusedfrom lyengar, Ossipy and Johnson, 2017
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CGRHs stored in dense core vesiclemyether with otherneuropeptides, BDNF and
glutamate (Matteoli et al, 1988; Salieet al, 2007) and its release is stimulated by an
increase in intracellular Eaconcentration (L. Y. Huang and Neher, 1996)ost of the
knowledgeregarding the exocytotic achinery regulating CGRP release comes from studies
using botulinum toxinsn DRG and trigeminal neuranahich showed that CGRP release is
SNAREegulated and Ca-dependent(Meng et al, 2007, 2009; Meng, Dolly andang,
2014) C&™-independent mechanismef CGRP release from DRG neurons have also been
reported (Chai, Wang, Huang, Y. Y. Waegal, 2017) this type of exocytosis will be
descibed in a later sectionAlthough the physiological effects of CGRP have been
extensively studied, the is little detailed knowledge regarding timeolecules governing its
release Below is an overview of the current knowledge oh molecules regulating

exocytosiswith a focus on peptide secretion from different cell types.

1.3. Regulation of exocytosis

Types of secretory vesicles and their cargo

In neurons, neuropeptides and other neurotransmitters are stored in different vesicle
populations. Low molecudJ ¢ SAIKG GOt aaAolfté ySdzNBINIyay
acetylcholine, glutamate, ATP) are released from smali5(tm) clear core synaptic
vesicles (SV) through fast and spatially localized mechanism at the presynaptic active zone.
Larger neuropptides (such as CGRP, SP or NPY) and some growth factors (BDNF, GDNF) are
stored inlarge dense core vesiclesDC\8) that are ¥5-100 nm in neurons (but can be
around 3060400 nm in endocrine/neuroendocrine celfglbilloset al, 1997; Zhacet al.,

2016; Merighi, 2018) which are characterized gn electron dense corfom where their

name comes fronffigure 1.3.1) (Zhang et al., 1995; Salio et al., 2006; Merighi et al., 2011).

A third class of secretory vesicles consists of smaller (~50 nm) dense core vesicles that
contain monoamines, though these are lgsgvalent(recent reviews discussing secretory

vesicle classes a(8alioet al., 2006; Merighi, 2017, 2018)
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Figurel.3.1 Electron micrograptshowing the synaptic architecture in the spinal dorsal ho@lear,

small synaptic vesicles (SSV) and dense core vesicles (LGVs, large granular vesicles) are shown in the
central terminal of a DRG neuron that is organised in a multisynaptic glometatasunogold

labelling of CGR@maller particlesand substancé (larger particlesshows that they are cstored

in LGVs. An enlarged LGV is shown in the inset (arrow). Arrowheads point at the electron dense
synapses, where SSVs are packed closely together, while LGVs reside farther away from the synapse.
Figurewasadaptedfrom Merighi, 2017

The basic exocytic machinery controlling flasion of secretory vesiclesncluding the
SNAREsssential for fusionare thought to be the same or similéor LDCY¥ and SV,sbut
there arealso somdundamental differencédetween these vesicle populations$ should be
noted that nost of the work exploringRC\é has beendone either on non vertebrate or
mammalian endocrine cell preparations such as chromaffin cells or cell lines such as PC12

cells or Insl cellsut there are fewer studies in neurons compared to those addressing SVs

(TaraskeetalX HAnNnoT ¢adz2A | yR ewnatzl005 M&igh 2047t h 0 S NIy

unclear at this point if antiow neuronal and nomeuronal LDC¥/differ, though size seems
to be one example (see above).

Neuropeptidesare synthesiseds propeptidesin the rough endplasmic reticulum
and are then transported to the Golgi apparatus where they may undergo furthst po
translational modificationgfigure 1.3.2) The prepeptides are then packaged into immature
secretory vesicles (ISVs) through budding from the t@okji network, a process whidh

thought to be driven by thenteraction of granin moleculeg@ro-hormonesand membrane
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lipids (Beuretet al., 2004) The low luminal pH (~6.3) and high calcium concentrations inside

the transGolgi network induce theaggregation of granins (obmogranins and
secretograninsp / Ky 4 2 SAG |y R |,ddidh¢ad N interdabwith | 2 2 X
lipid rafts composed of cholesterolhpsphatidylinositod-phosphate (RP) and DAG in the
membrane(Hosakaet al., 2002; Suret al., 2013)

Once the ISY6 formed, acrucial part oL DCV biogenesis is the gradual decrease of pH,
to ~55.5 in matureLDCVs due to increased proton pump density ia #esicle membrane
(Wu et al, 2001) This acidification activates the prohormone convertases and
carboxypeptidases necessary for cleaving -peptides and creating the active
neuropeptides (Steiner et al, 1992; Jean Husten and Eipper, 199An important
morphological diférence between immature and mature secretory vesicles is the clathrin
coat, which is lost during maturatiofiTooze and Tooze, 1986 lathrin, together with
adaptor proteinl (AR1) and the neuronal AR helps remove missorted proteins/ssomal
enzymes and membrane proteins such as VAKt&4h immature vesicles through budding
of constitutivelike vesicles6 5A GGUGA ST | 2A01 IKSNRet blly®03;¢ 221 S3
Grabneret al,, 2006)

Immature and mature secretoryesicles can also differ in size, as ISVs are usually
smaller and only contain one type of peptideey undergo homotypic fusions and content
mixing during their maturation proceggooze, 1991; Wendlest al, 2001) Eary studies
found that fusion letween immatureLDCVs is largely regulated by synta&i(\Wendleret
al., 2001)and synaptotagmingt (Ahras, Otto and Tooze, 200lore recently Hid-1 was
shown to regulate the process in pancreatic B d@liset al., 2016) After homotypic fusion
LDCVs become larger, but this is followed by condensation and size reduction while they are
transported to the axon terminals in neurofi8lerighi, 2018) During this transporprocess
LDCV maturation continues and ppeptides are cleaved to creatthe bioactive
neuropeptides. When they arrive at the release sites, mature LDCVs contain a cocktail of
neuropeptides and sometimesmall neurotransmitters that can be released together or

separately(Salioet al,, 2007; Zhanegt al., 2019)
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The constitutive secretory pathway
present in all cell types does not
require stimulation for exocytosis.

Constitutive Regulated
Secretory Pathway Secretory Pathway

°
00;9°i°
o“:: J'°°°

3 Secretory granules bud from
{ the TGN as immature
secretory granules (ISGs).

a Clathrin-coated ISGs contain
missorted non-granule
proteins (e.g. furin, lysosomal
enzymes, etc.).

secretory
granules

d ISGs remove missorted proteins
and clathrin coats by budding
off constitutive-like vesicles.

Immature 'l

@ .. ©
- @ @

Afier further acidification and | @ \ @\

condensation, ISGs become
mature.

- \®

secretory
granules

o % 3 \ The mature granules (MSGs) are
;*:0 s Secretagogue secreted via triggering by a secretagogue.

Figure 1.3.2 Constitutive and regulated secretory pathwgayigurewas reusedfrom Kimet al,
2006

An important difference betweenDC\$ and SVs is the release sit8¥%:s are docked in
large clusters called the readily releasable p@®RPhat the presynaptic siteswhile IDCV
exocytosisis not spatially restricted and can happen on the soma or along the aaxions
extra-synaptic sitegfigure 1.3.1)5 | | {e¥ &,2000; Sali@t al., 2006; Merighi, 2018)As
neuropeptides are synthesised in the sonmalalo not have a known raptake mechanism,
LDC\$ have to be continually resupplied as opposed to SVs that are recycled thkissgh
and-run or clathrirmediated endocytosis, assemblagain in the endocytic system and can
be reused in several exocytosisdocytosis cyclegGransethet al, 2006; Balaji and Ryan,
2007; Rizo and Xu, 2015; Xieal., 2017)
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The difference in the releassites also has important implications the calcium
signals required for exocytosiSVreleaserequires a robust intracellular calcium increase
(10m n n ik thalvicinity ofvoltage gated Ca2+ channels (VG@Kla}thijs Verhageet al,,

1991; Acunat al, 2015) thus a single action potential can be enough to elicit secretion. For
LDC\exocytosis, an overall smaller increase in intracelluld& Gancentration is sufficient,

but asit can happen far from the active zone and VGCCs, it needs a higher frequency of
action potentials to induce a more general elevation of internal” @l Verhageet al.,

1991; Matthijs Verhaget al, 1991; Merighiet al,, 2011) Such differences in the calcium
dependence suggst that there might be differences in the calcium sensors governing the

fusion of different vesicle types.

The exodwtic machinery

Despite the above described differencethe basic mechanissnand poteins
governing exocytosis and fusion of membraaes thought to be largely the samEirst, for
the vesicle fusion with the plasma membraaemajor energy barrier has to be overcome
due to the negatively charged surfaces of the membrafiiggire 1.3.3 A)For this, a core
fusion complex at the plasma mdémane has to assemble, which consists of membrane
linked SNARE proteins (SNAP25, syniixiand SM proteins (Muncl8)the vesicular
SNAREs (VAMPs) connect the vesicle to the complex. The exocytotic process involves at
least 3 steps: vesicle docking, pmmiand fusion(figure 1.3.3 B) To create the docking
platform, first Munc18 binds to the closed conformation of syntaxinl, which converts to
open conformation after the binding of the MUN domain of the priming factor Murt13
RIM, like Muncld, is an ative zone protein which on one hand recruits Munell®o the
active zone and activates it by disrupting its homodimerizatidanget al, 2011) On the
other hand, RIM and Muncl3 help vesicle tethering by binding to the vesicular Rab3
proteins, and also recruit &achannels to the release machineeya A G (i St a it SRG =
Baron and Schoch, 2010; Hen al, 2015) Primed vesicles are tathed to the plasma
membrane through the préusion SNARE complex. Complexin, a small soluble protein
probably binds to the partially assembled SNAREs and activates the progressive zippering of
the transSNARE proteins, pulling the membranes closer. Bmal t a2 | O4G | a |

keep the proteins in a partially zippered state and prevent early fusion, as deletion of
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complexin increases spontaneous relegSehneggenburger and Rosenmund, 20I8)e

clamp is removed by €%binding to vesicular synaptotagmins, which triggers the opening of

the fusionpore (Zhouet al, 2017) This C& binding is thought to provide the remaining

energy required for mmbrane fusion ad phospholipid mixing { N R K 2 FAfter fugiom o 0

pore opening, vesicle fusion can go multiple ways. The pore can either briefly open then

Ot 2aS8ST GKS @SaArdtsS Aa (K SafdNUB/UENASEERSIRYshRyaR NS
0KS YSYOoNIy SndRdzMIR¥ I NBI REA T 2 NJ. Algraaiivikisddingd S a A Of
full fusion, the fusion pore opexwider than the vesicle diameter and the vesicle membrane

fully collapses into the plasma membrane.

Presynaptic terminal

SNARE complex disassembly
& vesicle recycling

Partialf
assembled
/[ SNARE complex Fully assemble
SNARE complex

Synt1 g NAP 20\Synt1°P®

R 1
N
Munc18-1 lkﬁ i
> —» —> f—w
Docking Priming Fusion-Pore Docking Priming Fusion-Pore
Opening Synaptic cleft Opening

Figure 1.3.3Steps of regulated exocytosisand main proteins involved A, shows the energy levels

of a vesicle undergoing docking, priming and fusion pore opening. Calcium binding to
synaptotagmins is thought to provide the energy needed for fusion pore opening. Bs Ste
exocytosis. Syntaxin, Munc18 and SNAP25 form a core complex for vesicle docking, followed by the
partial assembly of the SNARE complex together with VAMP2 (Syb2). The final fusion step is
triggered by increased calcium concentratifigure waseused from{ NRK2 £~ H A MO

Somatic secretion in DRG neurons

There are relatively few studies lookinat exocytosisn DRG neurons, due the
difficulties they present: nost studies on neurons focus on synapdast DRG neurons in
culture do not form synapses unless thaye co-cultured with dorsal horn neuron@-erron
et al, 2014; Shailet al,, 2018) limiting studieson pure DRG culturet® somatic secretion.
The existence of somatic secretion in DREBIrons used to be in question untuang &

Neher(1996)descrbed C&*-dependent exocytsis in rat cultured DRG neurons for the first
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time. Using capacitance measuremergad C&" chelation they demonstratedhat the
secretion rate (~1.8 vesicles/x Y) and C&' requirementd f M swer& @maparable to
LDC\secretion fromendocrine cellsand were also able to measure SP release from DRG
somata in singkeell immunoblotting experimentgL. Y. Huang and Neher, 1998he
function of this somatic secretion remained in question, though they hypothesised that it
might play a role in paracrine signalling viiththe DRGs ansince then studies found that it

is important for neureglia communication within the DR@Ehanget al,, 2007; Kungpt al.,
2013)

Interestingly, one group found calciumdependent but voltagelependent (CIVD)
secretion from the somata of cultured DRG neurorfghang and Zhou, 2002 hey
demonstrated this using capacitance and amperometry measuremehisatecholamine
release and pharmacological block of calcium channels and internal calcium statdhen
found some CGRP release in thesé"@ae conditionsby radioimmunoassayLater the
same group showed that CIVD was coupled to a rapid calcium and dyiratependent
form of endocytosis that was also regulated by RERAanget al., 2004) and that CIVD
secretioninduced by low intensity stiulation (<5 Hz) only occurred on the soma but not on
dorsal horn synapses in -@ulture (Zhenget al., 2009) They were also able to identify the
machinery involved in CIVD secretion: it involvetypé calcium channels (Cav2.2) as a
voltage sensor, which linkhhe SNARE complex and the vesicle to the calcium channel
through its synprint regiorfChai, Wang, Huang, Y. Waegal, 2017) They identified ATP
as a cargo of this type of secretion, asitowed using TIRF imagitigat both SVaand NPY
containing LDC¥ undergo CIVD secretion. They suggested that because CIVD secretion
dominates during tonic, lovirequency firing, this type of secretion might be more relevant
in proprioception and normal sensation rather than p#&®hai, Wang, Huang, Y. Waeg,
al.,, 2017) On figure 1.3.4, we have listed proteins that may be present on LDCVs or have a

role in their exocytosis in DRG neurons.
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Figure 1.3.4 Cartoon ofralLDCV with associated SNARES and other vesicular proteins that have
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been reported in DRG neurons in large scale mRNA and proteomic profiling stuBieferences
that were used for the construction of this figure are in table 1.3.4.

Reference Selectedproteins of interest Technique
(Shaibet al, CAPS2 (CAPS1) Single vesicle exocytosis and
2018) calcium imaging, RF/STED
(Menget al, Munc18, syntaxinl and SNAP25 | Immunocytochemistry, calcium
2016) together with VAMP1 mediate CGR] imaging

containing of DCVs bearing TRPV1

and TRPA1
(Zhaoet al., Delta opioid receptor (DOR), TRPV| Proteomics analysis of DCV
2011) fraction

(Goswamet al.,,
2014)

SYT1,5,7,9, TRPV1, TRPAL, VAN
2

RNA sequencing of TRPV1
lineage neurons

(Xiaoet al.,, SNAP25. VAMP1, Rab3, Syt4 cDNA array, DNA sequencing (
2002) whole DRG
(Rouwetteet SNAP25, VAMP1, Rab3, Sytl, 2, 1] Proteomic analysis of membrar
al., 2016) enriched fraction
(Usoskiret al, | CGRP, SP, SNAP25, syntaxin, RNA sequencing of whole DRQ
2014) Muncl8, VAMPL1,2, complexin,

CAPS1, TREM2, TRPAL, sytl, 2, 4,

6,7,9, 11
(Reinholdet al,, | Syt4, VAMP1, SNAP25, Rabl gPCR analysis of RNA extractg
2015)

Table 1.3.4. List of references and proteins identified for the construction of figure 1.3.4.
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The fusion porand regulation of cargo release

The fusion pore that opens during synaptic vesicle fusion with the plasma membrane
was originally captureadver 30 years agasing snap freezing and electron microscopy in
frog neuromuscular junction@euser and Reese, 198The formation of the pore was then
studied using amperometry and conductance measurements mastighromaffin cells,
neutrophils and mast cells which established thaion pores araisuallyaround 2 nm in
diameterinitially and the poreexpandedrapidly after opening(Spruceet al., 1990; Ldike,
Borregaard and Lindau, 1995; Albilleisal., 1997) With regards to the composition of the
pore, some studies argued that it was made of proteins that form a channel between the
vesicle and plasma membrafecause it had conductance simil@ ion channelgLollike,
Borregaard and Lindau, 1998ut because of the high variability in conductance (and size),
some proposeda hemifusion model, where proteinswvould merelyhelp in assembling the
fusion pore that isentirely lipidic(Nanavatiet al., 1992) According to this model, a hemi
fusion state precedes fusion wheréhe cytosolic layer of the vesicle membrane fuses with
the cytosolic layer of the plasma membrar®.more recent study provided stroriye-cell
evidence for this hypothesis usiegnfocal and superesolution STED imaging inrchmaffin
cells(zZhaoet al,, 2016) They found thal.DCY¥ first undergo a herfusion state that can
progress to full fusion, full fission, and even full fusiam ceverse back to hemrfiision. It
now seems likly that fusion pores are proteolipidi(Bao et al, 2016) and SNARE TM
domainsactively promote fusion pore formation and expansitirhas been proposed that a
minimum ofthree SNARE complexes are sufficient for fusionttatt increasing theaumber
of SNARE complexesll increase theaate offusion and pore extensiof(Weberet al., 1998;
Dharaet al., 2016 Baoet al., 2018; Sharma and Lindau, 2018)

Some vesicleguse with full collapse of the vesiclmembrane into the plasma
membrane (termed full fusionFH, which allows complete content release into the synaptic
cleft but also complete transfer ohtegral vesicle preins irto the plasma membrane
Another mode of fusion is kismdrun (KR) where the vesicle transiently fuses with the
plasma membrane and is quickly recovered througtynamin and Cd dependent
endocytosis(figure 1.3.%\) (Fulop, Doreian and Smith, 2008; Chiat@l., 2014; Weret al.,,
2016) Thesignificance of controlling vesicle fusion lies in the differential cargo rel@ade

the retrieval of integral vesicular proteins if their diffusion through the pore is limifex
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often different sized cargoes are-stored in vesicles, the fusion poceuld serve as a filter

for content release based on size and also the type of stimulus. Small neurotransmitters can
fit through a small initial fusion pore of -2L.nm, as was shown in pancreatiecells and
chromaffin cellswith larger moleculesfiltered out (Fulop, 2005; Brauat al., 2007) LDC¥

are thought to underganostly FFfor complete content release, and larger molecules are
generally released more slowly than smaller ofiBarg, Olofsson and Rorsman, 20049r
example, NPEGFP(~40 kDa)is released rapidly <200 m3, while the larger tissue
plasminogen activator (tRBEGFP ~100 kDa) is released over several secoffidsn

chromaffin cell{Perraiset al., 2004; Weisst al., 2014; Bohannoet al., 2017)

Classical model Stay (?’,'_Cfie
/ \ Ca2¢ ',:
Q — N —
R Cy=L) | Dynamin
F-actin +
4 Kiss-and-run Tension,
‘ 1
Full-collapse

Q-shrink fusion

Figure 1.35 Schematic showing the classical model of exocytosis (A) and a new mdRiel
proposed by Chiang et al. (2@) (A) According to the classical modeksicle fusion can go two
ways: either full collapse of the vesicle into the plasma membrane, allowing complete content
release, or kisandrun fusion, where a small {2 nm) transient fusion pore opens and closes.
According to a different model (B), velsi fusion is much more dynamic and invashrinking or
enlargement of the vesicle rather than collapsing. The shrinking and eventual full fusion are
controlled by membrane tension generated byactin, while pore closure is generated by dynamin
and C4". Figure wasidapted from Chiang et al. (2014) and Wen et al. (2016).

Similar relationship between molecular weight and release speed were observed in
hippocampal neurons, and the interaction of cargo proteins with the vesicle matrix also
seemsimportant, as the release of cargo that binds to the luminal matrix is further slowed
down (de Wit, Toonen and Verhage, 2009; Zhahgl., 2019)

The major LDCVmatrix protein components are chromogranins and secretogranins

Granins aggregate at acidic pH, which is maintained inside the vesidieebfgnction of
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vesicular ATRse proton pumps(Yoo, 1996) The graninstogether with other vesicle
components such as catealamines(chromaffin cells and some neurores)d matrixbound
peptides form a dense mixture that can have a significant impact upon transatigise
The roles of Chromogranin A and B (CgA, CgB) in DCV formation and cargo release have
been well studied One laboratory surveyed the effect single CgA or CgB KO, and double
CgAB KO on catecholamine release in chromaffin cells by amperometBM@b 2 Y Ny 3 dzS 1
et al, 2012) Catecholamineselease is significalyt reduced in chromaffin celisf CgA or
CgB KO micend there is also a reduction in the number of exocytic event Neréet
al., 2012) In the absence of CgA, the fillingL®fCVs witlcatecholaminesnd ther capacity
to concentrate cargas disrupted, resulting in reduced releagMontesinoset al., 2008)
CgB KO had similar effects in catecholamine release as the Cg@hd&@roteomic analysis
of LDCVs showed an upregulation of C§% NEerdet al, 2010) Double KO of CgA/B
resulted in an even more pronounced decrease of catecholamine release, and the average
size of LDCVs significantly increased and their catecholamine content was reduced,
suggesting impairetDCV biogenesis 5 Neret al., 2012) Other studies reported siilar
results from chromaffin cells, with reduced transmitter relead@CV number and volume
density in the absence of C@kimet al,, 2005; Pasquat al., 2016)(figure 1.3.6A). Absence
of CgB on the other hand in pancreatic islet cells of CgB KO mice resulted in reduced insulin,
glucagon and somatostatin secretiowhile LDCV morpholgy and biogenesis appeared
normal, suggesting that CgB is more important for exocytosis in theseochlls S NMtN f S NJ
al., 2010)

A recent study in chromaffin cells found that fusion mode (FF or KR) on its own does
not necessarily determine the speed of cargo releagleether the cargo is soluble or bound
to the LDCV matrix is also importa(@hanget al., 2019)(figure 1.3.9. This study looked at
co-release ofmatrix-bound catecholamines andatuble ATP fromLDCVsand found that
when the fusion poreis non dilated (ie. during kissandrun fusion), the release of ATP
molecules is unrestricted but the releaseaaitecholaminess restricted due to their binding
to CgA. When CgA was knoclaamlvn however, catecholamine redse increased to the
same levels as ATP during lkasstrun fusion. This study demonstratettierefore, the
importance of theLDCV matrix in differentially controlling the release of mabound and

soluble cargoes.
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Despite their importance in neuroendocrine and endocrine cells, double KO of CgA/B
did not have a significant effect ohDCV number, morphology okDCV fusion in
hippocampal neurongDominguezt al, 2018) In DRG neurond, would appear thatoth
chromogranins and secretogranins aegpressed as they have been identified on both
TRPVZositive and-negative DRG neurons by RNA sequen@@uaswamiet al,, 2014) CgB
has been successfully used LBCV marker in a proteomic studyhaoet al, 2011)
Interestingly, CgA was found downregulated in rat DRG neurons following nerve injury,
possibly suggesting alterddDCV biogenesis in these neurons, which could underlie altered

peptide releasd€Xiaoet al., 2002)

B scrambled

control CgA-KD ‘@ Matrix |

l.‘:,..

sub-quantal ‘quantal® * Quantal quantal

Figure 1.3.6The role of chromogranin A in chromaffin celld, EM inages of normal and altered
LDCVs (arrows) in inactive scrambled shRNA orsBBNAreated chromaffin cells. Note the empty
LDCVs in CgKD cells. Scale bar = 500 nm. B, proposed role of CgA and vesicle matrix in controlling
cargo release in chromaffin cells. In normal control cells, the vesicle matrix retains some
catecholamine (CAjdm being released during kissid-run (KAR) fusion, resulting in its sqbantal
release, while the soluble ATP is fully released. During full fusion (FF), the whole vesicle content is
expelled. In CgKD cells, the vesicle matrix is disrupted and thuth lmatecholamines and ATP are
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fully released (quantal release), regardless of the types of fusion. Rigag@daptedrom Zhanget
al,, 2019

Modulation of fusion pore dynamiby C4&"

C&" concentrationand stimulis strength are important regulatos of fusion pore
dynamics but there are conflicting findings as to precisely how changes?ha@act fusion
Severapatch clampingstudieson chromaffin cellestablished that basal firing rates induce
KR with a naow fusion pore that limits content release, while strong firing (15 Hz) or
raisingintracellularC&" i 2 Bmnn xa LINRB Y2 ( SaRd fiflldonterg rgleakd2 NB
which were interpreted as FfFulop, 2005; Elhamdani, 2006; Fulop and Smith, 2006)
opposed tothese resultsresults, me earlier study on chromaffin celfsund using patch
amperometry that increasingC&" concentratiors in the patchpipette promoted faster
fusion pore closure and transient KR type fusioh fetSaf, 1999) An important caveat of
the latter study is that it was based on spontaneous releadde the later ones used
physiological stimulation, which might account for the differences

Using high resolution confocal microscopghiang et al.(2014) provided strong
evidencein chromaffin cellghat, asopposed to the studies abovégw C&*promotes pore
expansion whilehigh C&" promotes pore constriction, and termed their modetexo-
endocytosis According to this modelthe m fusion profile can change in 7 differentays
instead of onlytwo (FF or KR they redefined FF as vesicle shrinkagel flatteningrather
than fusion pore dilationand KR can happen through shrinking, enlarging or without size
change, before pore closure, which is triggered by stronf @#ux, but the transition
between diffeent states is flexiblé¢figure 1.3.5 B The same group later refined this model
YR LINPLR2ASR I AGRe@YyIFYAO LE2NBE (GKS2NEBE( @gKAOK
depends on the competing forces of expansion (generated 4JagtiR) and constriction
(generated by dynamin and € (figure 1.3.5B) (Shinet al, 2018)). In support of this
theory they found that fusion pores can expand much more than previously assumed, as a
maximum pore size of 490 nm was measured in chromaffin cells. Whether similar fusion
pore regulation exists for SVs and in other cell types (egrons) too however remains to

be determined.
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1.4.Techniques for studying single vesicle exocytosis

Electrophysiological techniques

The two main approaches used for studying neurotransmission and vesicle exocytosis
are electrophysiological and optical teggnes. Each has its advantages and disadvantages
YR (KdziA RSOARAY3I 6KAOK | LILINRIFOK adzaida 2yS
maximizing the advantages. Amperometry can be used to measure the release of oxidizing
neurotransmitters, such as catechalnes and monoamines. For this technique, a carbon
fibre microelectrode is positioned in close proximity of the cell and is held at a voltage that
is higher than the redox potential of the neurotransmitters. When the cell is depolarized
and the transmittes are released, they are quickly oxidized on the surface of the electrode,
which can be detected asngerometric spikes (figure 1.4.1These spikes areften
LINEOSRSR o6& | t2¢6 FYLIEAGddZRS aF220¢ s&Ayl X
transmitter beirg released througlopening of arinitial fusion pore. The amplitude and the
duration of the prespike foot give information about the fusion pore size and- life
time/stability, respectivelyo / K2 g3 @2y WNRSY I ¢tRl, OFKSNE MphHT

Capacitance measurements can bedise directly measure both endand exocytosis
based on the alterations in the cell membrane surface area. However, in contrast to
amperometry, it requires a physical connection between the electrode pfabma
membrane to establisithe patch clamprecordng and measurements are restricted to
recordings in which electrical parameters of the cell are tightgtrolled (Hartmann and
Lindau, 1995; Debus and Lindau, 2600)¢ KA & Y2adf e NBaAaGNROGAa GKS
round cell bodies such as chromaffin cells or large nerve termiidias beensuccessfully
used on isolated DRG neurons, although recordings were restrictsth&dl neurons that
had been isolated for only a few hours ateitkedprocessegL. Y. Huang and Neher, 1996;
Zhang and Zhou, 2002; Chai, Wang, Huang, Y. Weainal, 2017) Capacitance
measurementsan suffer from possible artefacts arising from neuronal processes distorting
measurementspr gating charge movements and may also be contamin&tat fusionof

vesicleghrough theconstitutive pathway
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Figure 1.4.1Example traces of amperometricurrents from PC12 cells stimulated with KCI
Catecholamine release from single vesicles appears as spikes of various amplitudes on the top trace.
The bottom trace shows an individual spike on a larger scale, which start withspigeefoot signal,
indicating the initial opening of the fusion pore, followed by complete expulsion of vesicle content,
indicated by the spikeFigure was adaptefiiom Jackson, 20Q7

Optical techniques

In paralel to electrophysiological methods, imaging techniques have also been
developed to study vesicle exocytosis. Although electrophysiology has a superior time
resolution and is especially useful for studying fast synapaiecsmission to study slower
neuropeptide release and vesicle recycling that can happen over seauimiges(Betz and
Bewick, 1992; Bauer et al., 2004; Perrais et al., 200#9ging techniques may be better
suited. Moreover, the conductance @DCV fusion pores in chromaffin cells can be higher
than what can be measured by electrophysiology but can be measured by a combination of
fluorescent dye¢Sharma and Lindau, 2018; Shin et al., 20A8pther avantageof imaging
techniques is that they can give valuable information about the location and history of
fusing vesicles.

Styryl dyes are amphipathic molecules that increase their fluorescence when bound
the membranes and thus can be used to study Vesigcling(Wu et al., 2009)They bind
membranes rapidly but they have different menalpe affinities and thus their dgaining
rate is different. For eemple, the dye FMA0 has a faster destaining rate than FX&, and

this feature has beeexploited to study different rates of endocytogklingauf, Kavalali and
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Tsien, 1998; Richards, Guatimosim and Betz, 2060}hese experiments, vesicles are
loaded with dyes during stimulation, foll@d by dye washout from the bath solution.
During a second round of stimulation, the exocytosis and destaining rate of previously

stained vesies can be measured (figure 1.48p
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Figure 1.4.Zartoons showing the theoretical background of styryl dyes (a, b) and pHluoring{c).

b, For experiments using styrges, dye uptake and release can be assessed. During dye uptake,
vesicles with different fusion dynamics are loaded with the dye differently, as those fusing with fast
transient kissandrun fusion will maintain the dye even after washout, compared toickes
undergoing full fusion and slow endocytosis. Subsequently, dye release can be monitored during
vesicle fusion after stimulation. In this case, a short fusion pore opening limits dye release and thus
these vesiclestay fluorescent after fusion., @Huorin molecules (round tag inside the vesicle) fused

to vesicular membrane proteins (shovim blue or cargo proteins are quenched inside the vesicle,
due to the acidic pH, maintained by vesicular proton pumps. Upon fusion, a proton efflux from the
vesick lumen increases the pH and the pHluorin fluorescence swiftly increases. This is followed by
vesicle endocytosis and reacidification, and gradual decrease of the fluorescence. Wagire
adaptedfrom Kavalali and Jorgensen, 2014
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Dye unloading from vesicles gives an estimate of how long a vesicle is in contact with
the plasma membrane and how lorgfusion pore is open for. Howeveame disadvantage
of this techniqueis that dye washout is required after dye loading in order to reduce
background fluorescence. As this can take several minutes, the detection of fast vesicle
recycling events is limited. Additionally, FM dyes are -spedfic and will label all
membranes.

A more specific way of studying vesicle exocytosis is the use of fluorescently tagged
proteins. One advantage of this approach over styryl dyes is that it allows the tagging and
examination of specific vesicular protsirbut it also requires the transfection of cells, which
can be done either by transient transfection or by viral vectors. The specificity of the protein
tagging also makes the interpretation of fluorescent signals less straightforward, as different

fluorescentlytagged proteins can report different fusion characteristics.
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Figure 1.4.3Comparison of mEGFP, pHluorin and mCherry tagged to NPY for reporting vesicle
fusion in Insl cellsMEGFP has a pki&6 and hence, while the NFBGFP is visible before fusion, it
exhibits a small increase in fluorescence upon fusion before cargo release and fluorescence loss.
pHluorin has the highest pKa among the examined constructs, hence it is invisible befoneafusi
exhibits a sharp increase in fluorescence before release. mCherry has a pKa of 4.5 and its
fluorescence stays the same before dropping, indicating cargo release. Migaradaptedfrom
(Gandaset al.,, 2015)
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The most widely used among these fluorescent molecides the pHsensitive
pHIuorins (figure 1.4.2 CTheir popularity is due to their neutral pKa (<043 A SaSy ol O =
Angelis and Rothman, 1998which makes them invisible in thecidicpH of a secretory
vesicle prior to fusion, but upon fusion pHluorin fluorescence increbge-89 fold, making
vesicle fusion events easy to detd@andaset al,, 2015) Other fluorescent proteins, such
as EGFP, Venus or mCherry have a lower pKa and thusgsdnie prior to fusion (figure
1.4.3) Fluorescent proteins can be usefulgtudy different aspects of exo/endocytosis and
vesicle trafficking depending on theargetingpartner. If they are fused to a soluble cargo,
such as NPY, then cargo release can be monitored by the disappearance of fluorescence
upon fusion. In this caséluorescent proteinsother than pHluorin(such as mCherry or GFP)
can be used to monitor the movement of vesicles before and during exocytosis. pHluorins
on the other hand are useful when tagged to vesicular membrane proteins to study fusion
pore behavious and endocytosjss the fate of the vesicle can be followed after exocytosis
(Gordon, Leube and Cousin, 2011;eXal., 2011; Chanaday and Kavalali, 2018)

In cortical neurons, experiments using pHluorin tagged to different sized cargo
proteins (such as semaphoring 3A, i(BONF and NPY) have shown that certain cargoes are
retained at the surface of the plasma membrane as stable cargo deposits that can last for
minutes (de Wit, Toonen and Verhage, 2009)he appearance of these cargo deposits
depends on interaction with thd DCV matrix. Regarding fusion pore behaviours, using a
combination of EGF@ I 33 SR t [ / MEGFP) domain] whioht sklectively labels the
cytoplasmic leaflet of both the plasma membrane and vesicular membrane, and Alexa 532
dye in the bath solution, Zhao et al. (2016) was able to prove the existence of gusmni
intermediate (figure 1.4% They were able to capture fusion states using STED imaging
where the PHEGFP diffused into the vesicular membrane upon contact of/ésécle with
the plasma membrane, but the A532 dye did not diffuse into the vesicle, indicatinghtha
fusion pore did not open(figure 1.4.4 AB). Importantly, the above described
electrophysiological techniques would not be able to detect such inteiates. Moreover,
using the same technique they were also able to resolve fusion pores-480.2m in size

and stable vesicle shapéShinet al., 2018)(figure 1.4.4C).
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Figure 1.4.4Visualization of DCV fusion pores and hefusion intermediates with STED imaging.
Chromaffin cells were transfected with FEEGFP, which specifically labels the plasma membrane
(PM) and the fusing vesicle, while A532 was also present in the bath solat&ivow fusion pore
opening. Cartoons on A and B show the interpretation of the fluorescent images below. A, A vesicle
is simultaneously labelled with PEGFP and A532 upon fusion with the plasma membrane. B, There
is a delay between RHGFP and A532 laliey of the vesicle, indicating a heffiiised intermediate.
Cupper left anK-profile of a PHEGFP labelled vesiclepper right,line profile of the dotted line
across the bottom of the vesicle.\ full width at hafmaximum.Bottom, reconstituted XY phe of

the fusing vesicle above, at the fusion pore level (indicated in grey on the inset). Wigsigdapted

from Shinet al,, 2018and Zhaoet al,, 2016

To summarize, the different techniques can report various vesicle fusion
characteristics because they each measure different points of the exocytotic process and
operate at various time resolutions. A cattached capacitance measurement might
accurately report the opening and conductance of a fusion pore on the millisecond time
scale . An amperometry recording reports the release of oxidizable cargo at similar time
scales, but it does not provide informaticabout fusion pore dynamics (only about the

initial opening of the fusion pore through the pspike foot) or the fate of the vesicle.
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Optical measurements on the other hand, might be less accurate to report the initial phase
of fusion pore opening, but #y report cargo release and fusion dynamics changes with
>100 ms to several seconds resolution. Hence, the combination of different techniques

should be considered to best understand vesicle fusion and transmitter release.

1.5. Synaptotagming couplingexcitation to Cd mediated exocytosis

Synaptotagmin® & & & y I LJ3 21¢ aNByFISINEA QI 20SaA Ot S LINBGSAY
phospholipidbinding activity (M.S. Perin, Johnstod991)are a protein family of 17 known
isoforms in mammalian cellffigure 1.5.). They contain a short #&rminal sequence
followed by a transmembrane domain and two C2 domains (C2A, C2B), atefrairal
regions; this structure is highly conserved across species from Drosophila to humans, but
only the C2 region is homologous across tboforms(M S Periret al,, 1991; M.S. Periat
al MdbddmT { NRK2TFZI Hfigunen I'5.). /Thel fisti distered isafar,
synaptotagminl (sytl), was originally named p65 referring to the molecular weight it was
identified at (Matthew, 1981) It containstwo C&*-bindingC2 domains homologous to the
PKC C2 regidifPerinet al., 1990) and its main function was to couple stimulation to calcium
dependent exocytosiah shown inn vitro fusion assay§Baiet al., 2004; Bhalla, Tucker and
Chapman, 2006 wAl 23X / KSy FyYR ! N} X HAncoO

Early biochemical studies determined that syts bind phospholipids and syntaxin in a
C&* dependent manner through their C2 domaifBroseetal> Mo dH T 51 @t SG20 |
1993; Chapman and Jahn, 1998yt the two C2 domains have different functions. While
the C2A domain is responsible for ?Cadependent phospholipid bindingDavletov and
{ NRK 2 T 3 themmpplwane distal C2B domain mediates’*@ependent homeand
hetero-oligomerization with other sytéChapmaret al, 1996, 1998; Osbornet al., 1999)

C&" channels(Kim and Catterall, 1997; Sheng, Yokoyama and Catterall, 486 &ynaptic
proteins such as syntaxinPR adaptor complex proteins and SNARGTapmanet al., 1995,
1998) The different isoforms also have different®Gsensitivities(Li et al, 1995) In the

presence of lipids, the &aconcentration dependence of syt1, 2 and 9 are in the high (>100)
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micromolar range, while that of syt3, 5, 7 and 10 are in the low (<10) micromolar range

(Sugiteet al., 2002; Véynski and Krishnakumar, 2018)

Synaptotagmin-1 | 1 [ c2a [ c28 ]

Synaptotagmin-2 1 [ cea JI c2s ]
= 1
Synaptotagmin-9 1| 24 2B
Synaptotagmin-8 | 1l | caa [I cz8 1]
Synaptotagmin-10 | | cza 1] coB | |
=
Synaptotagmin-6 | 1) | c2a || ceB ||
| > 2
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Figure 1.5.1Structure of mouse synaptotagmingll syts have a TM domain and two C2 domains,
but their linker regions between the TMD and C2A domain, and the C/N terminals are variable. Syt7
alternatively spliced formare shown on the bottom. Syts can be classified into five groups (shown
by brackets on the right) based on homology. Image reasedfrom Gustavsson & Han (2009).

It has thus been proposed thatthe presence of these low and higiffinity C&"
sensors carmccommodatea wide range ofC&* dependence of exocytosis in neurons and
endocrinecell§t A Yy KSANR X | 2dz22 (figidel.5{2D% Exsniplé §6r5thiststhe ¢ 0
differential distribution ofsyt1, 2 and 9n the brain, each of which haslightly different C&
sensitivities and triggetransmitter releasewith different kinetics In the calyx of Held
synapses, syt2 is the main “taensor which triggers neurotransmitter release with the
fastest kinetics out of these three isofornds- dz= a |l & KA Y 2007) yhRhe iInbiRK 2 T =
system syt9 is the dominant isoform and triggers release with relatively slower kinetics

while Sytl dominates in the forebraip - dzZ al & KA Y 2 2007y Rus thBiR K 2 F
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differential expression in the brain determines the release kinetics of the synapsee

they reside
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Figure 1.5.2Schematic diagram showing the half maximal calcium concentrations,*|ga of
indicated C2 domain containingroteins required for membrane bindingPurple indicated low
affinity, light blue indicates medium affinity, and red indicated high affinity groups of proteins.
Figurewasadaptedfrom Pinheiro et al. (2016).

sytl

Being the first identified isoform, sytias been the most extensively studidsharly on,
it was identified as the lovaffinity C&" sensor of the synchronous component of
transmitter release in hippocampal neurons, as synchronous release largely disappears in
sytl KO mic¢Geppertet al, 1994; Goda and Stevens,docpn T [ A X 5 @t Si2@ | y |
Later studies confirmed this and solidified sytl as the m@ii sensor of transmitter
release in neurons and endocrine celishere the C&* sensitivity of release is largely
determined by theC&" affinity of sytl, as shown by introducing mutations in the sytl C2
domainsd C S NJ-t K IR &tdal/ 2001; Voetst al, 2001; Rheet al., 2005) In chromaffin
cells,Cadependentlipid binding by sytl is required for tHasion ofvesicles that fuse soon
after stimulation (readily releasable pool of vesicles or R&Phis fast release component
disappears in sytl KO ceoetsetal> HnnmTetplDWBY & Sy

Multiple later studies established thaytllikely has other functions, such emmping
CE&-RSLISYRSY (i &aLRY(l yaPagdeith complexf(Xuet aNBROBdndt iS
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vesicle priming/docking to help maintain RRP size in &-ifidependent manner in
hippocampalneurons (Bacajet al, 2015)and in &iromaffin cells(de Wit et al, 2009;
Mohrmannet al,, 2013) In support of the notion that synaptotagmins might have a role in
steps upstream of vesicle fusiontiee finding thatsyt2 (which is highly homologous to sytl)
contributes to positional priming (the positioning of S¥¢lse to calciunthannels) that is

required for synchronous release rat calyx of Held synaps€soung and Neher, 20Q9)

Syt7

' y20KSNJ O2YLRYSYyid 2F GNIyaYAGGdSNI NBfSIaAS
maintained over hundreds of milliseconds and has muher C£* sensitivity than
synchronous release, suggesting that a sepaf2d€ sensor regulates this type of release
(Sunet al, 2007) Syt7 has aigh C&" affinity andthe slowestdissociation kinetics from
phospholipidsamong syt§Bhalla, Tucker and Chapman, 208%j et al., 2005) makingit an
ideal protein to regulateslow release.Syt7 is a Ca sensor of lysosome exocytosis in
fibroblasts(Martinezet al, 2000) the main C& sensor of insulin secretion in panctia -
cells(Gaoet al., 2000; Let al., 2007; Gustavssoet al., 2008)and is localized on the plasma
membrane as well as secretory vesidqi8sggitaet al,, 2001; Fukudat al.,, 2004)

Functional studies using electrophysioldgynd that syt7 ishe main C&*-sensor of
asynchronousSVreleasein hippocampal neuronsgalyx of Held synapsesgtinal ribbon
synapses and zebrafish neuromuscular junctidven et al,, 2010; Bacagt al,, 2013; Luo,

FOF2 YR {BRIE2FIMmEAMpP 8z2[ X aftoughitsl deletdAdd nos n M T 0
have any effect on SV release at inhibitory synapdestween culturedcortical neurons
(Maximov et al, 2008) A study examining the role of syt7 on four different facilitating
synapses in thanouse brain foundthat syt7 was required for synaptic facilitatioand
suggestedhat it does so byncreasing the probabilitgytl-mediated S\fusion (Jackmaret
al.,, 2016) In chromaffin cells, sytl and sy&ppear to bethe main proteins regulating fast
and slowexocytosis of. DC¥ respectively, as deletion of sytl or syt7 eliminated the fast or
slow component of release respectively, while double KO elimin&d@80 % of total
secretion(Schonnet al., 2008) There is therefore good evidence that syt7 regulates slow

transmitter release in many cell types.

51



Some suggested thdike sytl, syt7 also has a role upstream of fusion triggering, as
syt7 was found to worktogether with calmodulin to replenish SVs during repetitive
stimulation inhippocampaheurons(Liuet al., 2014)and LDC¥in chromaffin cell{Schonn
et al, 2008) However, other studiefound no effect of syt7 on the rate of SV replenishment
in hippocanpal neurons or retinal ribbon synaps€Bacajet al, 2015; Luo, Bacaj and
{ NRK 2 T.Theweasarpfar these discrepancies between studies is not clear, but could be
due to small differences between experimental procedures, cell types or even the
interpretation of results

Besides the abovdescribed raés of syt7it is also reported taegulatefusion pores
and thus selective transmitter release In mouseembryonic fibroblasts, the release of
different sized fluorescent dextran cargo from lysosomes fuller in syt7 KO cells and it
was concluded that syt7 restricts fusion pore expansion (though whether pore size or the
speed of opening is affected was inconclusi@iswalet al, 2004) Additionally,the C2
domains of sytivere essential for its function in controlling fusion pore dynamassshown
in chromaffin cellsWhenC&*-binding to its C2B domain was disrupted by a mutation, more
KR and less FF events were observedgesiing that the C2B domain controls fusion pore
expansion, perhaps by stabilizing it, i€&"-dependent manner but both C2 domains were
needed to operthe fusion pore(Segoviat al., 2010)

Due to its high Césensitivity, syt7 responds t€&* concentration increase faster
than sytl, as evidenced by the fatttat syt7-bearing vesicle fusecloser tothe time of
stimulation than sytl vesicleim chromaffin cellfRaoet al, 2017) The same grougas
found that following mild (25 mM KClstimulation, syt7 mediated eventsre favoured
compared to sytl events, and thisend reverses with increasing (56 and 80 mM) KCI
concentration(Raoet al,, 2014; Bendahmanet al., 2019) The authors concluded that Syt7
is activated bylower C&" increase after mild $nulation, and restricts fusion pore
expansionto slow down cargo releaseSytl on the other hand camnly sense higher Ga
concentration afterstrongstimulation, and mediates pore widening and fuller cargo release

(figure 1.5.3.
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Figure 1.5.3 Putative roles of sytl and syt7 in mediating vesicle fusidtrong stimulation and
higher Ca2+ rise at nanodomains close to Ca2+ channels preferentially activated syt1 IHearég
which mediates fast fusion pore widening and full cargo rele@gt. m the other is well suited for a
lower, more uniform rise in Ghafter milder stimulationdue to its higher sensitivity and slow
membrane unbinding kinetics, and it restricts fusion pore opening and cargo release. Figure was
reusedfrom Raoet al. (2014).

The differences between sytl and syt7 appear to arise fsamall differences in their
C2B domains, as replacing the sytl C2B domain with that of syt7 could not rescue the sytl
phenotype (reduced transmitter release) in sytl KO nfitgeet al., 2010) and their two C2
domains have different relative importance for their functigiBacaj et al, 2013)
Nevertheless, these findings suggdisat cells can achieve precise control of fusion pore
dynamie and cargo release through sorting different synaptotagmin isoforms onto vesicles
and how accessible their C2 domains are t&* (b positioning to Ca-channels/interaction
with other protens) (the various roles of syt7 were recently reviewedacDougall et al.,
2018)

Syt4

Out of the seven syt isoforms thiick C&* binding abiliy (Syt4, 8, 11, 12, 13, 14, 15),
syt4 has been the most extensively studiedhdtbours a single point mutation resulting in
an aspartate to serine substiion in its CA domain, and thuslacks C&" -dependent
phospholipid bindingby this domainin mammalian cellgUlIrich et al, 1994; Poser,
Ichtchenko and Shao, 1997hough inDrosophilait retained its C£* binding ability and
functions asa postsynapticC&* sensor (Daiet al, 2004; Yoshiharat al., 2005; Barbeet
al., 2009) syt4 canstill bind syntaxin through its C2A domain, and interestingly, its C2B
domain possessesC&*-binding properties which promotests homo- and hetero

oligomerization(Thomaset al., 1999)
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The expression of syt4 can be induced by forskolin in PC12 celldestdcal activity
in neurons and its expression levels also chandgring developmentiVicianet al., 1995;
Fergusoret al,, 1999) In the brain, syt4 has important roles in the proper functioning of
synaptic transmission in the hippocampus and cerebellum, as syt4 KO mice have impaired
learning, memory and motor coordinatidfrergusoret al, 2000) On the cellular leveEyt4
is localized tdoth SVsand LDCY¥, as wellasthe Golgi(Fergusoret al,, 1999; Ibateet al.,
2000; Zhanget al, 2009) and is generally considered an inhibitory isoform, as it itibi
exocytosis in PC12 cells and neurdMachadoet al, 2004; MooreDotson, Papke and
Harkins, 2010)In hippocampal neurons, syt4 negatively regulates BDNF release and thus
indirectly affectssynaptic transmission and plasticifpean et al, 2009) However, its
function seems more complex than simply inhibiting release, as it was found to regulate the
Ca** sensitivity of release by promoting exocytosis at low, and inhibiting it at G&hinflux
at pituitary nerve terminals(Zhanget al, 2009) and by establishing the lineat&*
dependence of transmitter release in cochlear hair dgiidnsoret al., 2010)

It is likely that syt&unctions at least partlghrough interacting with other soforms
and affecting their Cd/phospholipidSNAREbinding. In Drosophila it forms hetere
oligomers with sytl to inhibit neurotransmissidhittleton et al,, 1999) while inpancreatic
i cells syt4 developmentallyregulates theC&" -sensitivity of insulin secretion through
interacting withsyt7 (Huanget al., 2018) This latter study found using proximity ligation
assay that syt4 and syt7 interacnd suggested that syt4 increases the Ca sensitivity of
insulin secretion in maturée OSffa UGKNRddzZK SAGKSNI RANBOGT &
through decreasing the sorting of syt7 onto vesicles at the leviHeotolgi.As opposedo
the inhibitory roles of syt4 but supporting the notion that it functions together wather
C&" sensors syt4 and 7 were both required fobasal and evokedsomatodendritic
dopamine release in hippocampal neurgras measured by radagsayin syt4/syt7 siRNA
knockdown neurongMendezet al., 2011) It is unknown how the interaction of syt4 with
syt7 alters syt7 function, possible mechanisms include changi@gitsffinity or regulating
fusion pore dynamics.

Several studislooking at fusion pore regulation by syt4 werenductedon PC12 cells
using amperometry and capacitance recordinfisese studies found that overexpression of
syt4 resulted indecrease fusion pore stability and redudepore open time (Wanget al.,

2001) and promoted KR events with narrow fusion por@&anget al., 2003) A different

54



study also found that syt4 prooted KR events, but their results indicated that thés2CV
fusion events had increased pore size and lifetif@d@ang, Zheng and Jackson, 2010)
Experiments in pituitary peptidergic nerve terminals supported this latter study: in wild type
nerve terminals, LDCVfusion pores were significantly larger than in those from syt4
knockout mice(Zhanget al, 2009) Thus, it is still not clear how syt4 exactly affect fusion
pore kinetics although studies agree that it promotes KR and has no effect on SV fusion.

Interestingly, syt4 is mostly localized to the Golgi in undifferentiated PC12 cells, but
following NGF differentiation or forskolin treatment it is traffickedltbC¥ which undergo
C&*-dependent exocytosis (Fukuda et al., 2003; Fukuda & Yamamoto, Bi0dg. syt4 was
shown to be phosphorylated in PC12 cells after NGF treatnfidiori et al., 2008) this
points towards the possibility that postanslational modifications may alter its function
Indeed in hippocampal neurons, syt4 phosphorylation on DCVs was found to promote DCV
dissociation from microtubulesncreasedtheir capture andthe releaseof NPYcargo at
presynaptic release site@Bharatet al., 2017) (figure 1.5.4). However, whether similar
mechanisms work in DRG neurons has not baeestigated

In summarysyt4 is a calciuamsensitive isoform that is mostly localized to DCVs but
its precise function in secretion and vesicle fusion remains poorly characterized. In DRG
neurons, sytl and 2 are known receptors for botulindnbut syt4 or syt7 have not been
descibedin these cellsnor have syt4 or syt7 KO mice been assessed for pain behavioural
phenotypesMoreover, while he physiological effects and receptors of NGF on DRG
neurons are well characterizethe possible role of syt4 and its phosphorylatiolNG~

mediatedsignallingare unknown.
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Figure 1.5.4Summary figure of known role of syt4 in vesicle trafficking in hippocampal neurons
and of TrkA signalling in DRG neurorBharat et al. (2017) found in hippocampal neurons, syt4
located of DCVs is phosphorylated by JNK. The phosphorylation of syt4 promotes detachment of
DCVs from microtubules (in green) and from the motor protein KIF1 and increased capture at the
plasma membane (PM). In DRG neurons on the other hand, NGF can bind to its receptors p75 and
TrkA, and TrkA activation leads to phosphorylation of TRPV1, which in turn leads to increased
neuronal excitability, vesicle fusion and increased surface presentation ofr@ckptors(Tanakaet

al., 2016) Whetherthe activation of p74 by NGF in DRG neurons has similar outcomes as in
hippocampal neurons is unknown.
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1.

both

6. Aims and objectives

Sensory neurons increase their neuropeptide secretion during chronic inflammation

in the periphery and the CNS, but thsecretory machinery that enables this

maintained secretion is unexploredhis thesis focuses on the role of synaptotagmins in this

process as potential calcium sensors that regulate peptide release from DRG ndarons.

order to address this question, acmnd major aim of the work was to establish a method

for characterizing and quantifying exocytosis from DRG neurons directly.

Therefore theexperimentalobjectives otthe researchwereto:

l

1
1
1

Describe the synaptotagmin isoforms expressed in the peptid®8IG neurons
Identify putative isoforms controlling neuropeptide secretiorDRG neurons
Establish a method for studying synaptotagmiediated exocytosis in DRG neurons
Study thefunction ofidentified synaptotagming regulatingsecretionfrom DRG
neurons and explore the impact of phphorylation of synaptotagmid on

exocytosis from DRG neurons
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2. Materials and Methods

2.1. List of antibodies

Primary antibodies

Name Host Application Source
' . ICC (1/500) ,
Synaptotagmin 2 | Rabbit Synapticsystems, 105123
WB (1/1000)
' . ICC (1/1000) ,
Synaptotagmin 4 | Rabbit Synaptic Systems, 105143
WB (1/1000)
ﬁyf aptotagmin 4 Mouse ICC (1/200) Santa Cruz, sc271936
Synaptotagmin 4| Rabbit P, WB Synaptic Systems, 105 043
ynaptotag (1/1000) ynap y :
_ _ ICC (1/200) _
Synaptotagmin 7 | Rabbit Synaptic systems, 105173
WB(1/1000)
i ICC (1/500
Synaptotagmin Rabbit ( ) Santa Cruz, sc135411
11 H79 WB (1/1000)
TrkA Rabbit ICC (1/100) Alomone labs ANT18
CGRP Mouse ICC (1/2000) | SigmaAldrich C71113
TRPV1 Goat ICC (1/200) Santa Cruz st2498
Substancd® Guinea pig ICC (1/100) Abcam ab10353
GAPDH Mouse WB (1/1000) | Thermo Fisher
ANti-GEP Camelid single | ICC (1/1000) | Synaptic Systems, NO3@®1488

domain antibody

S

Secondary antibodies

Name Host Application Source
Thermo Fisher 21206
Alexa Fluor 488 | oo | 1cc (1/1000)
anti-rabbit
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Ale?<a Fluor 594 Donkey ICC (1/1000) | Thermo Fisher 23235
anti-goat
Alexa Fluord88 | L ev | icc (1/1000) | Thermo Fisher 21203
anti-mouse

2.2 DNA constructs

Plasmid name

Details

Synaptotagmin zpHluorin

Synaptotagmin 4 gene was replaced by synaptotagmin
the syt4phluorin construct; cloning done by GenScript

Synaptotagmin 4$hluorin

From Anantharam lab (University of Michigan, US)

Synaptotagmin -pHIluorin

From Anantharam lab (University of Michigai§)

NP¥mCherry

From Barg lab (Uppsala University, Sweden)

VAMP2pHIuorin

From Barg lab (Uppsala University, Sweden)

NP¥pHluorin

From Anantharam lab (University of Michigan, US)

Synaptotagmin 4nCherry

pHluorin gene was replaced by mCherry in the syt4
pHluorin construct; cloning done by GenScript

1, Synaptotagmin-$135A
mCherry

2, Synaptotagmin-$135E
mCherry

Site directed mutagenesis was done by Genscript to
change the Serine at the 135 site to Atamin the
phosphodeficient, or to a Glutamic acid in the
phosphomimetic construct.

2.3.Animals

All animals had free access to food and water prior to sacri@&g.BL/6 mice were

from an irhouse breeding colony and were originally purchased from Charles River (UK).

Synaptotagmird mutant mice used in this project were from thethiouse breeding

colony of Professor Walter Marcotti and Dr Stuart Johnaad were woiginally obtained

from H. Herschman (UCLA&yt4 KO mice were generated by replacing a section of the syt4

gene encoding the C2A domain with a targeting construct containing the same gene

sequence put which was disrupted using a neomycin resistance dtesgEergusoret al.,

59




2000) (figure2.3.1) 129SvJ embryos containing ti8yt4/ne& gene fragment were raised
and then crossed with C57BL/6 mice, to obtairiehezygous mice for the mutation. Syt4

heterozygous (+) mice were then crossed to obtain homozygous mutants.

Synaptotagmin IV Partial S kb untargeted ,
Gene Structure 3 8 NS B NS
- - +—CF - O aO—+—+ -
Synaptotagmin IV Targeting X X
Construct 8 NS B .
o - {CI 1D
XN =L
ned*
Disrupted Synaptotagmin IV
Gene _5.5kb targeted.
S 8 N S B NS
- ——C —.vavat o o -
1kb =—probe

Figure 2.3.1 Schematic of the syt4 gene structure used to create syt4 KO Rigge from
Fergusoret al,, 2000

Syt7 mutant mice (used for ELISAs and antibody validation in chapter 3) and syt2
mutant mice (used for antibdy validation in chapter 3)yere from the breeding colony of
Professor Walter Marcotti and were purchased from the MRC Harwell Institute. Both gene
1y2012dzia ¢SNBE ISTENR @S RODERN] V2N €adinrf St S
et al, 2015). Briefly,s a Gl NBSGSR Ydzil G A2y NdcZcassetie ¥R 0 | f f
sites andoxPsites upstream of a critical exon ganesequence that igssentialfor protein
function) was inserted into thesyt2 or syt7 genes by homologous reconmmation. A
aeldrridymop EESES gFa (GKSyYy 3ISYSNIGSR o0& ONZ
mice, resulting in the deletion of the critical exdgaxon 7). Due to the remaininijacZ
cassette, | -galactosidaseis expressed in the relevant tissues instead of syt7. The
syt2<tmId> mice were generated by crossing syt2<tmla> mice with mice globally
expressinFLPINE O2 YO AY | 4Ss T2t 26SR o0& ONRaaiaAy3a gAl
knockout of the critical xon (exon 3) without the expressioniofgalactosidase.

Adult, 612 weeks old C57BL/6, syt7<tmlb> and syt4 mice waczificedusing a

Schedule 1 method in accordance with the animals (Scientific Procedures) Act 1986.
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Synaptotagmin 2 <tm1d> mice were gficed at P14, as syt2 KO mice are only viable for

~20 daygPanget al.,, 2006)

tmla FRT loxP FRT loxP  loxP

CAIdzNBE HdodH { OKSYI GFAANREIK 2 sO2YWR AGIKRS vy 1ty 2-G 1 28dz0S G |
creation of syt7 and syt2 KO micEigure reused fronjSkarne®t al., 2011)

2.4 Primers
Name Sequence Details

Reverse pQ D/ ! ! DD! D! D/ ¢/ Syt 4 genotyping
Forward 1 (mutant, | pQ ! '/ [/ V] V[ ¢ D Syt 4 genotyping
expected bandat |0 Q
250 bp)
Forward 2 (wild pQ / v/ ¢c¢/ [ ¢ [/ Syt 4 genotyping
type, expected band o0 Q
at 300 bp)
SY2 4, 7forwardl |pQ /¢! / ¢/ ¢¢D¢D// Sequencing
SYT2,4,BYT pQ /! DD/ DD! ! D/ DD Sequencing
forward 2
SYT2,4,BYT pQ DD¢DYd/DDDD! ! Sequencing
forward 3
SYT2,4,BYTeverselpQ /! ¢D¢/ ¢D/ ¢/ D! Sequencing
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NPYforward 1 pQ D!D!'/ /1 V!I D/ ¢D Sequencing
NPYforward 2 pQ / DD/ '!'¢D!'/ ¢c¢cc¢ Sequencing
NPYreversel pQ D¢DD/ ¢! D/ /! DI/ Sequencing

2.5.Solutions and buffers

Livecell imaging and ELISA solutions

Normal external solutiong pH=7.3-7.4

KCI 2 mM
NaCl 145 mM
MgCl2 1mM

NaHCO3 5mM

CacCl2 2.5 mM
HEPES 10 mM
Glucose 10 mM

High potassium external solutioq pH=7.3-7.4

KCI 40 mM
NaCl 107 mM
MgClI2 1mM

NaHCO3 5mM

CacCl2 2.5 mM
HEPES 10 mM
Glucose 10 mM
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Western blotting solutions

Running buffer
Tris Base 25 mM
Glycine 192 mM
SDS 1%

Transfer buffer
Tris Base 25 mM
Glycine 192 mM
Methanol 20 %

TBS (TridBuffer Saline)

Tris base 20 mM
NaCl 137 mM
Tween20 0.1%
pH = 7.6, adjusted with HCI

Stack Gel Gel percentage

Reagent concSetgtcrl;tion 4% 6%
Acrylamide 30 % ccc x|1ml
TrisHCI 0.5M 1.25 ml 1.25 mi
(pH=6.8)
SDS 10 % pn xflpn «xf
H20 - 3.3ml 3 mi
APS 10 % on xftjlon «xft
TEMED - mMmp xflmp «xf
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Resolving gel Gel percentage
Reagent concsetr?tcri;tion 750% | 10% | 12% | 14% | 15%
Acrylamide 30 % 11.67
6.25ml | 8.33 ml | 10 ml mi 12.5 ml
TrisHCI 15M
(pH=8.8) 6.25ml | 6.25ml | 6.25ml | 6.25 ml | 6.25 ml
SDS 10 % Hpn |HpPpN |(HpPpAN |(HPpAN |(HpPA
H20 - 12 ml 10 ml 82ml |[6.6ml |57 ml
APS 10 % HPpNn |HPAN |(HpPpAN |HPpPAN |HpPpA
TEMED - HP X/HP X/ HP X/ HpP X Hp X
Other often used reagents
Name Supplier Catalog number
DMEM/F12 Thermo Fisher | 31331028
E':j;g’zg?ﬁed fetall sigmaaidrich | Fo80450ML
Pen/Strep Millipore TMSAB2C
HBSS Thermo Fisher | 14170088
Laminin SigmaAldrich | L2020
PolyL-lysine SigmaAldrich | P1274
E;L”,}?'(,‘j‘g;“fy SigmaAldrich | D9663
NGF T NR Y SigmaAldrich | N2513
RPMi1640 GE Healthcare | SH30027.01
Trypsin SigmaAldrich | T74091G




Collagenase SigmaAldrich | C5138100MG

RIPA buffer SigmaAldrich | R027850ML

Protease inhibitor

. Thermo Fisher | 12841640
cocktail I

Laemlli buffer Bio-Rad 161-0747

I -Mercaptoethanol | SigmaAldrich | M7522

Commercial Kits and devices

CGRP ELISA kit Phoenix | £/ 01500
Pharmaceuticals

ZymoPURE Il Plasm

Kits Zymo Research| D4200

Micro BCA assay kit | Thermo Fisher | 23235

AMAXA Basic
Nucleofector Kit Lonza VP#1003
Nucleofector 2b Lonza AABLO0L

device
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2.6. Mouse dorsal root ganglia isolation and culture

Dissection and culture preparation

The mousdORCGdissection and dissociation procedure used in this thesis was modified
based on(Malin, Davis and Molliver, 20Q#ollowing scheda 1 sacrifice, mice were moved
to the dissection area. The skin in the back, starting from the neck was cut open using iris
scissors. The skin was pulled to the sides using surgical forceps to expose the spine, which
was removed by cutting through the spmuscles and any connective tissue. After removal
of the spine,it was cleared from excess tissues using scissors until the midline of the spine
was visible, where it was then cut into two halves and one of them was placed onto a tissue
paper. The otheralf was placed on a plastic 100 mm Petri dish and moved under a
stereomicroscope, where the rest of the dissection was carried out. To remove the ganglia,
starting at the cervical region, the dorsal root was grasped using fine forceps and pulled to
lift the DRG slightly, then the spinal nerve (located underneath the ganglion) was carefully
cut using vannas scissors. Care was taken not to touch or damage the DRG itself in the
process. After most of the spinal nerve and dorsal/ventral roots were cut away fine
DRG, it was carefully placed in an Eppendorf tube containing ice cold Hank's Balanced Salt
Solution (HBSS). This isolation procedure was repeated for all DRGs in both halves of the
spine.

After dissection, the tube containing the ganglia was transfé into a laminar flow
hood. For enzymatic digestion, ganglia were first incubated in 1.25mg/ml collagenase
az2fdziAzy F¥2NJ on YAydziSa AyaiARS || otvc/ AyOdzmo
2.5mg/ml trypsin solution was added for further 30 minsitéAfter digestion, ganglia were
washed with full culture media (DMEM/F12 containing 10% fetal bovine serum and 1%
pen/strep) to deactivate enzymes, and spun down at 1000 RPM for 1 minute. The wash step
was repeated, followed by mechanical dissociationgahglia by triturating with a 19G
needle about 3 times, followed by triturating with a 23G needle about B®mes. Cell
suspension was topped up with additional culture media and spun down at 1000 RPM for 3
minutes. Supernatant was discarded and cell petsuspended in full culture media, after
which cells were seeded for experiments. Half the media was changed the following day,

and cultures were normally maintained for 2 or 3 days, depending on the experiment.
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DRGulture conditions

Different protoco$ exist for culturing primary DRG neurons which differ in isolation
process and culture media, depending on how long the culture needs to be maintained for
and on experimental contexis primary DRG cultures contain a mixture of primary non
dividing neurons as well as dividing cells, including glial cells, conditions must be adapted
accordingly to ensure adequate support of neuronal survival. To prevent the proliferation of
dividing cellghat would consume nutrients from the media, mitotic inhibitors can be used
in longterm (more than ~3 days) culture medislalin, Davis and Molliver, 2007; Owen and
Egerton, 2012) Moreover, although growth factors are not necessary for the survival of
adult DRG neurons, they affect axon growth and can modulate the expression of receptors
and ion channels and in turn the neuronal phenotyghéndsay, 1988; Wintest al, 1988)
Therefore longerm (more than ~3 dag) cultures often need to be supplemented with
growth factors such as NGF or BDNF depending on experimental context. In this thesis we
used short term (<3 days) cultures, as in early experiments we determined that using our
culture protocol neuronal surval was high, and cells grew extensive neurites withid 2
daysin vitro (DIV) (figure 2.6)1 Nonneuronal cells only became more abundant after 4
days and they could be distinguished from DRG neurons by éhaigated morphology
(figure 2.6.).
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1 DIV 2 DIV

4 DIV 6 DIV

Figure2.6.1 DIC images of DRG cultures at different stagés2, 4 or 6 days in vitro (DIV) cultures
develop progressively more complex neurite network. (top) At 1DIV, neurons start growing neurites
that become more extensive by 2 DIV. Satellite supportielts can be observed on many neuron
soma at this stage (shown on insets and yellow arrows). (bottom) By 4DIV, the neurons grow an
even more extensive neurite net but ngreuronal cells are also more abundant. DRG neurons can
be morphologically distinguigid from glial cells: healthy DRG neurons have a well outlined, round
cell bodies while glial cells are elongated, less-defined and smaller than DRG neurons. Yellow
arrowheads point out glial cells, while red arrowheads point out neurBextangles h dashed

lines indicate sections that have been enlarged in the ingeset at 4 DIV shows glial cells, while the
inset at 6 DIV shows glial cells and a neu®cale bars ofi  NHS AYF3ISR | NB wmnn
AyasSia FNB un xYOo
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Electroporatiorof DRG neurons

Mouse DRG neurons were transfected using Amaxa Basic Nucleofector KiOQ3PI
dzaAy3a | LINR(G202¢ GKIFG ¢1a Y2RAFASR FTNRBY |
experiments, the number of DRG neurons was estimated using a hemocytonmeltérvaas
determined that on average 1-5 x 16 cells were harvested from one mouse. After the last
centrifugation step of the culture preparation protocol, the whole cekllet was
NB&adzaALISYRSR Ay on cobtainindg29 &ldciSofedtdoRition aid 1% dzNB ¢
Supplement solution, both of which were included in the Nucleofectgrfiiteach slide or
RA&AK O0F2N) SEIYLESE AT n &t ARS&E ¢SNB dzaSR
prepared). The cell suspension was divided into separatestubenultiple transfections
were carried out, and betweenr@ ¥ 3 G2dGFf 5b! gl a FRRSR (2 (K
The celllDNA suspensions were then transferred to glass cuvettes, inserted into a
bdzOf S2FSOG2NI RSOAOS IR ¢ (reinfva@pplied to Fandiectyh& dzNP v &
neurons. The cuvette was taken out of the device and recovery media (FF20H 1% FBS)
gl & FRRSR (G2 G(KS OStft YAEGA2NB (2 pnn xt TFAy
GNF YyaFSNNBER (2 | p placedtofthe BdutaksnfdR £bdlF 50 inidzdeS, | y R
or until the laminin coating was washed off the slides or dishes. After the recovery step, cells
were spun down on a small bench centrifuge for about 10 seconds, then resuspended in full
DRG media and seedaihto TIRF slides or dishes. When cells were plated onto dishes,
AYyAOGAartte 2yte | mnn xt OStf adzalLIlSyarzy ol &
they were flooded with additional 2 ml of full media after an hour. The next day, half the
mediawas changed to fresh media. It was determined using a GFP construct included in the
transfection kit that after 1 DIV, most transfected neurons expressed GFP in only the soma
and occasionally in neurites, and by 4 DIV GFP expression increased substamiehlit
appeared in the exansive neurite net (figure 2.6)2 The transfection efficiency was on
average 20% (measutafter 1 DIV and 4 DIV from erulture). In subsequent experiments
it was determined that 2 DIV (~ 40 hours) was sufficient to exptesspHIuorin and
mCherry constructs and therefore cultures were used at this time point foicklamaging

experiments.
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1 DIV

Figure 2.6.2DRG neurons expressing GFP after transfectigrelectroporation. GFP expression is
shown after 1 and 4 DIV on the left, and merged with DIC on the right to show expression in the
whole culture. After 1 DIV(top), GFP expression is largalestricted to the somaAfter 4 DIV
(bottom), GFP is strongly expressed intheris.{ OF £ S o6 N& I NBE wmMpn xYo®
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2.7.Western blot

Sample lysis

2 DIV neurons were washed with PBS once then lysed with ice cold RIPA buffer
containing protease inhibitors. The volume of lysis buffer used depended on the well format
cells were cultured in, eg.RX neurons from one mouse on two wells of a 12 well plate
GSNBE teaSR ¢A0GK mpn xf f@aA& o0dzFFSNW / Stf f:¢
for one minute. In case of whole brain lysates, mouse brains were cut into smaller pieces
and homogenizR F2NJ  62dzi0 (62 YAydziSa dzaAy3a | Y23G2N
in an endover-end rotator for an hour, and were vortexed for one minute every 15
minutes. Samples were then spun down at 11,00 F¥2NJ HAn YAydziSa |
supernatants werestored at-H nc/ dzy GAf LINBOGSAY ljdzZt yGAFAOI GA2

Protein quantification and sample preparation for loading

{FYLX Sa 6SNB |IylfeaSR dzaiay3a | ./ 1TAG |
Briefly, DRG or brain lysates were diluted to 1/50 or 1/100 respectitteyn samples and
BSA standards were pipetted into a 96 well plate in triplicates. Following the addition of the
/! NBIFI3ISyGs GKS LIXFGS 61 a AyOdomtGSR Fd otc/
was measured using a plate reader. Sample proteincentrations were interpolated from
astandard curve that was generated in Prism software using a second order polynomial fit.
Samples were kept on ice at all times. To prepare sample for loading, the required
amount of protein from lysates was mixediwk Hp2 1 SYT A 0dzZFFSNI C
Mercaptoethanol as a reducing agent and lysis buffer to have the same final volume for all
Al YL Sao { YL Sa ¢gSNBE GKSYy KSFGSR dzLJ G2 dpc

cooled on ice for another five minutes frozendownati nc/ o0SF2NB f 2F RAYy 3P

SDSPAGE and protein transfer

12% resolving gel and 4% stacking gel was made according to the recipes in section
2.5.2 above. Gels were then placed in a gel tank, which was filled up witinglsuffer and
samples wre then loaded on to the gel. Samples were then run at1B0V typically for 2,

2.5 hours.
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For protein transfer, transfer buffer was made according to the recipe in section 2.5.2.
The sponges, filter papers and nitrocellulose membrane were soakee itrahsfer buffer,
and assembled with the gel in a plastic cassette. This transfer sandwich was then placed in a

tank and topped up with 1 litre of transfer buffer, and ran for 1 hour at 100V.

Antibody staining and visualization

Following protein transfer, the membrane was blocked using-r8T for 1 hour at
room temperature, and then incubated with primary antibodies in AIIBST overnight at
nc/ ® bSEG RI& (GKS YSYONIYyS 61 & 6FaKSR GKNBS
in the secondary antibody mixture (1/5000 dilution in milk TBST) for 1 hour at room
temperature. The membrane was washed three times for 15 minutes in TBST, then dried

and imaged in a COR device.

2.8. DNA extraction from ear samples

Ear samples were obitzed from Syt4 mice for genotyping. The tissue was digested in
Hnnkt fe@aA& o0dzZFFSNJ 6mnnYa ¢NRAZ pYa 95¢! I H
t N2POSAYFaS Y 6nommp yoc nnanmI w20KSO |0 ppecl
completely dispersedt 2 Ayl OGA @I GS (KS SylevySs G(KS {GSYLX
5 minutes, then the samples were placed on ice for 5 minutes and centrifuged at 13,000xg
F2N) mn YAydziSa Fd nc/ ® {dzLISNYFGFyda 6SNB N
added. Tubes wre gently inverted a few times until DNA fibres appeared, followed by
OSYUNATFdzALI GA2Yy |4 moZannnE3 F2N) mp YAydziSa |
pellets washed with 70% ethanol, followed by a final centrifugation step for 10 minutes at
nc{ LISNYIFGFryia 6SNBE RA&AOFNRSR YR 5b!1,0 LISt f Si
YR AyOdzml 4GSR G ppc/ F2NI m K2dzNJ 62 RAaA&az2t @S
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2.9 PCR genotyping

The following master mix was used for the Syt4 PCR reactions:

_ _ Final
Master mix recipe _
concentration
5x Taq Buffer (M891A,
1x
Promega)
MgCI2 (25mM, A351H, 1.5mM
Promega)
C2NB I NR LINRYS
neoénxa
mutant)
wWSOSNBES LINRYS nonxa
dNTP(10mM) 0.2mM
D2¢llj CtSEA o ,
nonTt
Promega)
H20 NA
NA
DNA OMKE KNBI (

For each DNA sample, two PCR reactions were set up (one for each forward primer),

then the reaction was carried out using the following program:

1) Denaturation: dn c . 5min
2) Denaturation: dn c.1min
3) Annealing: ppc.:lmin
4) Elongation: THC.,1min

5) 30 cycles (2¢
times go to step

2)
6) Final elongation T H c . 5 min
7) Final hold MHC .
8) End K
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Samples were then loaded on to a 2% agarose gel containing SYBRsafe DNA gel stain

(533102, Invitrogen) and ran for about 1 hour at 120V.

2.10. Immunoprecipitation

For syt4 immunoprecipitation and mass sfremetry analysis, cultured DRG neurons
(1DIV) were treated with external solution containing 100ng/ml NGF for 30 minutes. Cells
were washed with PBS once and then cell lysate and protein quantification was done a
described above (2.7.2). Typically-801 k 34%)al protein was retained for western
blotting as input lysate. The rest of the lysate, containing about Bp@rotein was then
pre-Of SI NBR gA0K Hpxf 2F aSLKINRAS ! kraomo S| Ra
temperature with endover-end rotation. The sample was spun at 809 for 1 minute and
the supernatant retained. & Znti-synaptotagmin 4 antibodwas added and incubated for
1 hour at room temperature with endverend rotation, after which the preleared
ASLIKIFNRaAaS 06SIFIRa 6SNBE | RRSR 0!l @lerehdyi®ation.ST i 2 ¢
Next day the sample was spun at 809 for 1 minute and the supernatant retained. Beads
were washed three times with lysis buffer, then proteins were elutedkdyF G Ay 3 &G Tnc
Hn YAydziSa Ay wmnn  xf f I S Ycdrbokyethgl)gpbspioned & A G f
hydrochloride (TCEP, SigiAldrich, 646547). Eluted proteins were then either frozen down

or further processed for mass spectrometry.

2.11. Mass spectrometry

The below protocol waprovided byand used with the help of Mark Colliat The
University of Sheffield ! £ f adGSLJA RSaAaONAOSR Ay aSOiAzya «a
RIFE G |yl tariddoatby Mark Qdliins in the Biological Mass Spectrometry Facility.

Coomassie staining and gel cutting

Before gel loading, eluted samples were alkylated by incubating with 50mM
iodoacetamide (SigmaAldrich, 16125) for 30 minutes at room temperatuf@amples were

then loaded onto a 12% acrylami@&DS geand ran at 120V for about 2 hours. Gels were
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then fixed in a 40% methanol/2% acetic acid solution for 30 minutes and stained overnight

with colloidal coomassie solution containing 20% methanol anth 2@omassie stain {B

2025, SigmaAldrich) in HO to visualise protein bands. The next day gels were destained

with 20% methanol for an hour before cutting out the syt4 bands at around 50 kDa. The gel
pieces were then collected in Eppendorf tubes containib@% acetonitrile/50mM
FYY2YAdzY 0AOFND2Y Il GSSE YR RSadqlAyAy3 gl a 02y
destaining solution was replaced every hour, five times in total until gel pieces were
colourless, at which point 1 ml of 100% acetonitrile waslead to the gel pieces for 15

minutes.

Digestion

Enzyme solution was prepared from bovine trypsin (90057, Pierce MS grade) and used
Fd m y3akxt AY pn Ya |YY2YyAdzyY 0AOFNb2ylF(GS az2ft
otc/ GAGK aKI 1AYyHSYUSNInindzNdst agsl 4G KNSR dzOSR (i 2

continued overnight.

Protein extraction

¢KS ySEG Y2NYAyYy3AZ wmnm: | OSG2yAGNRAES 61 & |
with shaking at 600 RPM for 20 minutes. Supernatants were collected, and 0.5%doithic
gla FRRSR (2 GKS 3St LIASOSa IyR AyOdzml GS
MnE: FOSG2YAGNRES gl a GKSY | RRSR (2 GKS &l Yl

¢
-

for 20 minutes. Supernatants were collected and the procedure repeatax, after which
mMman dzZ wmnm: FOSG2YyAGONRES g1 a I RRSR (2 SI OK

minutes. Supernatants were once more collected and peptide mixtures dried down.

Mass Spectrometry

Extracted peptides were rsuspended in 0.5% formacid and analysed by natiquid
chromatography tandem mass spectrometry {IG/MS) on an Orbitrap Elite (Thermo
Fisher) hybrid mass spectrometer equipped with a nanospray source, coupled with an
Ultimate RSLCnano LC System (Dionex). The system wedlledrity Xcalibur 2.1 (Thermo
Fisher) and DCMSLink 2.08 (Dionex). Peptides were desaltditheomising a micro
Precolumn cartridge (C18 Pepmap 100, LC Packings) and then separated using a 60 min
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reversed phase gradient{82% acetonitrile/0.1% formic agidn a PepMap C18 column, 15

OY E pn XY L5Z H XY LIENIAOESazT mnn ) L32NB
with a cycle of one MS (in the Orbitrap) acquired at a resolution of 60,000 at m/z 400, with
the top 20 most abundant multiplgharged (2-4and higher) ions in a given chromatographic
window subjected to MS/MS fragmentation in the linear ion trap. A Fodrarsform mass
spectrometry (FTMS) target value of 1E6 and an ion trap MSn target value of 1E4 was used
and with the lock mass (445.120)2enabled. Maximum FTMS scan accumulation time of
500 ms and maximum ion trap MSn scan accumulation time of 100 ms were used. Dynamic
exclusion was enabled with a repeat duration of 45 s with an exclusion list of 500 and

exclusion duration of 30 s.

Proteamics data analysis

MS data were analysed using MaxQuant version 1.6.0.16 (PMID: 19029910). Data was
searched against a mouse UniProt sequence database (downloaded June 2015) using the
following search parameters: trypsin with a maximum of 2 missed cleayagepm for MS
mass tolerance, 0.5 Da for MS/MS mass tolerance, with acetyl (Protem), oxidation
(M) and phosphor (STY) set as variable modifications and carbamidomethylation (C) set as a
fixed modification. A protein false discovery rate (FDR).01 and a peptide FDR of 0.01
were used for identification level cut offs. Label free quantification was performed using
MaxQuant calculated protein intensities with matching between runs (with-rairfuite

retention time window) enabled.

2.12. Immunocytochenstry

Coverslip coating for immunofluorescence

For methods requiring cells being plated onto a glass surface, the culture surface was
O2F SR 6 AGK n o-klysined(RLE)p PLA drap$ were Ipigettadl on the glass and
incubated for 1 hour at room tengrature, after which the plates or dishes were washed

~

GAGK 61 GSN) GKNBS GAYSa FyR LXIFOSR AYyaiARS |
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Prior to fixation, cells were washed once with PBS and then fixed with 4%
paraformaldehyde/4% sucrose for 10 minutes on ice. Cell® washed again with PBS 3
times and permeabilised with PBS containing 0.2% Triton for 15 minutes, followed by
blocking for 2 hours with a mix of 1% bovine serum albumin and 5% normal donkey serum
(NDS) in 0.02% of PBS8ton. Primary antibodies were prepal in blocking solution
O2yGlFAYyAy3 w: b5{ IyR OStfa ¢gSNB AyOdzml G4§SR
washed 3 times for 15 minutes in 0.02% HAB®N and incubated in secondary antibodies
for 2 hours at room temperature. They were washed agatimgs for 15 minutes in PBS,
and the coverslips mounted on glass slides in mounting media (Vectashield, Vector-labs, H
1000).

2.13. CGRP ELISA

Plate coating for western blotting and ELISA

For Western blotting and ELISA, cells were plated onto larmated 12- or 96 well
plates, respectively. 268za f F YAYAY gl &4 LIALISGGSR Ay GKS OSy
for two hours. Wells were washed with PBS twice, then plates were kept in incubator with

PBS in the wells to prevent lamirgpnating from drying out.

ELISA procedure

To measure CGRP release from DRG neuron csllforeeach experimentcellsfrom
one mousewere plated on toa 96 well plate into 9 wells, to have 3 replicate wells for each
stimulation condition: control, KCtdated and capsaicin treatedigure 2.13. Plating DRG
neurons from each mouse into the same number of wells (9) ensured lower variability in the
number of cells between experiments. Neurons were maintained for three days in full

culture media.
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Figure2.13Typical layout of ELISA experimensl]l DRG neurons from one mouse were plated onto

9 well in a 96 well plate and cultured for 3 days. At 3 DIV, wells were treated with control solution
dacaElalftoxr Y/t az2ftdziAzy o qJiMridlicates. Qupen&dntsIiomeddh y & 2 f
well were transferred to a corresponding designated well on the ELISA plate to measure CGRP
content.

For the stimulation media was removed and cells were washed with-weemed
external solutiononcez F2ff 2SR 08 on YA yeitheran iy O dyo2l NivAl 2
external solution, high potassium solution or normal external solution containing capsaicin.
For NGF treatment experiments, cells were first incubated with external solution containing
100 ng/ml NGF or control external solution for the indicated times, then the supernatants

from 3 random wells were retained and the rest discarded. Supernatants were then either
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RANSOGfE FTRRSR G2 GKS 9[L{! LIXIFIGSaxz a®INJ & SNEF
frozenaty nc/ F2NJ aK2NIi GSNY ad2Nr3So

9[ L{! SELISNAYSyi(ia 6SNB OFNNASR 2dzi I 002 NJ
samples and standards of known concentration were added to wells coated witiC&RP
along with biotinylated CGRP and aGGR antibody and were incubated for 2 hours. Wells
were then washed and incubated with streptavidiorseradish peroxidase for an hour,
followed by incubation with the substrate solution. The colour reaction was stopped after
an hour using 2N HCI solutiondathe optical density read at 450 nm usingrécroplate
reader. Results were analysed using GraphPad Prism software where the sample CGRP
concentrations were interpolated from the 5 point standard curve with the sigmoidal curve

fit function.

2.14. Bacterial wek and DNA preparation

DNA used to transfection experiments were prepared using DHb5alfa competent
bacteria (Invitrogen, 1826817). LB media was prepared from LB Broth granules (Fisher
Scientific, BPE9723 by dissolving 25 g of granules in 1 L of distilivater. Agar plates
were prepared from LB agar tablets (Sigildrich, L7025). Bacteria were transformed by
FRRAY3 Hxf 5b! G2 pnxt 2F O02YLISISyid oOStta G
FYR NBO2OSNBR AY [. YSRAL biciicd.NBacteria kverelzZNén | 0 o T
AGNBIF1{SR 2y FAFNI LIXFGSa O2yidrAyAy3a (GKS | LILINE
The next day single colonies were isolated and grown in liquid culture containing antibiotics
fori15my K2 dzNBR | 0 o T cdrnded asihdRaAZidBURE B plasmid dSdiRep kit
FOO2NRAY3I (2 YIydzZFlI OGdzNENRAE AyauNdHzOGA2yao
centrifuged and the pellet lysed and passed through a DNA binding matrix, from which
plasmid DNA was eluted using an @utbuffer. Cleared plasmid DNA were then stored at

Hnc/! @
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2.15. Image deconvolution and colocalization analysis

Fixed cells were imaged on a DeltaVision/GE OMX optical microscope, usingn488
and 568 nm lasers, and 60x oil planapochromat objective len®A 1.42). Image
deconvolution was done automatically on thetacks using the DeltaVision OMX softWoRx
6.0 software.

Colocalization analysis was performed using the JACoP [Rgie and Cordelieres,
2006) in Imaged. In each cethree regions were selected near the plasma membrane,
GKSNBE tSIFNE2YyQa O2NNEBf | A2y MOQ Nre@alculazsidny | y R
the image stacket S NE2y Qa O2NNBf I GA2y LINRPBARSE |y Ay
2y F a0 GOSN LI 2G 2F LAESE AyiaSyardasSa Ay (K
fraction of each channel that has positive values on the other channel, ie. fmaofio
OKIyySt ' 2@SNIIFLIAY3I gAGK OKIyySt . I|yR @A
fromm 02 M F2N) O2YLX SGS yS3IAILGABS 2N LRaAdGABS
values between 0 and 1 for completely nrowerlapping or overlappingmages. The

resulting numbers from each cell were then pooled and statistically compared.

2.16.  Epifluorescent imagirfigr inmunogtochemistry

Epifluorescent imageased for figures in chapter3 and 5.3were collected using a
LeicaDMIRB inverted epifluorescent microscope equipped with a Hamamatsu ©@%742
CCD camera and a 40x objective lens with 0.7 N#e camera was controlled using
MicroManager software version 1.4.14. Care was taken to use the same exposure time for

each channkbetween images in each experiment.

2.17. Confocal imaging

Confocal imaging was performed using an inverted Nikon Al microscope, with a CFI
ttly !'LROKNRYLFG +/ cnE 2At 202S8S00A0S o6b! wmor

Elements software.
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2.18. Livecell imaging

For live cell imaging experiments, a combination of PLL and laminin coating was used
to improve cell adhesion and survival during perfusion. TIRF grade slides (lbidi 80196) or
dishes (lbidi, 81158) were first coated with PLL as descriaekr, followed by laminin

coating.

Dye loading for calcium imaging

For calcium imaging on figure 2.18.2,-620AM dye was used (21130, AAT Bioquest).
M Xf HYa 0 mn m2a0kvas nmixadanvithll mRoFexterhaf solution ariclrated
for ~ 30 secods with a P1000 pipette. Care was taken to protect the dye from light. Cells
were removed from the COncubator and the culture media was aspirated, followed by
gaAaKAY3 sAGK SEGSNYLIt &-820 ani (13 was &igedtb the ¢ KSy =
imagingslide and neurons were incubated 37cCfor 30 minutes. Ceb20 was then
removed and replaced with external solution. Cells were recovered aCf# 30 minutes

before imaging at 3&C.

TIRF imaging setup and stimulation

A Epifluorescence

Sample n,
Cover slip n,
Incident
B TIRF /\
Evanescent O
field ® 5@ ® Sample n,
y Cover slip n,
Incident N Reflected
0c
~6
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Figure 2.181 Schematicof theoretical background of TIRFM compared to epifluorescence
microscopy. =incident angle, c=critical angle, 1+ sample refractive index,a coverslip refractive
index.Image reused froniMattheyses, Simon ahRappoport, 2010)

All livecell imaging in this thesis was done using TIRF micros€bytechnique
allows the visualization of objects very close (within ~100 nm) to the solid imaging surface
(eg. coverslimr bottom of the tissue culture dish) in the evanescence field generated by a
laser light(Axelrod, 2003)By only exciting fluorophores in this thin region, we can achieve
very low background fluorescence and can image only those vesicles that aeeciosk
proximity of the cell membrane with high resolution and low photobleaching of the Gells.
achieve total internal reflection, the incident angle of the laser beam has to be larger than a
critical angle. In this case the laser beeaflected backrom the sample without crossing
through it, but the energy of the laser generates an electromagnetic field called the
evanescent field. The width of the evanescent field depends on the incadegi¢ and he
sample refractive index must be less than theexglass reflactive index to achieve TIRF.
our case, the refractive index of the slides used was 1.52, whileefrective index of
agueous solutions (such as the external solution used) is ~1.3.

For experiments in this thesia,TFNS NSTORM microscope was used, equipped with
488nm, 561nm and 647nm lasers and a Semrock Quad filter. The microscope was connected
to an Andor DLB97 %8714 camera and cells were viewed using a SR Apo TIRF 100x
objective lensTemperature was maintairkeat ~ 31C. Exposure time was set to 50 ms for
each experiment, to get a 10 fps acquisition rate for each of the two channels (red and
green) for the dual colour experiments; for single colour experiments, this was set to 100
ms. Image size was set to X642 with no binning. Laser alignmergisd TIRF illumination
were done manually before each experiment. For laser alignment, the laser light was
switched onand then dials connected to mirrors that direct the laser beam were used to
correct the laser pathto hit a reference point above the microscope. At this point, the
microscope was in epifluorescent mode. The TIRF illuminatiorsetagp on the computer
software using a scrolling wheebntrolling a motorto gradually icrease the incidence
angle, whilethe sample illumination wasisuallyobserved TIRF illumination was achieved
when the background fluorescence suddenly droppdélde sample appeared bright and
contrasted, and further increase of the incidence angle resulted in no fluorescence

excitation keing observed.
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Cells were carefully chosen for each experiment that had the optimal level of protein
expression (cells that were not too bright). A perfusion pump was used to perfuse the
external or KCI solution on the cells. It was determined empiritladly it took ~3 min 40
seconds for the solution to reach the imaging chamber using slow, 1 ml/s perfusion speed,
and a valve was used to manually switch between the solutions that were running in the
same tube. Due to this, the KCI solution mixed withekgernal solution (this was visualised
using a blue dye) and likely resulted in a gradual rather than abrupt increase in KCI
concentration around the cells and neynchronised stimulation of the culture, which was
visualised using calcium imaging (fig@r&8 below). Thus, for each experiment the imaging
was started about 3 minutes after switching to the KCI solution, resulting in 246-30
seconds baseline followed by recording for anothed ghinutes. Because the exact time at
which KCI reached and stitated the cells could not be precisely determined, we were
unable to analyse the timing of fusion events with respect to stimulation. Typicdllgedls
were recorded from each chamber and-18 minutes washout/rest period was allowed

between cells usingontinuous perfusion of external solution.
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Figure 2.1& Calcium signals in DRG neurons after KCl| stimulat©ells that were loaded with Cal

520 were used to test our stimulation setup. Cells were continuously imaged after opening 40 mM
KCI, dotted hie at 3 minutes shows when the recording was normally started for thecéllemaging
experiments in this thesis. The KCI reached cells after about an additional minute and induced
calcium responses which were not synchronised.
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Image analysis

Livecell recordings were analysed in ImageJ 1.52n. To analyse pHluorin recordings, a
circular region of interest (ROI) was manually drawn around each event (typicaly®y « Y
in size, but this depended on the size of the event which in some cases was arabiod ¥ Y 0
using the oval selection tool. The fluorescence time course from each channel was
measured from each ROI using the multi measure function in ImageJ, and exported into
Excel.For background subtractigrio correct for photobleaching and also foudirescence
changes originating from outside the ROI, rectangular ROIs were selected near the fusion
events at a cellular region that did not have afstectablevesicle fusioreventsor vesicle
movemens within it Fluorescence from the backgrouR®DIsvasalso exported into ¥cel,
and subtracted framdoy-frame from the fusion event timeoursesAs the fusion events on
our videos were not temporally synchronized and occurred at different times after
stimulation, they were manuallglignedin Excelusing tff§ & 2 T ¥ & S fothethidiay OG A 2 v
peak of fluorescencto start at 4 seconds (figure 2.18.3).

Previous studies have shown that the fluorescence increase upon \AAMIB2rin
fusion occurs in a fraction of a second (<100 ms), and it may have a plateas |pbtisg
from 1 s to several seconds, followed by an exponential decay plzemedhl and Stevens,
HaAnoT ¢&dzo2A | YR wdel @l,S2005) Te examife wheth& it S NJ
behaviourcan beobserved in sensory neurons, we measltleree parameters to describe
an event: the absolute fluorescence increase upon fusion (amplitude), thehéiglht
duration (HHD or event width) and the decay tihoenstant (J, figure 2.18.3 C. The
fluorescence inorease at fusion was almost always rapid and occurred witignframes;
this is due to the fact the protons escaping through the fusion pore are less likely to be
limited by pore size (proton diameter=0.1 nm, compared to initial pore diameterdhfin
(Barg, Olofsson and Rorsman, 200Lhe HHD of the fluorescence trace can be used to
describe the time while the fluorescence stayed near maximum, endhought to
approximatethe fusion pore open timgMalarkey and Parpura, 2011Jhe fluorescence
decay time may represent either vesicle endocytosis and reacidification during KR fusion, or
vesicle collapse into the membrane during(AFanget al., 2017) Bafilomycin, a vesicularH
ATRase inhibitor can be used to distinguish between these two fusion types, as during KR

events bafilomycin prevents vesicle radification, slowng down the decay of the
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fluorescence signdlut will not affect FF event@eanet al,, 2009; Raet al., 2014) In this
thesis however, we did not distinguish between FF or KR events and used the above
described three pamaeters (amplitude, decay time and HHi®) describe fusion events

usingdifferent pHluorin constructs.
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Figure 2.18.3Detecting fusion events with pHIluorinA, neurites from a DRG neuron that was
transfected with syt#pHluorin. Yellow circles (ROIs) indicategions where vesicléusion events
were detected (ie. Isarp increase in fluorescencdd, An example pHluorin tradn green, showing
the HHD andexponential decay fit for decay tirmonstants(J in black. Redrace showsthe
correspondingNP¥mCherry signadecreasingipon fusion as the NPY cargoateased C, montages

on the left show three examples of events with different fusion/endocytosis kinetics (scale 0&s =
XKYZI NBR A (fusiol), the d@rkeSporitliSgiacesare shown on the right. Top: the event
disappears abruptly with a fast exponential decay backaseling middle: the fluorescence decays
linearly after fusion with slightly slower kinetics, bottom: the fluorescence stays at its maximum
after fusionbefore exponential decay.
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Another important consideration when interpreting decay time constant is that the
diffusion rate of the pHluoristagged proteinsirom the vesicle membrane to the plasma
membranewill affect the fluorescence signal. The diffusind G S 2 F &%sécin A& dw
artificial liposome&E 6 KAt S Al A a %3 for& ANPNED otheX BNIXifBRaciaetdp K Y
al., 2004; Dittman and &plan, 2006; Vasquezt al, 2014) These diffusion rates will be
affected by interactions with other proteins in a cellu&rvironment; butnevertheless ou
measurements of sytand VAMPRpHIluorin decay times in chapters 4 and 6 might partly

reflect dfferences in theprotein diffusion rates.
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Figure 2.18.4Analysis of pHIluorin fusion event#\, example of an event (shown over the total

recording period , 1800 frames or 180 seconds) before background subtraction (purple line,
GSOSYGévs I FUSNI 60 Ol INRdAYRE G dAOYiRI DK S 282 OFINBSYOT A
brown. Arrow indcated the time of fusion. B, examples of several backgreauidracted events

before temporal alignment, coloured arrows show the time of fusion for each cof@iched event.

C, the same events as on B after temporal alignment, shown on a 20 s (oa2) fime scale.

Arrow shows time of fusion, which was set to 4 s.
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Amplitude and HHD were calculated in Origin Pro, and decay time was calculated in

GraphPad Prism from the background subtracted fluorescent traces. Tsumgeamplitude

and HHD, the t@S&a $SNB LI 20GSR FyR |yl feaSR dzaAy3

Origin (figure 2.18.%. Amplitudes were measured inside an ROI window freBh 3 using
the following settings:
ROI box
3-5, fixed
Baseline
Mode: constant (¥inimum)
Range: Curveithin ROI
Find Peaks
Direction: Positive
Peak finding settings: Local maximum (1)
Peak filtering: By number (1)
Rest of the settingserel dzi 2 YIF GAOT Ay GKS ljdzr yiAGASa

& sEr=
1 0
——7
1 peak(s) found _2
4000 -
Qu aks Gadget :
ks w I Peak for Previ
3500 I Peak Centers
: I Peak Centers
3000 -+ UL\
2500 - W»JW
— 2000 - -
Quick Peaks Preferences ? X
1500 - Dialog Theme Amplitude finderl LJ
ROl Box Baseline FindPeak Area Outputto Quantities
1000 -
& X Scale
500 From
To 5.00113999088007
0 Fixed(Prevent moving by RO} M
T [] Show Tool Name Quick Peaks Gadget
! J ! ! Show Number of Peaks on Center-Top _\d
0 5 10 15 20
i Fill Color Auto A d
time (s)
Apply IT‘ Cancel

Figue 2.18.5Example pHluorin traces and settings for HHD measurements on Originfaiow

box indicatesi KS dwhLé O02E®
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Therefore, the absolute values of fluorescence increase were measured and reported
as amplitude¢t KS al YS aljdzhi O] LISI | Takwat SHZEbutTidayth®© G A 2 v
following settings:
ROI box

2.5-15, fixed
Baseline

Mode: constant (¥inimum)

Range: Curve within ROI
Find Peaks

Direction: Positive

Peak finding settings: Local maximum (1)

Peak filtering: By number (1)
Area

Integrationfrom Baseline

Rest of the settingwerel dzi 2 Yl G AOT Ay (GKS IHHEYAAGES®] SRO

Graph2* [=l[=]=]
1 (1)
—1
1 peak(s) found _2
4000 - -
Quick Peaks Gadget y
) dg x> I Peak for Previ
3500 - 1 I Peak Centers
1 I Peak Centers
3000
2500 -
«— 2000 ~
] Quick Peaks Preferences ? X
so— Dialog Theme <47 FWHM finder LI
h ROl Box Baseline Find Peak Area Outputto Quantities
1000
[E X Scale
] From
500
To s ]
: i Fixed(Prevent moving by ROI)
o , 2 Show Toot Name
T T T T Show Number of Peaks on CenterTop [7]
0 5 10 15 20 s
Fill Color “] Auto vﬂ‘
time (s)
[ appy |[[ ok ]| Concel |

Figure 2.18 Example pHluorin traces and settings for HHD measurements in Originfaitow
box indicatesi KS awhLé 062E®
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As the above example shovike HHD measurements were reliable with fast decaying
events (eg. the HHD result for event 1 fogure 2.18.6was 1.35), but in case of very slowly
decaying events, these measurements had adaftitdue to the fixed ROl and were less
reliable (eg. the HHEeault for event 2 on figure 2.18 was 10.2 s).

Exponential decay time constants were measured in GraphPad Prism by fitting the
backgroundd dzo 4 NI OG SR {0 NIKD S8 RASIOK 8l¢ helgfi®p pomtsef = G A 0
to 4 s (peak of fluorescence). lase of slowly decaying events that could not be fit with an
exponential curve within our time window {20 s), those were placed in a 40 s bin.
Frequency histograms were also plotted in GraphPad Prism using the bin sizes specified in
each figure legendTo generate averaged traces for figures, the backgroandtracted
traces were first normalized in GraphPad Prism using the-bufit &y 2 NXY I £ AT S¢ 71

where 0 and 1 was defined as the first and the largest value in each dataset.

Kymograph analysis

KymoArmlyzer v1.01 plugin in ImageJ was used to analyse Syt4mCherry trafficking
dynamics. KymoAnalyzer is an open source plugin that was developed by Neumann et al.
(Neumannret al, 2017)that is available at https://www.encalada.scripps.edu/kymoanalyzer,
and the analysis was performed according oK S | dozKSNKBREQ Y I y dzF £ @
kymograpls were generated from neurites and vesicle movements were &daksing the
polyline tool in ImageJ. The software then calculated the vesicle motility parameters
(velocity, pause duration and frequency, mobile vesicles, etc.) from each kymograph, which
were then pooled from different experiments for statistical anadya GraphPad Prism. Data
distribution normality was tested in the software, and Mawhitney test was used to

compare data sets.

Statistical analysis

All datistical analysis was done in GraphPad Prism softwvayeR Y SIy 5 {5 Aa&
on in results unless otherwise statetlo calculate significance between soma and neurites
Ay OKFLIISNI n¥ RdzS (2 (K Stailad¥test WwaS dskdyIn chsisyad S NB
larger data sets in chapter 6, normality distriton was determined using the buil

Gb2NXYIFfAGe YR f23y2NNXITtAGE GSaG¢é Ay tNARAYS
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histograms of each dataset. As most of the data in this chapter wasnaonally
distributed, nonparametric ManAWhitney test was used to compare results between two
conditions. For figure 6.KruskalWallis test fon-parametriconeway ANOVAwas used

g AlGK Hogyhb€east. For ELISA experiments, results for different conditions from
independent experiments (the numbef these is specified in results) were compared using

ordinary oneway ANOVA with Sidadosthoctest.

90



3. Characterization of synaptotagmins in cultured DRG neurons

3.1. Introduction

A limited number of studies have examined the presence of synaptotagmins in DRG

neurons, there are only a few studies about specific isofofkhsrenillaPalaoet al., 2004;
Wanget al> H 1 m c-Benitpet d1J2018) Several high throughput gene expression and
proteomics studies done on sensory neurons found multiple isoforms expressed, though
none looked at their role specifically. According to a lasgale RNA sequencing analysis
done by Usoskin et. al, severalfisions are expressed in the CGRP expressing DRG neuron
populations (figure 3.1AjUsoskinet al, 2014) Interestingly, syt4 and sytll, two non
calcium binding isoforms were ubiquitously expressed in almost all peptidergic populations.
Moreover, two studies found that syt4 mRNA wafoRl upregilated in damaged neurons
in neuropathic pain models. Loose ligation of the sciatic nerve in mice, and tight ligation of
the spinal nerve in rats resulted in the upregulation of §#oet al., 2002; Reinholeét al,,
2015) In the latter study they suggested that, since other synaptic proteins (SNAP25,
VAMP1 and Rab3) were downregulated, and syt4 is generally considered an inhibitory
isoform, perhaps the changes occurring after nerve damage serve to reduce synaptic
activity.

One study that performed proteomic profiling of the membragmeriched fraction of
DRGneuron lysateslid identify sytl, 2 and 11 in this fraction, but their protein abundance
only slightly but not significantly changed in neuropathic (spared nerveyinjneaning the
GNI yaSOiAzy 2F (g2 o0NIYyOKSa 2F GKS aOAlFGAO
Adjuvant (CFA) administration) pain mod€éRouwette et al, 2016) In this study, the
authors also identified SNAP25, VAMP1 and Rab3 but only Rab3 was significantly
downregulated and only in the neuropathic pain model. The reason for these differences
between studies is not clear but it is ®isle that these proteins are more strongly
downregulated on the mRNA level following injury but their protein levels are more even at
the membrane, which the study by Rouwette et al. focused on.

Another proteomic study that analysed the protein contenttbé LDCMraction in
DRG neurons identified sy{Zhaoet al, 2011) Furthermore, in an unpublished proteomics

study from M. Nassar and M. Collins at the University of Sheffield, sytll, 2, 4, 6 and 5 were
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identified in order of abundance in DRG neuron lysates (figure 3.1B). Based on the findings
of the above studies we decided to initially focus on twé*Gainding and two norC&" -

binding isoforms. As syt4 was identified as a possible target in the patinic pain models

(Xiao et al., 2002; Reinholdet al, 2015)and that both syt4 and sytll proteins were
ubiquitously expressed in the neuropeptide expressing population (figure 3.1A) and were
abundant in full DRG lysatesg(ire 3.1B), we decided to pursue these two proteins further
despite the fact that they are ne@&" binders. As for the Ga-binders, syt2 was both
abundant in wholeDRG lysates (figure 3.1B) and was specifically expressed in the
peptidergic population that express high levels of CGRP (figure 3.1A), moreover this protein
is known to be abundant in the spinal cordl a | NJj etzal] 1895; Bertoret al., 1997)
CAylLftftes ItiK2dAK Al ¢layQid ARSYGAFTASR Ay i
focus on syt7 as its mMRNA was expressed in all of the peptide ekye®RG neurons
(figure 3.1A), and its €abinding properties make it an ideal candidate for slow&CV
exocytosis (section 1.2.6). We started our investigation by using immunocytochemistry and
western blotting to characterize syt expression in our wdtsystem. Our main goal was to
identify possible candidates that might have a role in controlling peptide secretion,
therefore we carried out colocalization analysis with CGRP and functional CGRP ELISA

experiments.
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Figure 3.1 mRNA and proteiaxpression of different synaptotagmin isoforms in DRG neuroAs.
MRNA expression of the indicated syt isoforms in the DRG neuron populétiangxpressthe
neuropeptides CGRRC#lca and Substance PT4c). The populations defined by Usoskin et.
al(Usokin et d., 2014) are peptidergic (PEP) amohpeptidergic (NR)Colour coding from blue to
bright yellowindicate the level of mMRNA expression. Synaptotagrsisvn have been selected as

the isoforms that have the highest expression in peptidergic neuamasare of interest. B, sytll, 2,

4, 6 and 5 (in order of abundance) were identified in a proteomic study done by M. Nassar and M.
Collins at the University of Sheffield, where they analysed theeproe of whole mouse DRG
lysates. Relative abundance fetIBAQ number that was plotted for each protein (the total protein
intensities divided by the number of peptides identified for each protein).
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3.2.Syt2, 4, 7 and 11 are expressed in cultured DRG neurons

We assessed syt expression in cultured DRG neuwrsing two techniques. Western
blotting was used to validate antibodies in cells cultured from knockout (KO) mice and to
assess general protein expression in the syt4 mouse strain which was used in later chapters
(see Methods). All of the syt antibodies ogmize the more easily accessible, cytoplasmic
part of the proteins (see details about antibodies in Materials). The syt2, 4 and 7 antibodies
were valicated using KO mice (figure 3.2.1 and 3)2For syt2 and 7, whole brain lysates
were used for this purpse due to their known strong expression in this tissue, and GAPDH
was used as a loading control. The syt2 antibody recognized a band at ~60 kDa, which
disappeared in the K while GAPDH was unaffectekthough the molecular weight of all
synaptotagmings around 47 kDa, they often appear at higher molecular weights due to
oligomerization with other proteins (see section 1.2.6), and according to the antibody
specifications, the syt2 antibody products on our blots were at the expected weight. It also
weakl labelled two additional bands at lower molecular weights which are probably
nonspecific labelling, as they persisted in the knockouts. The syt7 antibody recognized
multiple bands between ~460 kDa, corresponding to the various splice variants of syt7
(Sugitaet al., 2001) which disappeared in the KOs. Once again one strong band at ~40 kDa
persisted in the KO lysate, while GAPDH labelling was unaffected. Thus, both of these

antibodies exhibited some nespecific activity.

A Syt2 <tm1b> B Syt7 <tm1b>
Syt2**  Syt2”
SYL2 | e - g 60 ) -
syt7f‘ £ =
"* - -
— AL e
GAPDH | == ww=e e s 35 GAPDH | e s s |35

Figure 3.2.1 Validation of the specificity of syt2 and syt7 antibodies in knockout brain lysa#es.
syt2 western blotof wild type (syt?*), knockout (syt?) syt2<tmi1b>, and also C57/bL6 wild type
mouse brain lysates. D, syt7 western blots of knockout (ythd wild type (Syt7) syt7<tmib>
mouse brain lysates. GAPDH staining was used as loading control.
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The syt4 antibody was validated in DRG neurons cultured from KO syt4 mice, as part
of the experiments to determine the expression of the various syt isoforms in the DRG
neurons. In these experiments, various amounts of protein from the DRG lysates were
loaded onto the gels, and theSNARE syntaxin 1 (STXN1) was used as a neuron specific
loading control; unexpectedly however, STXN1 staining appeared consistently weaker in
syt4 KO DRG lysates (figure 3.2.2 and 3.2.3). Whether this is genuinely due te down
regulation of STXN1 in syt4 KO mice is unclear, as is why or how the expression of syt4
would affect STXN1 expression (for discussion, see section 3.5).

Similarly to syt2 and syt7 antibodies, the syt4 antibody also labelled several non
specific bands in #1 DRG lysates (figure 3.2.3A). At the expected molecular size of ~42 kDa,
just below a persistent band at ~45 kDa, the syt4 staining disappeared in the KOs, indicating
the location of the sytdpecific band. Unfortunately we were unable to validate thel &yt
antibody, but according to source specifications the antibody recognizes a band at ~65 kDa
corresponding to sytl1, although several additional bands were observed in our blots (figure
3.2.2B). Interestingly, especially the sytl1 but also the syt2 stawas weaker in the cells
cultured from syt4 KO mice, while syt7 signal was largely unaffected by genotype (figures
3.2.2B and 3.2.3B). Regarding overall expression in cultures, Syt2 and 7 required more
protein lysate to be loaded on the gels for strongnds (46&c 1 ¥ 3 LINRPGSAY S FA3
gKAtS aedn YR MM LINPRddzOSR AGNRBY3 olyRa Ay ¢
that syt2 and 7 have lower expression levels compared to syt4 and 11. This agrees with the
MRNA levels detected by Usoskinal. (figure 3.1A), and suggest that sy2 and 7 may have

more specialized functions that require lower protein levels.
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Figure 3.2.2 Western blots of syt2 and 7 in DRG neurons cultured from"$ysdd syt4 ™ mice. A,

blots of the calciunbinding syt2 angytr ® HnX nns cn x3 LINRPGSAY ¢l a f:z
blots. Note the multiple syt7 bands corresponding to multigdice variants. Syntaxin 1 (S)Xvas

used a neuronal loading control. B, Quantificatidnsgt2 and syt7 protein expression (n=2 blots).

Their ggnal was not normalized to STXas STXN1 expression was affected by the genotype, we
presented theraw signal values instead (STvalues were pooled from the 4 blots).
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Figure 3.2.3 Westerblots of syt4 and 11 in DRG neurons cultured from s{ténd syt4~ mice. A,

blots of the noncalciusd A Y RAYy 3 aéidn FYyR MM® pX mMAaX HA x3I LINEB
blots. Note on the syt4 blot, the antibody recognizes a double band at 45bkiDonly the lower

band is absentni the knockout. Syntaxin 1 (S was used @neuronal loading control. B,
Quantification of syt4 and sytll protein expression (n=2 blots). Thgiakwas not normalized to

STX1, as STXL expression was affected hiie genotype, we presented theaw signal values

instead (STX1 values were pooled from the 4 blots).

To assess the populatidavel expression of synaptotagmin isoforms, DRG neurons
were cultured from wild type C57/bL6 mice and immunostained for 412/ or 11 and
CGRP, a marker of peptidergic neurons. Cells were initially imaged on an epifluorescent
microscope, but as synaptotagmin expression was low as suggested from western blots
above and antibody specificity was poor, the fluorescence signalweak and therefore we
switched to using confocal microscopy. All images were then analysed by comparing the cell
fluorescence to the mean no primary control fluorescence + 3 times SD to decide whether a
cell was positive for a marker. These results showeat the coexpression of syt2 with
CGRP was the highest, 54% on average (n = 89 cells from 3 cultures), while syt4, 7 and 11
had a ceexpression of 30, 39 and 33% respectively (n = 68, 77 and 44 roatls 2f
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experiments, figure 3.2.6A We can concludénat while all isoforms colocalized with CGRP

in the culture to an extent, they were expressed at varying degree in CGRP negative cells as
well. As expected from high protein levels in DRG lysates, syt4 had a ubiquitous expression
in the culture, suggestintpat its function is not limited to a certain population. As expected

for a vesicular localization, all isoforms had a punctate staining pattern, but syt4 also had a
strong Golgi/EHke staining pattern in mostells (arrows on figure 3.2.4),Aas reporéd
previously in other cell type@bataet al, 2000) consistent with it having a role in vesicle
maturation and trafficking in multiple populations of DRG neurons as supported by the
ubiquitous expression(Ahras, Otto and Tooze, 2006)nterestingly, we consistently
observed syt2 staining in the nucleus (figure 3B).4Atthis point it is unclear whether this

is real staining or nogpecific binding of the antibody, as to our knowledge syt2 nuclear
staining has not been observed before but the antibody clearly hasspenific targets
(figure3.2.1A).

Soma size is a commalescriptor used to categorize DRG neuron populations (see
section 1.1.2), thus we also looked at the size distributions by measuring the Feret
diameters of differently labelled cells. This showed that most of the examined proteins were
expressed in smatb medium size neurons (20 n ik Mameter). Syt7 and sytll mostly
YN]SR avYltt RAFYSUOUSNI ySdzNPya O6fHA KYOX GKAC
of soma diameters (figure 3.2.6.Braken together, syt2, 4, 7 and 11 are all expressed in
cultured DRG neurons as detected by western blots and immunofluorescence, and are all

present in small diameter, peptidergic neurons.

98



Syt4 /| CGRP / DAPI

-

Figure 3.2.4Syt4 and 1limmunofluorescence in cultured DRG neuron&:B, confocal images of

neurons immunostained for CERNd syt4 or sytll. Areas on merged images indicated with white
rectangles have been enlarged and are shown as-ggale images on the right. Arrow on the

bottom right imageon Apoint at Golgistructures in the syt4 stainingmages have been contrast

enhanced by0.3% for clarity. Scalebarss4 x Y Ay f R2ONES 2y Y2yFEAS U R Mn XY

insets on B.
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A Syt7 /| CGRP / DAPI

Figure 3.2.5 Syt2 and 7 immunofluorescence in cultured DRG neuBsconfocal images of

neurons immunostained for CGRP and syt7 or dmt2as on merged images indicated with white

rectangles have been enlarged and are shown as-ggale images on the right. Images have been

O2y iGN &l SyKFEyOSR o0& noo: F2NJ Ot NARGed {OFfS ol N
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Figure 3.2.6 Quaification of colocalization of syt immunostaining with CGR®,.bar graphs

AK2gAYy3 2 2F Ftf adlAySR ySdaNRBya GKFG 6SNB LRAAL
Means are shown above the barsBO G G SNJ R2 (G LJX 2 G 2 Tis pogdtivelfor RA I YS G SN
/ Dwt 3 a@du> nX 17 2Nl mMm O6YSIya p {5 INB aKz2éyovo

3.3. Antibody validation using syt -pHluorin constructs

In order to further validate our syt2, 4 and 7 antibodies in immunocytochemistry,
cells were transfected with syt2, 4 andpHIuorin constructs that were used in later
chapters, and labelled for the same synaptotagmins with the antibodies used above and for
anti-GFP (figure 3)3 During imaging, the transfected cells were easily recognisable
compared to norransfected ones by the strgqnGFP signalhe red synaptotagmin signal
(which indicated both endogenous and overexpressed syts) mostly overlapped with the
green anttGFP signal. This waspeciallystriking on the neurites, where most individual
punctawere clearly stained for bothad and green (see arraaon figure 3.3 A and C). In the
cell body oftransfected cellsthe overexpressegbroteins accumulated around the nucleus,
presumably in the Golgi/ER compartments, whhe synaptotagmin stairalso appeaed
spread out in the somaerhaps indicating some endogenous stainingsummarythe syt

antibodies could be usegtliablyto recognize the overexpressed proteins.
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A Syt4pHIuo / syt4-ab C Syt2pHluo / syt2-ab

Figure 3.3 Further validation of syt2, 4 an@ antibodies using immunocytochemistryAC show

DRG neurons that were transfected with sytZ- or 2-pHluorin (green) and were stained with
FYGAOG2RASAE F2NJ 0KS &lYS aeylrL}i20F3YAya ONBROD |
AyaSiaod t¥NHS kXYl A YR p XY 2y AyaSaad /Y HA XY
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3.4. Colocalization analysis of synaptotagmins with CGRP in DRG neuron
somata

So far we have established expression of four syt isoforms in DRG neuron cultures and
examined more specifically their expression in peptidergic neurons. As our aim was to
identify the isoform(s) that might control peptide secretion, we next performed
colocalization analysis of CGRP and syt labelled vesicles.

2 DIV DRG neurons were immunolabelled for CGRP and syt2, 4, 7 or 11 and automatic
imaging02 dzLJt SR RSO2y @2t dziA2y 61 & dzaSR (2 AYLINERCC
and Manders overlap coefficieMOC) were used to quantify colocalization estackswe
selected 23 rectangular ROIs (depending on cell size and shape) on each neuron near the
plasma membrane for analysis, reasoning that vesicles in close proximity to the plasma
membrane are moreikely to represent a mature, releasable pool of peptidergic vesicles.

These colocalization algorithms are sensitive to background noise and therefore positioning
ROls to certain regions with good contrast and many vesicles (eg. away from the nucleus)
helped improve accuracy. Running the analysis on smaller image stacks also required less
computing power and was therefore faster. TRPV1 has been previously reported to localize
to CGRP containing vesicl@deng et al., 2007)and here we used it as a control for our
analysis of colocalization.

We found that most isoforms had a low and occasional colocalization with CGRP which
was highlyvariable between ROIs (figure 3.4H). Figure 3.4L shows a visualization of this,
where we plotted the red and green fluorescence along a line that was drawn through one
of the representative RQlgach peak represents a fluorescence puncta. Thesedaans
also show that the red and green fluorescence peaks rarely overlap. The results of the
t SI NE2YyQa O2NNBflGA2Y 6SNB nodoHo B ndu F2N a
whL&0X nduHc p ndu F2N aédt MALBROT A yRhrn@DHE 5
TRPV1 (n = 41 ROiIs, figureMd.Awhich shows low correlation between CGRP and the
respective proteins. We used MOC to assess the fraction of CGRP vesicles overlapping with
the different syt isoforms, in other words what percentageCGRP can be found on the
respective s\Habelled vesicles. Again this was highly variable probably due to variability in
signal/noise ratio and the automatic threshold assigned by the program; the mean MOCs

GSNBE nodén 5 ndo T2 NIpaui v nddp T2 Nd dare GFr2ZNJI nadend vpv
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for TRPV1 (figure 3. This would suggest that in each dual labelled group, rougkhBO%®

of CGRP would be in the respective-lgftelled vesicles, implying that multiple syt isoforms

could residen the same peptideontaining vesicle population. We also examined the soma
diameters of the corresponding neurons used in the analysis and foundasiredults as

before (figure 3.2.6 B most labelled cells represented small/medium diameter range
neurors. In conclusion, all the examined syt isoforms colocalized with CGRP to an extent but
y2yS ¢l a O2NNBflGSR gAGK Al adNepy3ates FyR
correlation and syt7 the highest MOC, TRPV1 also only poorly colocalized with CGRP.
However, as these experiments are highly dependent on antibody specificity and

signal/noise ratio, one should take the above results with caution.
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Figure 3.4Colocalization analysis of CGRP with syt2, 4, 7 andAL1C, E, G are representative

RSO2y @2t ¥SR AYI 384 2F t1o0SttSR 5wD ySdNBYy &2YF (
aSOlhAz2zya 2F (GUKS |10620S AYFr3Sa +a AYyRAOFGSR o0& 6K
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xY fAyS GKFG ¢6Fa FAGGSR Ff2y3 | NBLNBaSyidaladagds
against distance. ND, Boxandg KA &1 SNA LJX 20 2F t SIFINE2yQa O2NNBf |
soma sizes, averaged fregoross 23 cultures.
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3.5. Syt4 or syt7 KO do not affect basic CGRP release

So far we found varying levels of colocalization aneéxaression of the examined syt
isoforms with CGRP in DRG newgm@uggesting that multiple syts are likely to contribute to
the formation, trafficking and/or secretion of CGRP. To further evaluate the function(s) of
Syts in peptide secretion, we next measured CGRP secretion fromnB&Gns isolated
from KO mice. Wearrowed our focus to syt4 and syt7 for the following reasons. Syt7 is a
high affinity calcium sensor that is a major syt isoform on LDCVs in adrenal chromaffin cells
and pancreatic islet celli&Gustavssoret al, 2008; Schonmet al., 2008)and has previously
been reported to play a key role in sustained transmitter release by serving as a sensor of
residual calcium that builds up aft repetitive stimulation which is thought to regulate the
fusion of LDCVs not tightly coupled to VGQ@set al., 2014; Jackmaat al, 2016) These
features make syt7 a possible candidate for regulating sustained peptide release during
chronic pain states. Syt4 on the other hand is a-galtium binding isoform that we found
highly expressed in DRG neurons amdipregulated in neuropathic pain (section 3.1). It is
also primarily found on LDCVs and known to interact with syt7 in pancfeagds(Zhang
et al., 2009; Huangt al, 2018) Syt7 and syt4 KO mice both survive well into adulthood, as
opposed to syt2 KO mice that die around RP&anget al., 2006) making their use more
accessible.

First, DRG neurons from Syt4 KO or heterozygous (HET) littermates were cultured and
CGRP release was measured at 3 DIV using ELISA. Cells were stimulated either with external
a2t dziazy ool alf NBEtSFaSuv 2Nl nn Ya Y/ri€ 2N wm
stimulant of excitable cells, while capsaicin only stimulates the TRPV1 positive cell
population. 40 mM KCI induced a significant increase in CGRP release both in het and KO
mice (figure3.5B/ 0 ® ¢ KS YSIy AYONBIaS Ay «Dwtid NS/ ESh@
nom y3IkYE Ay GKS YhXE YR FNRY ndo 5 nodm (2
SP21 SR / Dwt NBEtSIFasS gla airAYAtEFN Ay GKS Yh |
ng/ml respectively), and this was significant in the HET mice.@@¥@nd nearly reached
significance in the KO mice as well (p=0.08). Exclusion of calcium in the solution blocked
CGRP release, showing that it was via the regulated pathway. We confirmed the KO

genotype by immunocytochemistry and PCR; syt4 staining wakedly reduced in cells
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cultured from syt4 KO mice (figure 3A). Absence of syt4 therefore did not have a
significant effect on basal or evoked CGRP release.

The above experiments were repeated in Syt7 KO and wild type littermate mice. The
mean KGINduOSR / Dwt NBfSIFasS gL a FTNRY ndoc B ndmp
GeLlS> YR TNRY ndoy B ndo y3IkYE G2 mMdH p 0@
wild types, and nearly reached significaneehe KOs (p = 0.06) (figure B5C). Tlsilack of
significance in the KOs was however likely due to lower n number in this group. Capsaicin
AYRdzOSR / Dwt NBfSIFAaS (G2 aAAYATI NI £tS@Sta Ay OF
G2 nodp p ndm yIkYE Ay (GKS BAfROPERISADH | Y RK Fi
cells, although this was only signifntain the wild types (figure 3.®, E). Loss of syt7
therefore did not cause a pronounced defect in stimulated CGRP release. These experiments
suggest that neither syt4 nor syt7 are aii regulators of stimulated CGRP secretion from

5wD aSyaz2NE ySdZNBya dzyRSNI Wy2NXIfQ O2yRAGAZY
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Figure 35 Basal and evoked CGRP release are unaffected in syt4 and syt7 KO rmAice.
representative epifluorescent images of CGRP and syt4 staingydirwild type and KO mice. Syt4

staining disappears in the KOs. B, CGRP release (ng/ml) from syt4 heterozygous (het) or KO mice
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0.023, **p = 0.005, ***p = 0.0007, oré¢ I € ! bhx! gAGK {ARI1Qa -Ydzf (AL
change in CGRP release (miax spread with mean), normalized to baseline. D, CGRP release as on
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3.6. Conclusions

Previously, several synaptotagmin isoforms were found in DRG neurons (s&dt)on
but in this chapter we focused specifically on four isoforms: syt2, 4, 7 and 11. First the
expression of each isoform was confirmed in DRG neurons cultured from syt4 KO and wild
type mice by western blotting, and by immunofluorescence in cells @dtiirom C57BL/6
mice. Then, their expression and localization was correlated with that of the neuropeptide
CGRP and found that multiple synaptotagmin isoforms are present on CGRP containing
LDCVs, and finally functional ELISA experiments showed that ag4syd7 are not
indispensible for CGRP release in cultured DRG neurons.

The western blots revealed high protein levels of syt4 and 11 in DRG neuron lysates
and conversely lower protein levels of syt2 and syt7. The strong syt4 and sytll expression is
consstent with the result of Collins & Nassar (figure B)1 Interestingly we also found
lower protein levels of syt2, sytll and syntaxin 1 in syt4 KO DRG lysates (figure 3.2.2 and
3.2.3). This could be explained by a potential disruption of the ubigpitteasomal
degradation pathway as all of the above proteins are degraded through ubiquitingZiain,
Vavalle and Li, 2002; Hakiet al., 2016) Syt4 and sytll are highly homologous, both can
inhibit vesiclefusion and other synaptotagmin isofornfBo®r, Ichtchenko and Shao, 1997;
Bhalla, Chicka and Chapman, 2QG8)d both have been identified as substrates of the E3
ubiquitin ligase parkifWanget al, 2016) In the absence of parkin, Sytl1l accumulates due
to decreased degradation, which results in decreased dopamine releasegthn impaired
endocytosis and vesicle replenishment. This leads to the subsequent apoptosis of
R2LI YAYSNHAO ySdaNRPya |yR (GKS (R&hgeal.22018)Sy U a
The protein levels of sytdra similarly regulated by parkin and syt4 is also accumulated in
the brains of parkin KO micKabayamaet al, 2017) Thus, perhaps parkin and the
ubiquitin-proteasomal degradation pathway are reversely aféectin the syt4 KO mice
towards increased activity, which could explain the observation of weaker sytll, as well as
syt2 and syntaxin 1 western blot bands in the syt4 KO lysates.

The immunostaining experiments showed that syt4 was present in most neumons i
our cultures, consistent with Usoskin et al. who found ubiquitous expression of syt4 in DRG
neurons. Syt4 labelled Goligke structures as well as vesicles, as observed by punctate

staining throughout the cell. As it has been established by multipldiesuthat syt4 labels
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the Golgi and secretory vesicles in endocrine cells and nefidrsnaset al., 1999; Ibateet

al.,, 2000; Zhanget al, 2009) we can safely assuntbat the staining pattern seen in our
experiments indeed shows Golgi localization. However, future experiments could address
the colocalization of syt4 with Golgi and mature/immature secretory vesicle markers (such
as syntaxin 6, secretogranin Il, TGNRB8h3A(Ibataet al, 2000; Fukudat al., 2003; Ahras,

Otto and Tooze, 2006p strengthen this finding. The ubiquitous nature of syt4 expression
and its localization pattern suggests that, like in PC12 cells, syt4 also likely plays a role in
LDCV maturation and trafficking in multiple DRG neuron populatinkudaet al,, 2003;
Ahras, Otto and Tooze, 2004} should also be noted however that syt4 expression is
induced by neuronal activitfVicianet al,, 1995; Fergusoat al,, 1999) and as DRG isolation
and dissociation is a major stress for cells and @2en be considered as a model of nerve
lesion(Malin, Davis and Molliver, 20Q7he isolation procedure itself might as well induce
the expression of syt4.

Immuno-colocalization with CGRP revealed that @lithe synaptotagmin isoforms
examinedwere expressed in peptidergic neurons, and this wageeted based on their
MRNA expression pattern from Usoskin et al. (figure 3.1A). A second observation of the
immunostaining experiments was the weak fluorescence signal produced by syt2, 7 and 11
staining. A weak signal could arise due to low protein esgion, which was confirmed by
western blot for syt2 and 7, or from nespecific antibody staining. Indeed, the latter option
was confirmed in western blots where the syt2, 4 and 7 antibodies all recognised non
specific bands in the knockout cells. Althauge sytl1 antibody could not be validated, the
discrepancy between the strong western blot signal and weak immunocytochemistry signals
suggest that this antibody may also have rspecific targets. Nospecific staining in
immunocytochemistry can increasbackground and affect the quantification, as the
threshold to decide whether a neuron was positive or negative for a given protein was set
based on the fluorescence intensity of-pamary antibodycontrols, but the synaptotagmin
signal was often onlyightly higher than the threshold.

On the other hand, the weak staining is also likely the result of low protein expression
in the case of syt2 and syt7, which might indicate that neurons do not need to express high
copy numbers of these proteins as thegrege highly specific functions inside the cells and
their sorting onto vesicles is precisely controli@ddutch et al., 2011) Low signal caused by

low protein levels could benproved by using signal amplification techniques, for example
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by streptavidinbased detection of biotinylated primary antibodi@¥esset al., 2003; Wang,
Gibbons and Freeman, 201Nevertheless, these results indicate that syt2 and 7 are likely
expressed in multiple DRG populations at low levels while theaadezium binding syt4 and
11 are expressed in multiple populations but atheg level, and that there are also likely
overlaps between the expression patterns of the different isoforms.

The subcellular colocalization analysis showed a similar picture to the population level,
as all the synaptotagmin isoforms had vesicular staifingnone colocalized strongly or
exclusively with CGRP. The low colocalization of mulggtasoforms with CGRP could
suggest that they all play a role in regulating secretion. As the same staining procedure was
used for these and the eexpression expgments, the same limitations also apply here. It
was shown before that on average there are abott5/sytl molecules on one SV, but
much fewer, about % are sufficient to trigger Ga-dependent releasgTakamoriet al.,

2006; Mutchet al,, 2011, Dittrichet al., 2013) Though there might be more molecules on

the larger LDCVs, due to the low copy number per vesicle one can expect low fluorescence
signal even in high resolution images. Two types of colocalization algorithms were used in
GKAE GKSaArAay tSINER2YyQa Q@ndibERHtid blitdd@y notvenuird Sy a A i
a threshold, while the MOC analysis requires the user to set eshimid on the images
(Bolte and Cordelieres, 2006; Dunn, Kamocka and McDonald, .ZDii$) is automatically
calculated by the program but if the fluorescent spots are not bright enough compared to
the background, then the threshold is set too low and the prograroutales false positive
colocalization. The threshold can be adjusted by the user to only include brighter spots, this
however introduces bias. All the above complications could have resulted in the high
variability of colocalization seen in our results.

The difficulty of analysing colocalization of any subcellular structures smaller than 200
nm will remain when using diffractielmited light microscopy. Significant advances have
been made in the past ~ten years in developing supsplution imaging metbds that go
far beyond the diffraction limit and can be used to precisely visualize the molecular
architecture of small organelles such as secretory vesicles and quantify colocalization. These
techniques include stimulated emission depletion (STED), s$tichaptical reconstruction
microscopy (STORM), structured illumination microscopy (8&h)I, Hell and Jakobs, 2017)
and they can even be combined with electron microsc{ghirra and Zhang, 2014; Peddie

et al,, 2017) Such techniques could be utilized to visualize and accurately measure the cargo
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content of vesicles h&ouring one or multiple syt isoforms, and unambiguously answer the
guestion whether multiple syt isoforms reside on the same vesicle and thus regulate vesicle
fusion depending on which isoform is activated by local* @ancentration, or whether
different syt isoforms define distinct vesicle pools that possibly contain different cargoes or
have different release probabilitigSchonret al., 2008; Gustavsson and Han, 2009; Bao

al., 2014)

Besides investigating the colocalization of synaptotagmins with CGRP to give us hints
about their role in peptide release, functional experiments were also ugesdsess syt4 and
syt7 function. CGRP ELISA experiments on cells cultured from syt4 or syt7 KO mice did not
find strong evidence that either of these isoforms afféetsalor evoked CGRP release.
Constitutive KO of genes can generate developmental chatiggslead to functional
compensation of the KO phenotype. Such effect has been observed for syt7 in SV
exocytosis; neurons cultured from syt7 KO mice exhibited normal synaptic transmission in
one study, but in a later study the same group showed that kdoak of syt7 eliminated
asynchronous neurotransmitter release using multiple shRNAs and rescue experiments
(Maximovet al., 2008; Bacagt al, 2013) However, deletion of syt7 significantly reduces
LDCV exocytosis in chromaffin cells and pancreatic B cells without genetic compensation
(Gustavssoret al., 2008; Schonet al,, 2008) Thus further experiments using selective syt7
knockdown should reinforce our findings in DRG neurons.

A similar compensatory mechanism is possible in the case 4fas/twell, although
studies done on syt4 KO mice consistently found enhanced LDCV exocytosis and secretion
using different stimulation protocols. These studies found increased oxytocin secretion in
the hypothalamus (70 mM KCI stimulatiq@hanget al., 2011) increased BDNF secretion in
the hippocampus (unstimulated, basal release ove3 @days)(Deanet al, 2009) and
increased LDCV exocytosis in low (but not highij @mcentration in the posterior pituitary
nerve terminalgZhanget al., 2009) Although we did not find such increase in secretion in
dedn Yh YAOS dzaAy3 2dzNJ AGAYdzZ dza O2yRAGAZY A
different stimulations can induce different calcium signals and high frequency electrical
stimulation inducesmore peptide and BDNF release in DRG neurons than continuous KCI
depolarization (Balkowiec and Katz, 2000; Bost al, 2017) Overall, these ELISA

experiments showed that syt4 and syt7 are not involved in basic and evoked CGRP release
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from DRG neurons, but different stimulation paradigms (such as different KCI

concentrations of electrical stimulation) could also be tested in syt4 and syt7 KO/KD cells.
So far we established that peptidergic DRG neurons express béttiGding and

non-binding synaptotagmin isoform and that multiple isoforms are likely to be involved in

regulating CGRP secretion as the colocalization analysis suggests. Deletion of 5gid o

not significantly change basal or evoked CGRP release as measured by ELISA, but the

increased syt4 gene expression in neuropathic pain models mirrors the increased

neuropeptide expression (see section 3.1) and suggests that at least syt4 migivobed

in pathological conditions. As syt4 is thought to serve its function at least partially by

interacting with other isoforms, such as syt7 (section 1.@M&ndezet al, 2011; Huangt

al., 2018) subsequent experiments aimed to investigéte involvementof syt4 and sytin

exocytosis in DRG neurons.
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4. Studying single vesicle fusion in DRG neurons using pHIluorin

constructs

4.1. Introduction

Fluorescently tagged synaptic proteins (for example VAMP2, synaptophysin, VGLUT,
synaptotagmins) coupled with high resolution imaging techniques provide a powerful tool
for studying exeendocytosis and, so long as the transfectmmotocol used to express the
tagged proteins in target cells is properly optimized, this technique can be minimally
invasive. Many different indicators of neuronal activity exist that are based on fluorescent
proteins (Leeet al,, 2016; Lin and Sctlirer, 2016) but we decided to use the pH indicator
pHluorin. This molecule was created from GFP by shifting its pH sensitivity which results in a
decreased fluorescence at acidic pH (~5.5) and increased fluorescence at higher (~7.4) pH
6aiSasSy dAhg8it and Bofhman, 1998)Vhen a pHluorin molecule is tagged to the
luminal domain of a vesicular protein, the fluorescence inside the acidic vesicle lumen in
guenched but is increased rapydlupon vesicle fusion (figure 1.4.2Thus by tagging
pHluorin to different vesicular proteins, one can study their function in-exdocytosis.

This technique has been widely used, especially in pancreatic islet cells and CNS neurons
0 h 6 S NJéth\af, B3 Racet al, 2014; Xwet al, 2017) and in the recent years in DRG
neurons as wellBostet al., 2017; Wangt al, 2017; Shailet al., 2018)

The aim of these experiments was to establish a pHIdoaised assay of exocytosis in
DRG neuronsniour laboratory. Our first choice of fusion detector was VANPRiorin,
which despite exhibiting relatively high surface expression (~ 1B#gji and Ryan, 2007)

has none the less been extensively used and well established.
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4.2. Establishing exocytosis assay in DRG neurons using VAMP2 -
pHluorin

We set out to optimize themaging and analysisf pHIuorin fusion eventsising TIRF
microscopy Neurons from C57/bL6 mice were transfected with VANIPRuorin and
imaged 2 days later on a TIRF microscope. Because of the microscope setup, electrical
stimulation was not possible and thus cells were stimulated by perfusion of 40 mM Kl for
minutes. It should be noted that the number of cells that we could record from per culture
was restricted (3 recordings could be made per dish or slide before the culture started
perishing, times ~2 dishes or slides per experiment), and furthermorecéuse the
capsaicin sensitive (TRPV1 positive) neurons are only a fraction of the whole DRG culture
and we could not identify those cells at the start of the experiment, we decided not to use
capsaicin stimulation.

Individual fusion events were highlyneble in their amplitude and decay time course
but the fluorescence rise was almost always rapid (within ~ O(8igslre 4.21). TheHHD
distribution (Figure 2.2 D) shows that the majority of events had a short ($bgen time
with a median of 0.68, and decayed fast with a median of ®Hwitha few slower events
(figure 4.22 E). Only 2 out of 18 events did not decay exponentially and thus could not be
fit with an exponential decay curyg¢hese events appear as a separate 40 s bin on figure
4.2.2 E We then divided events according to cellular location (ie. soma or neurites) because
there is evidence that pHIuorin events differ on different locationsafDet al, 2012) (figure
4.2.1). There were 168Bvents on the soma and only 13 on the neusitbut neurite events
had significantly largeHHD (the median was 2dn the neuries comparedo 0.65 on the
soma, figure 4.2 B), but the decay times and amplitudes mgesimilar (figure 4.2A, Q.
These results show for the first tima DRG neuronghat VAMPZ2pHIuorin reports fusion
events with a brief pore open time and fast decay, especially compared to the syt4 and syt7
pHluorin constructs (see below), and suggest some difference between somatic and neurite

exocytosis.

115



neurite

B Soma Neurite
15000+ 20000
& 10000 3 15000
P &
@
£ 2
3 5000+ @ 10000
@ ]
o e
E 0 S 5000 =
™ [
-5000 T T T T T T 0 T T T T T T
2 4 6 8 10 12 14 2 4 6 8 10 12 14
time (s) time (s)
C _ 15-
— Soma

— Neurite

-
o
1

o
o
#7
&1
B i
S
Z
&
i)
L35
L=

Normalized fluorescence
o
(3]
1

-0.5 T T T T T T T
0 4 8 12
time (s)

Figure 4.2.1Detection of VAMP2pHIuorin labelled vesicle fusiorevents using TIRRicroscopy A,
TIRF images of a representative soma and neurites, with yellow circles showing fusion eve
representative examples of somatic and neurite everisaverage timeD 2 dzNE S & SD)Yof
neurite (n=13 from three cells) and somatic (h=166 from two cells) events.
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Figure 4.2 Graphs of sytpHluo amplitude, HHD and decay timeA-C, scatter plots of VAMP2
pHluorin amplitudes, HHD and decay times on the soma and neurites. <®*p001, twetailed t
test. DE, frequency histograms of HHD (bin width=1 s) and decay time (bin width=0.2 s§, n=17

events.

117



















































































































































