Contrasting Effeboes of
Neurotrophin Receptors

During Devel opment

Laura Eve Cassels

A thesis submitted to Cardiff University accordance with the requirements for the

degree of Doctor of Philosophy in the discipline of Neuroscience

School of Biosciences, Cardiff University
December 2018



In memory of John, Pat and Gil.

Page |



Declaration

This work has not been submitted in substance for any other degree or award at this
or any other university or place of learning, nor is being submitted concurrently in

candidature for any degree or other award.

STATEMENT 1

This thesis is being submitted in partial fulfilment of the requirements for the degree
of PhD.

STATEMENT 2

This thesis is the result of my own independent work/investigation, except where
otherwise stated, and the thesis hashea&n edited by a third party beyond what is
permitted by Cardify ni ver si tydés Policy on the Use of
Degree Students. Other sources are acknowledged by explicit references. The views

expressed are my own.

STATEMENT 3

| hereby give consent for my thesis, if accepted, to be available online in the
Uni versitydés Open Ac clieransloan, ang fosthettitterayd a n d

summary to be made available to outside organisations



Acknowledgements

I would like to firstly thank my supervisor, Professofves Barde for the
immeasurabladvice, interesting anecdsteandfor the opportunity to work in such a
diverse and exciting lab. | alssim gratefulto Dr. XinshengNan for his technical
guidanceandmost cruciallyfor generatinghe TrkA animals with the corresponding
TrkB constructsThank you to Dr. Hayley Dingsdale, not just for being a wonderful
friend and human, but also for the useful advice amgbart with writing this thesis.
Additional thankgo Dr. Isabel Martinetzarayand Dr. Stephane Baudouior their

feedback, ad general words of wisdom over the past few years.

Thanksalsoto Professolun Davies,Dr. Sean WyattDr. Laura HowardandDr.
Anthony Horton for providing their expertise and knowledge on the neurotrophins,
dissectionsand iDISCO.I amespecially grateful to Derek Scarborougjlthe Cardiff
University Bioimaging Hubfor completing the H&E stains on such an industrial
scale Likewise, his work would nbhave been possible without the generous funding

and supporof the Wellcome Trust.

| am extremely appreciative of having swlonderful, supportivéab family, Pedro,
Katharina Kate,Spyros,Jess, Shireene, Natalia, ElJ&rin, Sylvia and Sarafihank
youfor all of the laughter, and for making the rubbish moments less rubhbistalso
so grateful to my friends particulaty; Katy, Jamesand Lucy for their words of
encouragemerdnd being so patientam furthermoreblessed to have a large family
of incredible peopleMum and DadCasselsand the rest of the CasseBaker,
Reynoldsand Regin clandt is not possible to thank you all individually for what you
have done, but please know you are cherished.

Finally, | have to thankmy fourbest friendsMum, Dad, ny sisterAimie, andthe love

of my life, Jamie | have rewritten this section so many times, but the truth is that
words cannot conveyow gratefull amfor all of your support andnconditional love
Thank youfor thecuddles, pefialks, bellybursting laughter, and adventur&hank

you for teaching me everything | know, for sharing the burden, for believing in me,
and for helping me reach this point. | am just cam$gan awe of how inspiring you

eachare and am so, so proud of you all.

Page [ii



Abstract

Neurotrghins and their cognate receptarg part of a importantsignalling system

in the vertebrateervous system. This includes the control of cell survival during the
development othe peripheral nervous stem. Whilst the neurotrophirend their
respective tyrosine kinaseeceptors are closely related in structuueexpected
differences have begun to appear with regard to their function. In partitugar,
tropomyosin receptor kinase(A&rkA) has been repted to cause the death of neus

in the absence of itseurotrophin ligand, nerve growth factor (NGF). By contrast,
there have been no indicationsohget that theexpression of thelosely related brain
derived neurotrophic factor (BDNEBNnd neurotropin-4 (NT4)receptor TrkB induces

the death of neurons during development. A better understanding of the function of
these receptors has important implications as unlike TrkA in the peripheral nervous
system, TrkB is widely expressed in the central nerggatem where BDNF does not
seem to play a significant role as a survival factor. To further explore the role of these
receptors,novel in vitro and in vivo models were generated that allowdte
conditional overexpression of TrkA and TrkBt was found that the ubiquitous
overexpression of TrkArom the earliest stages of mouse gestataonto a perinatal
death phenotypevhilst mice overexpressing TrkB were viable and fertile. Detailed
histologicalexamination indicated that the overexpression of TridAtéethe loss of
neurons knowrto depend on NGF for tliresurvival during development. Indeed
TrkA-overexpressing mice phenocopy mutants lacking Naofialleles.By contrast,

the poshatal suvival of TrkB-overexpressing me&was unimpaired, despitel@ss of
cranial sensoryneuronsapproaching what has been reported for mice lacking the
genes encoding BDNF and NT#otential explanations for these surprising

observations are discussed.
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Chapter 1

1. Introduction

Neurons are theore unitof the rervous system and as a restiieir number impacts

the output of the brain, spinal cord and peripheral nerves. For this reason, the number
of neurons needs to lightly controlled to maintain appropriate functionaldlthe
nervous syem (Dekkers et al., 2013)n vertebrates, theumberof neurons is, in
part,regulated by the availability afrowth factorsthat prevent cell deatiThe kest
characterised familyf such growth facbrs comprises the neurotrophires,snall
family of four related geng®ekkers et al.2013) Whilst it has long been established
that neurotrophins exetheir pro-survival effects by interactions with tropomyosin
receptor kinases (Trk), it was only recently that Thie receptors hatbeen found to
havean additional role irdeterminingthe fate ® neuronsby actively inducing cell
deathin the absence of their neurotrophic ligarigkoletopoulou et al., 2010As

very little is known about the biological functions of ffk receptors in the abses

of their ligandsthemain objectiveof this thesis was to test possible functions of these
receptors in development by expressing them from the earliest stages of
embryogenesidefore significant ligand expressipat times and in tissues where the

receptor is not normally expressed.

1.1.Cell death

1.1.1. Cell death in development

During development, entire organisraregenerated from a single fertilised oocyte.

To achieve this, there is a rapid proliferation of cells, leading to growth and expansion

of the organism. However strict regulation of the number of cells is essential for proper
development and thus proliferaii is balanced witkdevelopmentatell death(Vaux

and Kasmeyer, 1999)The first recording of developmental cell death is attributed to

Carl Vogtin 1842 when he noted ttdest ructi on of embr yor
development of the notochord in tog@akeri and Lockshin, 2008Lell death was

later characterised as beinghaghly conserved procegwesent in all Metazoans

(Bender et al., 2012; Cikala et al., 1998) 1964 Lockshin and Williams noted that

the death of muscles in American silk moths followed a biological plan which they
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termed pogrammed cell death (PCD; also referred to as apopt@sskshin and
Williams, 1964) These poptotic cells resembled eaclnet in that they demonstrated
DNA fragmentationshrinkage of the celchromatin condensation and zeiosis (rapid
bleb formation that gives theell an appearance of boilingiKerr et al., 1972)In
contrast, cells thdhadencountered stress or injyuiguch as mechanical stress or heat,
had different death characteristics; the plasma membranes ruptured and led to
inflammation of surrounding tissugSun and Wang, 2014)ndeed, i is now
established that thes#bserved differences are due to the fhett there are three
different types of cell death in the developing embngzrosisas a response to injury,
apoptosis as a developmenpabgramme, and autophagocytosis;atabolic process

that results in removalf@ell organellegDoherty and Baehrecke, 201&owever,

what has been lacking for a long time was a mechanistic understanding of PCD until
the results ostudies with the nematode wor@aenorhabditis kegans C. elegany
revolutionised the field of cell death.

1.1.2. C. elegansas a model of apoptosis

C. eleganswas introducedas a model organisay Nobel prize winner Sydney
Brennerto allow study of a simplenervous system, and used to great effect by co
laureatesJohn Sulston and Robert Horvite advance thainderstanding of the
mechanisms of apoptosidlobel Media Ab, 2018a)The C. eleganscomprise of
only 1090 cells, has a short generation time (3.5 dhgs)makes it ideally suited for
genetic studies. Furthermore its transparency rniguessible to directly observe cell
division utilising differential interference contrast (DIC) microsc@fulston et al.,
1983) Utilising this methodSulston was able to map the cell lineage ofthelegans
from fertilisation up to the adult organism, and noted that cells followed a
remarkably predictabl@rogramme of division and differentiatiofsulston et al.,
1983) with 113 cells alway beingeliminatedduring developmengndthe same 18
cellsbeing eliminateghostembryonically(Sulston et al., 1983Yhe fact that cell fate
could be mappesdoprecisely indicatethat the process of apoptosis vigsinsically
determined, i.e. cell autonomo(&ulston and White, 1980)heC. elegangould also

be genetically modified to test fundamental questions about development that were

more time consuming, expensive and complex in larger orgariBrasner, 1974)
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In a continuation of tawork initiated by Brenne(Brenner, 1974)Horvitz began to
define several of the key apoptotic geme€. eleganghat were latefound to have
homologs in mammalgConradt and Horvitz, 1998; Hengartner and Horvitz, 1994;
Trent et al., 1983; Yan et al., 1993)The key observatiorthat the identified genes
were active within the dying cells themselyviesl to thenotion that cell death is part
ofa fA-sei ti de o .Imeherlwards]tredells ativate an intrinsicell death

programne which leads to their eliminatidiYuan and Horvitz, 1990)

1.1.3. Genetic regulators of apoptosis

The key genemvolved in apoptosis C. elegansidentified by RoberHorvitz, were
identified asegglaying defectie-1 (egtl), celldeath abnorma® (ced9), ced4 and
ced3 (Hengartner and Horvitz, 1994; Trent et al., 1983; Yuan et al., 1898as
revealed that these genescode proteins that interact with each otheregulate
apoptosis Figure 1.1), and have homologs in mammals that interact in a similar

manner.

The Ced9 mammalian homolog is B cell lymphoma Bc{-2) (Hengartner and
Horvitz, 1994) an intracellular protein that was originally discovered due to its role
as a proteoncogene in human follicular lymphon(aakhshiet al., 1985; Tsujimoto

et al., 1985)Mutations toced9 led to embryonic lethality of th€. elegandarvae,

and it was discovered th@ED-9 protein, or BCE2 in mammals, actually act in an
antrapoptotic manneprotecting cells from cell deafiengartner et al., 1992; Vaux
et al., 1988)Due to sequere smilarities inBCL-2 homology (BH) domains (BH1

4), fourteen otheBCL-2 family members have been identifisdmammals all of
which are located in the outer membrane of the mitocho(&diams and Cory, 2001)
TheBCL-2 family can be subdivided based on whethey are antior pro-apoptotic
Anti-apoptotic BCL:2 famly memberssuch aBCL-2, and BCLXL, which contain

BH domains 34, act to prevent cell deafh\dams and Cory, 2001BCL-2 pro
apoptoticfamily members are further divided depending on presence or absence of
particular BH domains. For example, BAX and Ba#&ntain BH13, while BH3only
pro-apgtotic proteins include BIK, BID and BADChittenden et al., 1995;
Korsmeyer, 1999)Similarly, Egl-1 in C. elegansvas found to be prapoptotic, and

have homology with thenammalianBH3 domain, indicating that may act in a
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similar way to BIKand BAD (Conradt and Horvitz, 1998; Del Peso et al., 1998)
Interactions othe pre and antiapoptotic BCL2 family membergsuch as BCi2 and
BAX) determines the sensitivity of a cell to apoptosis by modulating mitochondrial
outer membrane permeabdtion (MOMP), resulting in the release of a normally
sequestered protein called cytochrome c from the mitochondrial men{Biank et

al., 1997; Narita et al., 1998; Yang et al., 19@gurel.1).

Finally the mammaliased4 homolog was identified as apoptotic protease activating
factorl (Apatl) (Liu et al., 1996; Zou et al., 1997andced3 as homologous to
cysteineaspartic protease (caspaSejXue et al.,, 1996; Yuan et al., 1993)he
caspases are a family of fourtesisteine proteases that cleatepecific aspartic acid
residues(Cohen, 1997; Howard et al., 1991)hey are ubiquitously expressed
zymogensinactiveenzymes that first require cleavatpemselveso be activeand

upon activation theynitiate a protease caate that amplifies thapoptoticsignal
which leads to rapid cell deatlfHengartner, 2000)The caspasdamily is separated

into three groups of enzymes; 1) initiator caspases (cagpee9 and-10) that bind

to adaptor molecules that promdtether caspasactivation, 2) executioner caspases
(caspas8, -6 and-7) that activate various proteases and nucleases that leads to the
breakdown of the cell, and 3) the inflammatory caspases (caspdse5, -11, and

12) that inhibit pyroptosis ding infection and stresdicllwain et al., 2013)In C.
elegansCED-4 activates CEEB processing to induce apoptosSeshagiri and Miller,
1997) however in mammals, the situation is a little more complex. In mamthels
CED-4 homologAPAF-1 binds released cytochroméRigure1.1), and undergoes
conformational change to recruit casp@séorming a multimeric complex calletde
apoptosome. Upon recruitment to the apoptosome caSpaseutocatalytically
cleaved to its active forrfLi et al., 1997; Saleh et al., 1999; Zou et al., 1998)s in

turn leads @ activation by cleavageof the zymogen executioner caspases that
ultimately result in apoptosis, such as cas{ilase caspasé. Caspase and-7 are
thought to initiate apoptosis by cleaving cellular substrates that lead to apoptosis. For
example,active caspase8 and-7 induces DNA fragmentation through proteolytic
inactivation of DNA fragmentation fact@ts/inhibitor of caspasactivated
deoxyribonuclease (DFF45/ICAD) which normally inhibits the endonuclease DNA
fragmentation facted0/caspasactivatedDNase (DFF40/CAD). Upon unbinding of
DFF45/ICAD and DFF40/CAD, the endonuclease can cleave DNA, leading to
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fragmentationEnari et al., 1998; Liu et al., 199Biu, Zou, et al., 1997; Sakahira et
al., 1998; Wolf et al., 1999%pimilarly, caspas@ can cleave gelsolin, an actin binding
protein, which results in membrane blebbing and nuclear fragmengittimakota et
al., 1997)
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A B
Apoptosis in C. elegans Apoptosis in Mammals
Stimuli
Stimuli l

| 1

®
Release of cytochrome ¢
from mitochondria

r

r

r

Apoptosis Apoptosis

Figure 1.1 Comparison of goptotic pathways in C. elegansand mammals
A) In the C. elegansEGL-1 (green) is prapoptotic, and inhibits aréipoptotic
CED-9 (orange) which results in CED (blue) activating CEEB (yellow). CED3
is then able to induce apoptosis. B) In mammals the-@BBmolog BCL2 (orange
modulates the mitochondrial outer mamne permeability by interacting w
related proteins. Under normal conditions BEZlis anttapoptotic, but upon pr
apoptotic stimuli BCE2 is inhibited and cytochrome c¢ can be released fror
mitochondria (black). Cytochrome c binds to the GEbomdog APAF1 (blue)
resulting in conformational changes that lead to recruitment and activation
CED-3 homolog caspase (yellow) in the apoptosome. In turn the apoptos
activates the executioner caspases, caspéssl) and caspase(purple) toinduce
apoptosis.
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1.1.4. The role of apoptosis in the mammalian nervous system

The fact that 8% of apoptotic cells in th€. eleganswere neurons quantitatively
illustrates the significance of cell death in regulating the developmeng oiettvous
system. Remarkably however, inhibiting apoptosis idheleganslid not cause any

overt phenotype in terms of lifespan or behavitilis, 1986) By contrast, in larger
organisms incluthg the Drosophila melanogaster (D. melanogastéiyhite et al.,
1994)and the mousguida et al., 1996)ablation of apoptosis turned out to be lethal
embryonically. This suggests that the dependence of ganism on apoptosis
increases with the size, and complexity of the nervous system. This was supported by
the observation that, in addition to the intrinsic apoptotic pathway outlined in section
1.1.3, mammals havevolvedan additional, extrinsic pathway apoptosis that is not
found in theC. elegangAravind et al. 200]1see reviewFlusberg and Sorge2015).

The observation that around half of newly generated neurons are efichohating
mammalian developmengd to the hypothesis that there is an initial overabundance
of neurons as a mechanism to ensure that distal target tissues are appropriatel
innervated Oppenheim, 1991)ndeed, this was not a really novel thought, as it had
already been suggested in the early 1900s tttetnumler of peripheral nervous
system PNS neurons wasegulated by the size of peripheral tiss(&sorey, 1909)
However the question remained as to how the superfluous neurons were triggered to

undergo apoptosis.
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1.2.Neurotrophins
1.2.1. Discoveryof the neurotrophins

The discovery of never growth factor (NGF) Ryta LeviMontalcini and Stanley
Cohenled to the first nechanistic explanation as to how neuronal nuncoeid be
regulated by the size of the target to be innervated. Their work, which in 1986 led to
them being awardetthe Nobel Prize ifPhysiology and Medicin@Nobel Media Ab,
2018b) began withdelicate manipulations of chick embryos. The transplantation of
mouse sarcoma80 into the body wall of chick embryby Elmer Bueketed to the
unexpected observation of substantial innervation by seasorgympathetic nerse
into the transplanted tumoyBueker, 1948) more so than could be observed by
transplantation of homologous tissues from the ch{tlkevidMontalcini and
Hamburger, 19510n the other hand, remowatideveloping chickimb buds resulted

in a reduction of the number of motor and sensory neurons in the spinal cord and dorsal
rootganglia, respectivelfHamburger, 19344amburger and Leviiontalcini, 1949)

The observatiorthat the hypeimnervatedrransplantsvere, in some cases, remotely
located from the innervating neurons led to the hypothesis thaatbema cells may
secrete diffusible agentThis was confirme through the use of an vitro culture of
chick sensory and sympathetic ganglia supplemented with mouse sarconma 180
mouse sarcoma’ extractsyhich showed asignificantincrease in axonal outgrowth
(Cohen et al., 1954; Lewlontalcini et al., 1954)Ultimately the factoynamed NGF,
was isolatedCohen, 1960; Cohen et al., 1954; L-&wontalcini and Cohen, 1956)
and an antiserum was developed against the protaity. iDjectiors of this antiserum
into newborn mice led tonassive loss of sympathetic neurons such aethothe
superior cervical ganglia (SCGLohen, 1960; LevMontdcini et al., 1969; Levd
Montalcini and Cohen, 1960Jhe discovery of NGF supported the idea #wtess
neurons are generated during develept to ensure adequate innervation oténget
tissue, and that the presence of a liméswunt of he diffusible factor is a mechanism
by which to controllie number ogurviving neurons; cells that would not come into

contact with NGF would undergo intrinsically programmed apop{6aff, 1992)

NGFs effects on survival 8fNSsensory neurons sparked a concentraefixit to find

a comparable growth factor in the central nervous system (CNS) that would support
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the growth and survival of developing neurons. This led to tbeodery ofbrain
derived neustrophic factor (BDNF) in 1982nitially isolated from pigorains(Barde

et al., 1982)Analysis of the sequence similarities between NGF and BDNF revealed
substantial comparae sequenced.eibrock et al., 1989}thatled to the thought that
NGF and BDNFwere part of a largegene family now called the neurotrophinBy
generating polymerase chain reaction (PCR) primers againsthah@logous
sequencegwo additional neurotrophinsieurotrophin3 (NT3) (Hohn et al., 1990;
Jones and Reichardt, 1990; Maisonpierre, Belluscio, Squinto, et al., 1990; Rosenthal
et al., 1990and neurotrophid (NT4) (Berkemeier et al., 1991; Hallboekal., 1991,

Ip et al., 1992)were subsequently identified in various mammalhere are no
neurotrophirrelated genes €. elegangZlotkowski et al., 2013)suggesting that

evolution of this gene family accompanied that of numeaplexnervous systems.

1.2.2. Biosynthesis of the Burotrophins

The fourneurotrophins argynthesiseds preproneurotrophing/hichconsist of a pre
prodomain on the Merminus, and theature neurotrophin domain on the&minus
(Berkemeier eal., 1991; Ernfors et al., 1990; Leibrock et al., 1989; Scott et al., 1983;
Suter et al., 1991)he Nterminuspre-protein directs nascent polypeptide synthesis
to the rough endoplasmic reticulufellowing whichthe presequenceés cleaved, to
produ@ theproneurotrophinSeidah et al., 1996 he proneurotrophins form nen
covalent homdimers, in which disulphide bridges foraficystine knod |, a featur
also found in other secreted growtttors(Bradshaw et al., 19937 he function of

the prodomain is to ensureffective foldirg. Indeed, tdies have shown tha
disrupting the proneurotrophin sequence prevér@$ormation of biologically active
mature neurotrophinéSuter et al., 1991)The proneurotrophins are then trafficked
through theGolgi apparatus to th&olgi network vesicles, where pesanslational
modifications such as fdlycosylation and possibly cleavage of proneurotrophins
occur(Mowla et al., 2001)In neurons the resulting mature neurotrophtogether
with the cleaved prodomain, are storedarge, denseorevesicles in presynaptic

terminals.

Much less is known about the biosynthesis of neurotrophins imeoronal tissues,

although it is thought thatnprocessed proneurotrophins carodie trafficked via
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interactions with sortilinto vesicles for secretioChen, 2005; Evans et al., 2011;
Matsumoto et al., 2008; Skaper et al., 200fpon release, proneurotrophins can either
undergo extracellular cleavage by matrix metalloproteaseglasmin to produce a
mature neurotrophi(Bradshaw et al., 1993; Bruno and Cuello, 2006; Lee et al., 2001)
or may function without any further processin@eng et al., 2010)The release of
proneurotrophins fronmealthyneurons has historically been a point of controversy.
Some studies have indicated that proneurotrophins can be released from neurons, but
the majority of this work has utilisd in vitro neuronal model¢Hasan et al., 2003)
either using antimitotic agents that may have compromisetiealth of the neurons,

or overexpression paradigms. The use \afrexpression paradignier testing this
hypothesiss questionale due to the fact that neurons seem to have a limited capacity
to process prmeurotrophinsasfollowing injury proneuotrophins appear to escape

neuronal processingid can be secreté®icou, 2008)

1.2.3. Localisation of the reurotrophins

NGF is found bothin neuronal and neneuonal cells but most notably in the
peripheral target tissues sénsory and sympathetic neurons, including the dermal
layers(Wheeler and Bothwell, 1992)he whisker padErnfors et al., 1992; Leon et
al., 1994; Selby et al., 198 alivary glandLevidvontalcini and Cohen, 196heart
(Selby et al., 1987Yetina and irigErnfors et al., 1992; Selby et al., 198The areas

of the CNS where NGF is secreted at the highest quantities arepih@campus
(Pascual et al., 1998; Rocamora et al., 19@6Jcortex(Selby et al., 1987)

As a point of comparison, the levels of BDNF mRNA in the hippocampus are around
50-fold higherthan hoseof NGF mRNA In the CNSBdnfis primarily expressedy
neuonswith the highest levels in thegpocampusneocortex(Hofer et al., 1990;
Timmusk, Palm, et al., 1993}erebellumandpituitary gland(Timmusk, Belluardo,

et al, 1993) BDNF mRNA and protein has also been localised in the cochlea,
vestibule maculéErnfors et al., 1992; Pirvola et al., 199Bgart(Ibafiez et al., 1993)

lung (Timmusk, Belluardo, et al., 1993andkidney (Timmusk, Belluardo, et al.,
1993)

Ntf4 the gene encoding NT4 mice), like Bdnf is expressed in the hippocampus

cortex, cerebellum, and striatuldT4 can also be detected in roruronal tissues
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such as the heatung, and kidneyHowever in contrast t8DNF, NT4 can also be
found in the testisskeletal muscle, and thym(@Bimmusk, Belluardo, et al., 1993)

Ntf3, the gene for NT3 in micdyas a more restricted expression pattern in the adult
CNS than other neurotrophins; and is located in the hippocampus, and cerebellum
(Ernfors et al.,, 1992; Maisonpierre, Belluscio, Freth, et al., 1990)During
developmenNtf3is the most highly expressed neurotrophin, and expression decreases
as cells undergo mitosis. One Buexample of this is the corteNT3 can also be
detected in nomeuronal tissues such as the whisker pad, muscle spindles, epithelium,
iris, cochlea and heaf#aisonpierre, Belluscio, Friedman, et al., 1990; Pirvola et al.,
1992)

1.2.4. The neurotrophin receptors

The neurotrophins interact with two different classes of receptors; tropomyosin
receptor kinas€Trk) receptorsandthe p75 neurotrophin receptor (p78) (Figure
1.2). p73'™R shares a similar affinity for all four mature neurotrophiis = 10° M)
(Esposito et al., 2001; Hempstead et al., 1991; Rodrigjeear et al., 1990put binds
proneurotrophinsvith higher affinity Kq = 10! M) (Lee et al., 2001)Thethree Trk
receptorsdesignatedrkA, TrkB and TrkG bind matue neurotrophins with a similar
affinity to that of p78™ (Kg = 10° M) (Esposito et al., 2001; Hempstead et al., 1991)
but with significantly more selectivityyhile NGF preferentially binds Trk&Kaplan

et al., 1991; Klein, Jing, et al., 199BDNF and NT4 bind TrkEKlein et al., 1992;
Klein, Nanduri, et al., 1991; Soppet et al., 1991; Squinto et al., 188#)NT3 to
TrkC (Lamballe et al., 1991(Figurel1.2). HoweverNT3 has been found to also bind
to both TrkA and TrkBin vitro (CordorrCardo et al., 1991; Klein, Nanduri, et al.,
1991; Soppet et al., 1991; Squinto et al., 19¢1iteraction of p78™Rand the Trk
receptors leads to high affinity binding sites for the neurotroph{as=(10*! M)
(Esposito et al., 2001)
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Pro-/NGF
Pro-/NT3
Pro-/NT4
Pro-/BDNF
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Cell membrane

p75NTR TrkA TrkC TrkB

Figure 1.2 Binding of the neurotrophins to the Trk and p75V'™R receptors. The
mature neurotrophins selectively bind to one of three Trk receptors, although NT3 can
bind to TrkA or TrkBin vitro (dotted arrows). P5Y'R can be bound by all four
neurotrophins in both mature and proneurotrophin form. The Tepters share a
similar structure, with an extracellular domain consisting of two cyst&heclusters

(C1, C2; red), three leucirrich repeats (LRR-B; blue), and two immunoglobukn

like domains (lg1, Ig2; green). Each Trk has a single transmembrars@nd@and a
single cytoplasmic tyrosirkinase domain (TK; purplep75V™R has four cystein€ich
domains (CR#4; yellow) that are responsible for ligand binding, a single

transmembrane domain, and an intracellular death domain (green).
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1.2.4.1. p75NTR

p75¥ ™R was the first identified neurotrophin receptand firstidentified member of
thetumour necrosis factom NF) superfamily(Chao et al., 1986; Johnson et al., 1986;
Radeke et al., 1987)The gene encoding7p"™®, named Ngfr, is located on
chromosome 11 in mice (17¢1Z7g22 in humangHuebner et al., 1986; Sehgal et al.,
1988). The @5'R receptor isa 75 kDa transmembrane glycoprotein with an
extracellular domairfconsising of four cysteinerich (CR) domains responsible for
interactions with the neurotrophiBaldwin et al., 1992; He and Garcia, 2004; Yan
and Chao, 199]) a transmembrane domain, and an intracellular domain. The
intracellular doman contains a palmitoylation sitehich is involved in subcellular
trafficking of the receptofBarker et al., 1994Ywo potentiakites of binding fomfNF
receptorassociated factor (TRARhat modulate intracellular signallif@otti et al.,
2017) and atype Il death domaithat regulates downstream apoptotic signalling via
p75'™R (Lin et al., 2015) p75'™R can bindboth matureand pro-neurotrophins, and
other ligands such asprion protein fragment PrP (1a8)6) (Della-Bianca et al.,
2001) and the amyl oi d pfpeptde(Yaoat al.pl93¥t e i n
Alternative splicing of exon Il produces an isoform of §75that lacks the cysteine
rich domains 24 (referred to as-p75'™®) and consequently, is unable to bind
neurotrophingFigure 1.3). Thefunction of this isoform is still unknown, although it

has been found to be expressed in mice, rats and h@amschack etla 2001)

Several studies have implicated the expression of'57H many CNS andPNS
neuronal types across different speEsfors et al., 1988; Schatteman et al., 1988;
Shelton and Reichardt, 1986; Yan et al., 1988)ever recent coparison of p78™R

MRNA levels between chick and murine samples have shown that some regions with
high p73'™R expression in the chick, do not show any expression in the mouse, and
vice versa indicating thatcell-specific comparisonsregardingp73'™® expresion

levels cannot be drawn betweethese species (S. Wyatt and A. Davies, by
communication). Within the mouse, P75 is expressed in several CNS populations
such aghe hippocampusduring development, and decreases postnatBiynabeu

and Longo, 2010)
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1.2.4.2. TrkA, TrkB and TrkC

The Trk receptors are members of a family fifty eight enzymelinked
transmembrane glycoproteins called the receptor tyrosine kinases (RTKs). The RTKs
share a common structure; with an extracellular ligand binding domain,
transmembrane domain, and intracellular tyrosine kinase dofhaibbard and
Miller, 2007) There are three Trk receptors; TrkA, TrkB and TrkC, that share
~40-45% pairwise sequence homolo@yltsch et al., 1999)

All three Trk receptors have an extracellular domain which is comprised of two
cysteinerich clusters (C1, C2), three leucineh repeats (LRRB), and two
immunoglobulinlike domains (Igl, Ig2fSchneider and Schweiger, 1991; Windisch
et al., 1995)The immunoglobulidike (Ig) domains are the main site of neurotrophin
binding (Holden et al., 1997; Ultsch et al., 1999; Urfer et al., 1986J the leucine
rich domains seem to also play a role in bindWgndisch ¢ al., 1995) Indeed, TrkC
chimeras where the immunoglobulin domains had been replaced by TrkB oidl'tkA
sequenceallowed binding of BDNF and NGgUrfer et al., 1995) The extracellular
domainof the Trk receptorarealso subject to podtanslational glycosylatioof the
N-terminuswhich serves to prevent ligarddependent activation of the receptor, and
for localisation in the demembrangWatson et al., 1999 he intracellular domain
consists of a tyrosine kinase domain whrelkruits various intracellular signalling
proteins through phosphorylation (sectibi2.5for more detailsYObermeier et al.,
1994; Obermeier, Halfter, et al., 1993; Obermeier, Larsradral., 1993; Stephens et
al., 1994)Figurel.3).

Each of the Trk receptors have several isoformghe mousedue to differential
splicing ofexonsthat encodé¢he receptors: tweplice variants exidor TrkA (Clary

and Reichardt, 1994bhree forTrkB (Klein, Conway, et al., 1990; Kumanogoh et al.,
2008)and six for TrkC(Tessarollo et al., 1997ncluding fultHlength and truncated
proteins Figurel.3). Thesesplicing events can lead étherminor, or majorchanges

in the function of the receptor. An example of a minor alterarechanges tshort
amino acid sequences in the extradali, juxtamembrane regionsack of the
juxtamembrane insert ifirkA or TrkB leads to activation only by NGF and BDNF,
respectively(Clary and Reichardt, 1994; Strohmaier et al., 1996; Urfer et al., 1995)
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however with the juxtamembrane inserts both receptors can be activated by NT3, and
additional activation of TrkB by NT4 can aar (Boeshore et al., 1999; Clary and
Reichardt, 1994Meakin, 1997; Strohmaier et al., 1996)

TrkC alsohas an isofornwith a small inserin the tyrosine kinase domains which
affects the substrate specifigitthus altering the intracellular signalling pathways
(Garner and Large,994; Guiton et al., 1995; Valenzuela et al., 1998)B receptor
splice variantsesult intruncated receptottfat lack the intracellular kinase domain
Two truncated isoformef TrkB existin the CNS, TrkB.T1 and TrkB2 which differ

only by the existence @n Shebinding sitein TrkB.T2 (Klein, Conway, et al., 1990)
TrkC splice variants also include four truncated receptors that resemble the previously
described truncated TrkB varianisamballe et al., 1991; Valenzuela dt, 4993)
(Figure1.3). Thepredominant theory for the function of these truncated receptors is
that theyregulatefull length Trk receptor functignand arethought to act via a
dominantnegative mechanism, forming néunctional heterodimers with full length
receptorgEide et al., 1996)

Whilst both p75¥™R and the Trk receptorsind neurotrophins, theiextracellular
domains are unrelatedVherasthe neurotrophins interact with the Ig2ndains
within the Trk receptorgHolden et al., 1997; Ultsch et al., 1999; Urfer et al., 1995)
they interact with the cysteimech domains in the p78R receptor(Baldwin et al.,
1992; Wiesmann and de Vos, 2001; Yan and Chao, X#8jyre1.3). Furthermore,
the intracellular domain of p?5% does not contaia tyrosine kinase domaiandare
unable to induce liganohduced activation of intracellular signalling prote{fRoux
and Barker, 2002)
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Figure 1.3 Alternative splicing produces different sizes of neurotrophin receptorsSchematic of the known spligariants for the neurotrophin
receptors. Full length p?&? consists of four extracellular cysteirienh domains (yellow) while the splice variantp®3''®, only has one CR
domain. Both variants of p?& contain an intracellular death domain (dark gre@rRA, TrkB and TrkC splice variants have similar extracellular
domains withcysteinerich clusters (C1, C2; red), three leucmeh repeats (LRR:B; blue), and two immunoglobuliike domains (lgl, 192;
green), vith the exceptions of one splice variémt TrkA (neuronal) and one for TrkB (fuléngth +) which contain a juxtamembrane insert. TrkB
also has two truncated receptors; TrkB.T1 and TrkB.T2 that lack the tyrosine kinase (TK, purple) but have a smallanuiaocedin which is
different betwee T1 and T2. Finally TrkC has five splice variants; one with a tyrosine kinase insert (TK+), and four truncated receptors.
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1.2.5. Signalling via Trk receptors

Binding of the mature neurotrophins to the Trk receptors results in receptor
dimerization (Jing et al., 1992)allowing tranghosphorylation of the receptors
tyrosine kinase domainwithin the activation loop(Cunningham et al., 1997,
Cunningham and Greene, 1998his results in further phosphorylation of tyrosine
sites within the tyrosine kinase damthat then act as docking sites for intracellular
adaptor proteinsuch as Srbomologous and collagdike (Shc) and phospholipase

C (PLC) that are also phosphorylated Ibiye Trk receptor intracellular domain
(Obermeier et al1994; Obermeier, Halfter, et al., 1993; Obermeier, Lammers, et al.,
1993; Stephens et al., 1994)hese adaptor proteins activate further signalling
cascades such as RAS/mitogativated protein kinases (MAPKS), phosphoinositide
3-kinase (PI3Rand phe ph ol i p as €Mit@ etal., Z0P7). Co )

As the locations of neurotrophirxgression can be far from the cell soma of-Trk
expressing neurons (discussedsettion1.2.3, it is important to note that ligand
bound Trk recefors canbe internalised throughclathrinmediated endocytosis
(Grimes et al.,, 1996; Howe et al., 2001; Jullien et al., 208®plication of
monodansylcdaverine, a drug that inhibitdathrinmediated endocytosis, resii

an inhibition of Trk receptor internalisatigbu et al, 2003; Zheng et al., 2008j is
thoughtthat macropinocyti@endocytosis of the Trk receptors occurs, but only when
there is an excess of the respective neurotrophin or Trk receptor, such as in the cases
of geneticallymodified animals oim vitro experiments, and is therefore not thought
to occur under physiological conditio@@hilippidou et al., 2011; Shao et al., 2002,
Valdez et al., 2007)Vithin the endosomes, ligasimburd Trk receptors continue
signalling(Grimes et al., 1996, 1997and can also be retrogradely transported along
microtubules to the cell sonm&inty and Segal, 2002; Hendry, Stach, et al., 1974;
Hendry, Stockel, et al., 19740)rk receptors can also be trafficked into late endosomes

for degradation into lysosomes
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1.3 Mechanisms of neurotrophin cell survival/cell death
1.3.1. Evidence of cell death caused by neurotrophiwithdrawal

Following the identification of the four neurotrophins and their receptors, their role in
supporting the survival of specific populations of sensory neurons has been
investigated in considerable detalih vitro studiesdemonstrated that culturdakA,

TrkB or TrkGexpressing sympathetiar sensory neurons died within forgyght
hours of neurotphin withdrawal (Deckwerth and Johnson, 1993; Edwards and
Tolkovsky, 1994; Martin et al., 1988puring deatlthe cellshad key morphological
indicators of apoptosiground twentyours after neurotrophin withdrawal tiENA
started to fragmerfDeckwerth and Johnson, 1993; Edwards et al., 19@t)between
eighteen to twentjour hours, the nuclei shnk and showed DNA condensation
(Deshmukh and Johnson, 1997; L&ontalcini et al., 1969; Martin et al., 1988;
Mesner et al., 1992At this stage, miminjection of the prosurvival protein BC2
rescuecheurotrophirdependent neurons that had undergueotrophirwithdrawal
(Allsopp et al., 1993; Batistatou et al., 1993; Garcia et al., 1892enlund et al.,
1995; Mah et al., 1993; Troy et al., 199€guons reach a commitment point twenty
two hours after neurotrophin withdrawaand the application of the respective
neurotrophin couldho longer rescue half of the ce{Beckweth and Johnson, 1993;
Edwards and Tolkovsky, 19940bservations of morphological apoptosis were
matched by biochemical analysis that demonstratextasedcaspase activity, and
cytochrome c releasafter neurotrophiawithdrawal (Deshmukh et al., 1996; Neame

et al., 1998; Stefanis et al., 1996; Troy et al., 19@8cussed in sectioh.1.3,
supporting that neurotrophin withdrawal resuitsell death via the intrinsic apoptotic
pathway. Similarly, ablation of APAE, caspas® or caspas8 prevented
neurotrophirwithdrawal induced apoptosis in sensory and sympathetic neurons
(Wright et al., 2007)Although overall RNA and protein synthesis levels gextby
30%twelvehours after neurotrophin withdraw@eckwerth and Johnson, 199Bgy
apoptoticgenes such as -dun that interacts with BGR family proteins to regulate
apoptosis(Lei and Davis,2003) showed a marked increase from fiveurs after
withdrawal (Estus et al., 1994; Freeman et d1994) Indeed, inhibitingRNA and
protein synthsis, by application of inhibitors such agcloxhexmide, prevented

neurotrophirwithdrawal induced death of neurainsvitro andin vivo (Martin et al.,
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1988; Milligan et al., 1994; Oppenheim et al., 1990; Scott and Davies,. 990,
the loss of specific populations of neuraas a resulbf neurotrophin withdrawal

seems to be aactiveprocessequiring transcription and protein synthesis

1.3.2. Neurotrophin/Trk knockout studies

Thein vivorelevance of the neurotrophin signalling systemet survival during
developmenthas been convincinglestablished inhomozygouslossof-function
mouse models (discussed below).

1.3.2.1. NGF and TrkA

Animals lackingNGF (Ngf") die within the first few dayafter birth withno obvious
abnormalities in any major organsut with marked reduction in the size of
sympathetic ganglia. This includedniervationfrom the superior cervical ganglia
(SCG)to the eygCrowley et al., 1994)Similar results were obtained ThkA” pups,
where the SCG@vas completely abseffagan et al., 1996; Smeyne et al., 1994e
loss of neurons correlated with the finding thas%f the cells in the SCG ailgkA
positive (NGF dependenf)Dixon and McKinnon, 1994)

In the same way, there was70390% loss of sensory dorsal root ganglia (DRG)
neurons in theNgf and TrkA knockouts(Crowley et al., 1994; Smeyne et al., 1994)
The DRG are a collection of sensory neupati bodies that lie bilaterally at each
vertebral level of the spinal cord. The DRG are made up of several differetyyms

of neurons including three main sdlvisions:AU, or peptidergic €ibre, nociceptive
neurons that expreS&kA,Ab me c hastacexpes$rkB,andAU and AD
proprioceptive neurons that exprdskC (Duce and Keen, 1977; Harper and Lawson,
1985; Lawson et al., 1974; Lawsd§79; Mu et al., 1993he DRG neurons lost in
NGF homozygous knockout mice veehe nociceptive neurofSrowley et al., 1994;
Smeyne et al., 1994)|and as a consequenblgf~ or TrkA” mice demonstrate
increased latency t@spond tdeatinduced painor pin-pricks(Crowley et al., 1994;
Smeyne et al., 1994)As there wa no loss of the DRG mechanoceptive or

proprioceptive neurons iNgf”~ and TrkA”", they exhibied normalmotor activity and
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placing reflexegCrowley et al., 1994; Smeyne et al., 19%imilar to the DRG, the
trigeminal ganglia (TG) is a heterogeneous collectiosemisoryneuron cell bodies

that differentially express Trk receptofsiu et al., 1993) TrkA” and Ngf" mice
showedloss 0f70-90% of the smaHldiameter, noiceptive neurons in ehtrigeminal
ganglia, resulting in a behavioural phenotype where there is loss of pain sensation in

response to whisker pad gimicks (Smeyne et al., 1994)

Other neuronal populations have also been demonstrated to be modestly affected by
loss of NGF/TKA signalling. There was a small, but nsignificantreduction in the
nodose ganglia neuror{€rowley et al., 1994)which contains the cell bodies of
neurons that project to wsral organs such as the lun@3onover et al., 1995;
Hertzberg et al., 1994Disruption of NGF/TrkA signallinded to a20% reductionin

the number of TrkA-expressing neurons in the CNS&uch as the basal forebrain
cholinergic neuronéChen et al., 1997; Fagan et al., 1997; San€wiz et al., 2012;
Smeyne et al., 1994; Svendsen et al.,, 1984} project to the cerebral cortex,
hippocampusind amygdaldDreyfus, 1989) These changes occur during postnatal
development, and so were not initially observEge loss of this population of cells
has been linked to meary deficits in heterozygoublgf knockouts that survive
postnatally (Chen et al., 1997) Other ganglia for the facial, acoustic and
glossopharyngeal nerveappeaed to not be affected by the loss of NGF/TrkA
signalling(Smeyne et al., 1994)

1.3.2.1.1. BDNF/NT4 and TrkB

The effects oBdnf, Ntf4, TrkB knockouts differ from those dfigf/TrkA due to the
differential pattern of expression of the ligands and their corresponding recéptors.
example as there iso detectable TrkB in the SCEtf4" or Bdnf"- knockouts did not
demonstrate any loss of these rens (Jones et al., 1994; Liu et al., 199%)hat is
striking is thatBdnf" and Ntf4”- mice have clear differences in their phenotypes,
despite both binding to TrkBror exampleNtf4” mice couldsurvive into adulthood
with no obvious behavioural phenotyp@Sonover et al., 1995)whilst Bdnf or
TrkB’ pupsdied within thefirst few days of bith, with only a fewsurviving into the
first postnatal weekBdnf" or TrkB’ knockout mice displasd no obvbus physical

deformities, and wer a similar size to their littermates birth, although those that
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survive later showed retarded growth congplatotheir littermateqErickson et al.,

1996; Ernfors, Lee and Jaenisch, 1994; Jones et al., 1994; Klein et al., 1993)
Bdnf" or TrkB” mice hadsimilar behavioural phenotypes in that they sweffidrom

severe movement deficits such as difficulty righting and spinning, hunched stance, and
ataxia, along with breathing abnormalitigsrickson et al., 1996; Ernfors, Lee and
Jaenisch, 1994; Jones et al., 1994; Kleial.e 1993) TrkB’ pupswereunable to feed

as a result of these movement deficits, despite having normal gastrointestinal tracts
(Klein et al., 1993)

Over 95% of nodosepetrosalganglia(NPG) neuronsexpressTrkB (Huang et al.,
1999) Nt#4” or Bdnf" knockout mice demonstratea loss of 5660% of the NPG
(Conover et al., 1995; Erickson et al., 1996; Ernfors, Lee and Jaenisch, 1994; Liu et
al., 1995)whilst double knockouts of boBdrf andNtf4demonstrate a6 reduction

in the numberand size of NPGConover et al., 1995; Erickson et al., 1996; Liulgt a
1995) The loss of NPG neurons in tiBeinf/Ntf4double knockout matched that of
TrkB’ mice (Erickson et al., 1996)Similarly, the geniculate gangliepntaining cell
bodies responsible for taste that innervate the gustatory epithelanmmgnstrate a
40-50% reduction in the number of neurons in eitBeinf” or Ntf4”- pups(Conover et
al., 1995; Erickson et al., 1996; Jones et al., 1994; Liu et al., iadbe Bdnf/Ntf4
double knockout showedl@ass 0f95% of the geniculate ganglia cell€onover et al.,
1995; Erickson et al., 1996; Fei and Krimm, 2013; Liu et al., 199%h corresponds
to the reduction of the geniculate ganglialkB’ pups(Fritzsch et al., 1997)This
indicates that the NP@nd geniculate contattifferent subpopulations of ganglia that
are BDNF or NT4dependent alongndthe double knockout suggests there is little
redundancy between the twigands The loss of a similar number of NP&
geniculate gangliaeurons in the double knockgoabmpaed to the TrkB knockout
indicates that these differential effects are still mediated by TrkBeisetldifferent
subsets of the gangli&pecificsubset of dopaminergic neurons are lost in the NPG
of BDNF knockout mice innervate the carotid body, dahdy are important for
effective ventilation, and cardiorespiratory refledesckson et al., 1996 his seems
to bethe main gplanation for the severe respiratory abnormalities,dintately the
lethality, observedn Bdnfor TrkB, but notNtf4 knockouts.

On the other hand)RG neurons appear to be dependent upon both BENfFors,
Lee and Jaenisch, 1994nd NT4(Liu et al., 1995) demonstrating al® vs a 5%
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redudion in knockouts, respectivelwhile there isa 20:30% reduction in te number
of DRG neurons iTrkB’ mice. This indicateshat there is overlap between NT4 and
BDNF responsive neurarn the DRG. The neurons thatredostin these knockouts
were found tocorrespond to thd8rkB-expressing, largeliameter mechanoceptive
neurongKlein et al., 198; Minichiello et al., 1995; PereRinera et al., 2008)

The vestibular ganglia, a collection BfkB-expressingensory neurons required for
balance and locomotiofErnfors et al., 1992; Robinson, 199&ppeaedto only be
dependent on BDNF, with reports of-80% reductionin the number of vestibular
gangia neurons irBdnf” mice (Conover et al., 1995; Ernfors, Lee and Jaenisch, 1994;
Jones et al., 994) These neurons faitl to innervate vestibular sensory epithelia
(Ernfors, Lee and Jaenisch, 1994pwever the vestibular gangheerenot affected

in Ntf4" mice (Conover et al., 1995)Similarly there is naadditive effect in the
Bdnf/Ntf4double knockou{Conover et al., 1995; Liu et al., 1995his may be an
explanation as to the severe movement deficits observBdrifi and TrkB’- mice,

but notNtf4” mice. Countesintuitively, there has been only a reported loss086&f
vestibular neurons ifirkB knockout micgMinichiello et al., 1995; Schimmang et al.,
1995) There are alsdlifferential effects between NTdnd BDNF on survival of
trigeminal gangl i a. Whi |l e NTd@ sudicabaf n 6t
trigeminal gangh neurons in knockout micé€Conover etal., 1995) Bdnf" mice
exhibited a 3340% reductionin the number of trigeminal neuro8onover et al.,
1995; Ernfors, Lee andaenisch, 1994; Jones et al., 1983t is matched in the
Bdnf/Ntf4double knockou{Conover et al., 1995; Liu et al., 199%imilarly, TrkB
knockouts demonstrate 8% reduction in the number of trigeminal neur@ktein et

al., 1993)

In vitro, andin vivo lesionexperimentsnitially suggestedhat BDNF was important

for the survival ofCNS neuronsjncluding motor neuronsn particular(Alderson et

al., 1990; Lindsay et al., 1985; Oppeeim et al., 1992; Sendtner et al., 19%iven

the widespread expression of BDNF acrossGNS (Rauskolbet al., 2010) it was
expected that BDNF would be responsible for the survival of G&lSons However
knockout studies have indicated that there are few developmental deficits in the CNS
of Bdnf" or Ntf4- mice (Jones et al., 1994Thee appears to be delayed, but normal
migration of cerebellar granule neuronsBidnf” or Ntf4” animals, while the cortex,

basal forebrain, substantia nigra and hippocampus appear r{dones et al., 1994;
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Liu et al., 1995)Similarly, the loss of rkB has nobeen foundo link to obvious CNS
abnormalitiegKlein et al., 1993) However studies have found thatTirkB’ mice
that can survive for a few weeks postnatally, there is an increase in the number of
pyknotic nuclei in the neocortex, striatum, thalamus and degtatis(Alcantara et
al., 1997)However, as these effects only occur late and in animals with compromised

health status causality is difficult to establish vaéntainty.

1.3.2.2. NT3 andTrkC

Ntf37-andTrkC’ miceusuallydie within the first few days of life, although soifi&kC
knockout pup can survive up to three weeftdein et al., 1994; Tessarollo et al.,
1994 1997) Both TrkC and Ntf3 knockouts take nourishment from their mothers
unlike theNgfTrkA, or Bdnf/Ntf4/TrkBknockouts outlined above, althoud@inkC"
pups that survive are Z8% of the body weight of their wild type littermatéslein

et al., 1994)Also unlike the other neurotrophinsgth Ntf3”- or TrkC’” mice exhibit
severe cardiac deficits such as defects in the atrial and ventricular setdm,
pulmonic stenosi¢Donovan et al., 1996; Tessarollo et al., 1994, 198#)ch could
account for the perinatal lethality observedter studies have shown that NT3/TrkC
signallingvia the tyrosine kinase domaimportant for the prolifeteon of cardiac
myocytes(Donovan et al., 1996; Lin et al., 2000; Tessarollo et al., 1997)

In the Ntf3” and TrkC”" mice, there is a loss of specific sutssef sensory and
sympathetic neuronsgmportantly, theNtf3knockout consistently shows a more severe
phenotypecompared withTrkC’- animals.For example, within the NPG, 3% of
neurons are lost iNtf3” pups(Ernfors, Lee, Kucera, et al., 1994; Farinas et al., 1994;
Tessarollo et al., 1997¢ompared to3%in TrkC’ pups(Tessarollo et al., 1997The
numberof neurons lost in the NPG Mtf3”-andTrkC’ miceis not enough to result in
any obvious breathing deficits. Simikathere is a 285%reduction in the number of
neurons in the geniculate nucleusNif3” pups,but only a modest, nestatistically
significant reduction of % in TrkC’ pups(Farinas et al., 1994; Tessarollo et al.,
1997) Along these lined\tf3’- exhibit a 6070% and a D% reduction in the number

of trigeminal and vestibular ganglia neuronal cell bodies, respec(iZetjors, Lee,
Kucera, et al., 1994; Farinas et al., 1994; Tessarollo et al., 1997; Tojo et al,, 1995)
versus 20% and 15% in TrkC’ knockouts, respectivelyFarinas et al., 1994;
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Tessarollo et al., 1997Finally, the severe abnormal posture and limb movement in
Ntf37 and TrkC’ mice (Klein et al., 1994; Tessarollo et al., 19%8ems to be the
result of the loss of largeiameter, TrkGexpressing proprioceptive neurons in the
DRG (Klein et al., 1994; Matsuo et al., 1999; Tessarollo et al., 198Ntf3" mice

this is around 550% of DRG neurongErnfors, Lee, Kucera, et al., 1994, Farifias et
al., 1998; Tessarollo et al., 1997; Tojo et al., 19883 2% in TrkCknockoutgKlein

et al., 1994; Tessarollo et al., 199The discrepancy between the phenotype of
animals lackingNtf3 or TrkC is particularly obvious in sympathetic ganglia. For
example in the SCGIrkC knockouts show no significant differences in the number

of SCG neurons, but there is a-8@% reductionin Ntf3 knockouts(EIShamy and
Ernfors, 1996; Ernfors, Lee, Kucera, et al., 1994; Fagan et al., 1996; Farinas et al.,
1994) Asin vitro NT3 can also activate the TrkA and TrkB receptors, it was initially
proposed that the discrepancy between the phenotype of aninkag latherNtf3

or TrkC may reflect the activation of heterologous receptors by NT3 in the absence
TrkC (Davies et al., 1995However this posdility does not seem to hold true for all
ganglia where detailed comparisons have been made using gene substitution
experiments. For example, replacing BDNF by NT3 fails to rescue-érxBessing
vestibular neurons suggesting a failure of NT3 to activak® Tn vivo (Tessarollo,

2004)

1.3.3. Dependence eceptors

The observationsummarised in sectich3.2further added weight to the notion that
neurons aréntrinsically programmed to diduring developmentinless a diffusible
survival factor such as the neurotrophins, blocks their déagicobson et al., 1997;
Oppenheim, 1991)indeed,studieshave detailedhe prasurvival signalling of the
ligand-bound Trk receptors via PI3K/Akt and Ras/MEK/MAPK pathwgBagrasio et

al., 1993; Crowder and Freeman, 1998; Nobes and Tolkovsky, 1995; Yao and Cooper,
1995) However there was &truggle to underpin this theory with a pathway for the
default apoptotic state, and the question remaiwbdt causgneurons to die in the

first placeand how could the selectivity of this phenomenon be explained

In 1998 the concept of dependence rémepwas propose(Bredesen et al., 1998)
The termrefers toreceptorsendowedwith nonclassical signal transduction in that
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they signal both when liganrtiound and in the absence of the ligand. When ligand
bound the receptors transwupositive signals to support cell survival, andhe
absence ofhe cognatdigand the receptors actively tratucesignals to initiate cell
death. This new concept was initially developed in the context of tumour biology with
the identification of thereceptors deleted ircolorectal cancer (DCCand
uncoordinateeb homolog UNC5H) (LIambi et al., 2001; Mehlen et al., 199Bat Kill
dividing cells in the absence of the corresponding ligand

1.3.4. TrkC as a dependence receptor

In 2007, Servane Tausz@elamasure and colleagues demonsttatssthgin vitro
cells transfected with Trk receptorthat TrkC acts a dependence receptor. Their
experiments involved transient transfection of full lengthTr&C (rTrkC) in human
embryonickidney 293(HEK293T), and immortalised @€ttory neuroblast 13.S.24
cells (TauszigDelamasure et al., 20Q7Jransfected cells had increased levels of
apoptosis, exhibited by increased levels of active caspasel DNA condensation
andthe addition of NT3revented thisell deathin a dosedependent mannefrhe
authors determined tharkC-induced apoptosis did not seemingolve thekinase
activity of the receptqras a kinaselead mutant of TrkC (D679N) elicited similano-
apoptotic activity, indicating that other mechanismese involved. Intriguingly, they
also observed that Trkidduced apoptosis wasrrelated witldouble cleavage of the
TrkC intracellular domain by active caspasead apoptosis codilbe blocked by
preventing cleavage usinthe pancaspase inhibitorcarbolenzoxyvalyl-alanyt
asparty[O-methyl}-louromethylketone 2VAD-fmk). To determine if the cleaved
TrkC domain would cause cell death, they performed microinjectmnghe
fidependence domaineleased by cleavage (mapped as TrkC-8456 in rat TrkC)
into primaryDRG neuronsand observed increased apopt¢fauszigDelamasure et
al., 2007)

These results provided a novel explanation for how developing sensory and
sympathetic neurons undergo apoptosis during development; the mere expression of
the Trk receptors causes cell death when the ligamibt present. In this way, the
number of cells innervating a target tissue can be controlled by secreting limited

amounts of neurotrophins as superfluous neurons that do not get enough neurotrophin
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di e. Thi s IS referred tso0.asHotwkeeefineurhe
observations added to the neurotrophic hypothesis by demonstrating that it is the
expression of the Trk receptors in the first place that causes neurons to be susceptible

to cell death. Thedindingsneatly explained the neuronalesivity of neurotrophins

as presurvival factors, and also clarifigd vivo observations discussed in section
1.3.2thatNtf3 knockout micehave a increased |lasof sensory and sympathetidise

compared tarkC knockouts.

While around twenty dependence receptors have been identified, these receptors do
not share obvious structural similarities, so knowledge of the mechanisms of one
receptor cannot inform predictions about related receptors. However in 2013, Tauszig
Delamasu e 6 s reportedutipat the cleavethtracellular deathdomain of TrkC
(termed TrkCGKF) is shuttled to the mitochondrial membrane by Cobral, a cofactor
for BRCAL that relatively little is knowrabout Figure 1.4). TrkC-KF was then
suggested to promote thactivation of Bax, which resulteth the release of
cytochrome c from the mitochondria, triggering the intrinsic pathway of apoptosis
(Ichim et al., 2013)Altogether the findigs by Tauszigdelamasure et al. (2007) and
Ichim et al. (2013) fit with the previous observatipfsr examplethat apoptosis
induced by neurotrophiwithdrawal can beblocked by caspase inhibitors as this
would be predicted to prevecdgspasemediated clavage of TrkC.
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Figure 1.4 Suggested model of TrkGnduced cell death.Unbound TrkC intracellular domain is cleaved by casfaatsites D495 and
D641 to produce the TrkKlller fragment (TrkGKF). Cobral shuttles Trk€KF to the mitochondrial membrane which allows the release

of cytochrome c to induce apoptosis. Taken f{tchim et al., 2013)
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1.3.5. TrkA as a dependence receptor

In the same set of experiments leading to the identification of TrkC as a dependence
receptor, TauszigDelamasurereported that TrkA or TrkB did not behave as
dependence receptors. Howevar later study by Nikoletopalou et al. (2010)
identified TrkA, aloag with TrkC as a dependence receptor using genetically
modified mouse embryonic stem cells (ESCs). The benefit of ESCs tbeer
HEK293T cellsused byTauszigDelamasureis that these cellscan readily be
differentiated into homogenous populationgpostmitotic neuronsn which to study
neuronspecific processes in a more relevasystem. In their experiments
Nikoletopaulou et al. (2010) generated mouse ESCs exjg$sll length ratTrkA,

TrkB or TrkC under the neurespecific promoter microtubulassociated protein tau
(Mapt). A green fluorescent protein (GFP) cDN¥as inserted irthe secondVapt

locus for ease of visualisation of targeted ESCs.igmtlodel,the three Trk sequences
were also terminally tagged with @ragglutinin (HA) epitopea nine amino acid

long sequencéhat has been widely used and has not been reported to interrupt the
activity of the protein it is tagged t@iang et al., 1996; Takeuchi et al., 2002y
having a HA tag onTrkA-C it was possible for Nikoletopoulou and colleagues to

discriminate between endogen@usl exogenous protein.

Their genetically modifietMaptHA-rTrkA, -rTrkB, -rTrkC and control laptEGFP)
ESCs weredifferentiated into corticalike neurons following a weléstablished
protocol. In brief, ESCs wereultured for several passages beform¢pglaced on a
nonadherent dish for eight days where they feduellular aggregate@ibel et al.,
2004, 2007)Retinoic acid was applied for the final four days of aggregation, and the
aggregates dissociated and plated on the eighth day. Upon plating, the cells had a radial
glial like morphology andvere positive for radial glial markers such as brgid|
binding protein (BLBP), nem-2 and PAX6. The presence of these markers decreased
with time in culture, as these progenitors matured into a culture -86%@0post
mitotic, glutamagrgic neurons. éss thanl% of neurons were positive for other
neurotransmitters such as -Isl gammaaminobutyric acid (GABA), tyrosine
hydroxylase and choline acetyltransferase (ChAT), with the di¥eof cells being
positive for norneuronal gliaffibrillary acid (GFAP). The resulting neurons were

shown to be similar to cortical neurons, and demonstrated both spontaneous and
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depolarisatiorinduced action potentials after twelve days that could be blocked by
tetrodotoxin TTX) and bicuculline, alongside increased atyifter the addition of
glutamate. Maturation could also be markedh®yappearanaaf spines 21 days after
dissociation (referred to as day in vitro; DIWVestern blot analysis ofild type
neurons using a pafrk antibody indicated that Trk prein cauld be detected from
DIV7 onwards, and was later characterisegnm®genou3rkB expression, similar to
what is observed in the cortéRibel et al., 2004, 2007)

The key observation by Nikoletopoulou and colleagues tvais TrkA- and TrkG
expressingESCGderived neuronformed normally for the first f& daysin vitro, but
were completely ablatebetweenDIV 4-6. On the other handrkB-expressing
neurons survivedgven in the complete absenceB&INF. The death of neurons was
marked by significantly increased levels of cleaved caspase¢heTrkA, andTrkC-
expressing neurons, while caspase activity remained unchangekBrexpressing
neuronal culturesAs predicted for a candidatependence receptor,etdeath of
TrkA- (and TrkG) expressing neuronsould be prevented by the addition of the
cognateigand NGF (and NT3 for TrkC). In addition to théseitro experiments, the
dependence receptarharacter of TrkA and TrkC could be verifigd vivo using a
method called tetraploid complementation. In this metteichploid (4n) mouse
blastomeres are cdimed with theMaptHA-rTrkA, -rTrkB or i rTrkC ESCs, which
have a stronger lineage potency and therefore form the entire efWkasg et al.,
1997) They noted that similar to thaim vitro observations, expression BfkA and
TrkC led to massive loss of the nervous system in the embryos by 13.paktys
coitum (E13.5), despite no obvious loss of the nervous system at E11.5. Again,
expression o rkB did not result in cell death. Investigat of potential mechanisms
of TrkA and TrkC-induced neuronal death indicated that kinase activitthe Trk
intracellular domain w& not required for neurotrophmithdrawal induced eath,
although kinase aefity was required for neurotrophimduced survival
(Nikoletopoulou et al., 2010)

In addition to the generation of neurons to test for potential novel activities of the Trk
receptors,tiebenefit of the system used by Nikoletopoulou and colleagsitsatby
comparison with acutdransient transfection of HEK293T cellhe levels of Trk

expression are controlled by an endogenous promoter and are much less likely to differ
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widely betweeracutely transfected cells. This is a potentially serious problem with
tyrosine kinase receptors as their autoactivation is-aellumented when they are
overexpressed in transfected ce{Mikoletopoulou et al., 2010} possible reason
why the deathnducing activity of TrkA was missed in the previous publication
(TauszigDelamasure et al., 20Q7)n contrast, by virtue of using the HA tag,
Nikoletopaulou et al.coulddemonstratédenticallevels of Trk expression across the

cultures.

1.4. Aims

Beyond previous work by Tauszigpelamasure (2007) and Nikoletopoulou et al.
(2010) very little is currently known about possible functions of the Trk receptors
during development in the absence of activation by their lig&igen that TrkA, but

not TrkB, was idetified as a dependence receptor when overexpressed in the nervous
system(Nikoletopoulou et al., 20103}his thesis aimed to further investigate tbkes,

and possibldifferencesbetween TrkA and TrkRluring developmentTo achieve

this, these receptors were overexpressed in all cells from the earliest stages of mouse
development. TrkC was not includedthsreis already a heavy foswn the activity

of TrkC by the groups of Servane TausEiglanasureand Patrick Mehlen. To
elucidate the mechanisms of TrkA and TrkB functions potentially identifiedvo,

in vitro models were also generated that overexpressed TrkA and TrkB in neurons.
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2 Methods

2.1 Culturing mouse embryonic stem cells

2.1.1 Mycoplasma testing

Mycoplasma ara form of bacteridhat can contaminate cell culturéontamination

with these bacteria affects the growth rate of cultured cells; degriadsigell DNA,
andoutcompeting the host cells for nutrie(skfarjam and Farzaneh, 2012; Sokolova

et al., 1998) As a consequence, mycoplasma contamination can affect the reliability
of dataderived fromin vitro experimentsHowever, unlike other common cell culture
contaminantsnycoplasmaannot besasily observelly an obvious increase in media
turbidity (Young et al., 201Q)andare difficult to identify througHight microscopy

due to their small size (0@ 3 pum),pleomorphsm, and lack of cell wa{Razin, 2006)

Due to these physitaharacteristics, mycoplasma are addxbe to pass through most
filters, and are not sensitive to common antibiotics that act by disrupting bacterial wall
synthesis. Therefore preventing, and detecting mycoplasma contamination is not
trivial. As such thex are estimates that anything from fifteen, and up to seventy percent
(Coronato and Coto, 1991; Drexler and Uphoff, 2002; Olai@®eorge and
Hogenesch, 2015; Rottem and Barile, 1983ell lines worldwidearecontaminated

with mycoplasma. Whilst some amtiycoplasma antibiotics do exist, there are reports
of re-infection shortly after treatmentyd these drugs can be cytotoxic to the host cells
(Molla Kazemiha et al., 2011}or this reason all cell lines used in this thesis were
routinelytested for mycoplasn@ntaminatiorusing a mycoplasmaolymerase chain
reaction PCR) detection kit SigmaAldrich) following the manufacturer protocol
(Dobrovolny and Bess, 2011)

2.1.2 Preparing gelatinecoated dshes

2% stock solution of gelatine (Sigmyddrich) diluted in distilled water was prepared,
and autoclaved. Whilst ab3C, the solution was aliquoted into falcon tubes and stored
at4°C. When required2% gelatine was warmed a¥3C until liquid, and diluted in
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double distilled water (dd¥D, Thermo Fisher Scientific) to create @%.solution.
Required culture dishes were covered @fOgelatine, and incubated for a minimum

of fifteen minutes at BC before use.

2.1.3 Producing LIF

Leukemia inhilitory factor (LIF)is a cytokine used as a media supplement in mouse
embryonic stem cell (ESCjultures to maintain mouse ESCs in a pluripotent,
proliferative state; preventing spontaneous differentiag@mith et al., 1988; Smith
andHooper, 1987; Williams et al., 1988)

2.1.3.1 Culturing COS7 cells

COS7 cells were quicklythawed in a37°C water bathand added to freseellular
aggregate (CAmedi a ( Dul beccods modiTherme Fisheragl e
Scientifig, 10% fetal bovine serum (FBS; BioSera), Glutamakhdérmo Fisher
Scientifi, nonessential amino acids (NEAA;Thermo Fisher Scientific),
2-mercaptoethan@BigmaAldrich)) in a 50 mL falcon tube (Corning). Cells were then
centrifuged (EppendoB810 at 180relative centrifugal forcer€f) for three minutes.

The supernatant was removed, and cells resuspend@8l media Cells werethen
seedednto 02% gelatinecoated 10cn? Nunc dishes (VWR) ill0 mL CA media

and incubated at7/3C/7% CO, until the cells redwedaround 7680% confluency.

COS7 cells were passaged by washing with phosphaftered saline (PBS;hermo

Fisher Scientifi§, and incubated with 0330 trypsin (Thermo Fisher Scientifjcfor

three minutes at3C. Fresh CA media was then added, areddélls transferred to a

falcon tubeCells were centrifuged at 180 rcf for three minutes before aspiration of the
supernatant, and the cell pellet was resuspended in fresh CA medid. €&DSwere

then seeded at a low density ont@%-gelatine coated L cn? Nunc dishes, and
incubated at B°C/7% CO, until the cells reached 780% confluency. The day before
transfection, cells were passaged again (as detailed above), and plated at a 1:10 split

ratio.
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2.1.3.2 Transfection of COS7 cells with pLIF

The next day a master mix ofldF plasmid (10eg per dish; plasmid gifted by
Professor Meng Li, Cardiff University) aridpofectamine 2000 reagen? O g per

dish, Thermo Fisher Scientijievas made up in OpMEM (1 mL per dish, Thermo
Fisher Scientific)and left at room temperaturfer fifteen minutesto allow the
lipofectamine and plasmid to form nucleic atijpld complexes. Media was then
removed from the dishes of C&Scells, and replaced with 5 mL O{EM, and 1

mL mastermix, and incubated at73C/7% CQO; for 4-6 hours. After this time the
transfection mixture was aspirated and replaced with 12 mL CA madd the
transfected cells incubated3°C/7% COx for four days to allow secretion of LIF into
the media. The mediasthen pooled into 50 mEalcon tubesand centrifugedfor
threemi nutes at 180 rcf. The s umiesarbfitd&rsant wa
(SigmaAldrich) to remove any cellular debris, collected, and stored in 0.5 mL aliquots

at-80°C until required.

2.1.3.3 Testing LIF potency

To test the potency of the produdeé, wild type E14 mouse ESCs were plated at a
density of one thousand cells per well i2%.gelatinecoated, 12vell Nunc plates
(VWR). These were plated in CA media witB% FBS. Cells were treated with a
serial dilution (1:5001:6.5x1®) of LIF, and incubatedt 37°C/7% CQO,. The resulting
quality of ESC culture was observed over a period of five days and comparedto a no
LIF control, and old LIF stock at 1:1000 dilution.tife new LIF at 1:1000 dilution
resulted in a similar quality of ESC culture than the previous batch, and better than the
no-LIF control, it was deemed suitable for use and tested for mycoplasma as outlined
in section2.1.1
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214 Culturing mouse embryonic fibroblasts

2.1.4.1 Background

Some mouse ESC lines, such as J1 ESCs, require culturing on mouse embryonic
fibroblasts (MEFs) to prevent spontaneous differentiation. The mechanism by which
MEFs improve ESC pluripotency is still undefined. However it is suspected that MEFs
not only imprae attachment of ESCs to the culture dish, but also that MEFs secrete
various growth factors and molecules that support the survival, proliferation and
pluripotency of mouse ESCs. Examples of identified secreted molecules from MEFs
are transforming growtfactorbetal ( T GF b ) -A (Ecelldocateti alv, ROOS;
Tamm et al., 2013)

2.1.4.2 wild type MEFS

C57BL/&) mice were timeamated, and plug checked the following morning.
135-14 dayspost coitum (pg)pregnant females were culled by cervical dislocation,
dissected, and embryosmovedfrom the placenta. Embryos wenashed inPBS,

and the head, limbtil and organs removed and discardHte remaining embryonic
tissue was poled ina 50 mL falcon tube, and washed twice with DMEM before
transferto a10 cn¥ petri dish (VWR) on ice, and choppasding asterilerazor bhde.

Cut tissue was transferr@tto afresh 50 mLtube and incubated atZ3Cwith 20 mL
0.06% trypsin and DNase (20 pg/mL; Roche) for thig minutes to dissociate the
tissue An additional 20 mL 0.8% trypsin wasadded, ad the mixture incubated for

a further thirty minutes at73C. Trypsin wasinadivated by the addition of 10 mL
FBS, and the tissue triturated with a 1 mL pipette before centrifugation at 180 rcf for
fifteen minutes. The cell pellet was kept, whilst the supernatant was transferred to a
separate 50 mL tube and centrifuged aga@nsure that all cells had been collected.
After aspirating the media, both cell pellets were resuspended in CA media
supplemented with X penicillin-streptomycin Thermo Fisher Scientif)jcto prevent
bacterial contamination. The pooled cell suspensionpaased through a 40 ncell
strainer (VWR to remove any intact tissue. The cells were then seeded2&# O.

gelatinecoated 10 ciyNunc dishes at a ratio of 1.5 embryos per dish, and incubated
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at 37°C/7% CO.. CA media was fully changed on alternate days. After reaching
~90% confluency, MEFs werpassaged as outlined in sectibh.4.5 and seeded at a
1:5 split ratio onto 2% gelatinecoated 10 ciNunc dishes. When confluent, MEFs
were passaged again arssuspended in CA media wittd% dimethyl sulfoxide
(DMSO; SigmaAldrich), and frozen to-80°C in a Mr. Frosty freezing container
(Thermo Fisher Scientific). After freezing, MEFs were stored in liquid nitrogen until

required.

2.1.4.3 Antibiotic-resistant MEFs

Antibiotic-resistant MEFs were required whgrowing ESCs with antibiotics (see
section 2.2.5, which would otherwise result in the death of wild type MEFs.
Genetcin-resistant MEFs were purchased from ATCC, whilst immortalised
puromycinresistant MEFs were purchased from Stem Cell Technologies.

2.1.4.4 Thawing MEFs

Stock wild type, or antibioticesistant MEFs werquickly thawed in &7°C water

bath. Thawed MEFs wesslded to CA media before centrifugation at 180 rcftfoze
minutes. The supernatant was removed, and the cell pellet resuspended in fresh CA
media. MEFs were then seeded on2fgelatinecoated T25 or T75 flasks (VWR)

and incubated at73C/7% CO,. Cels were checked on a daily basis, and the media

changed every-2 days.

2.1.45 Passaging MEFs

When confluent, MEFs were washed with PBS before incubation wi#ugpsin

for three minutes at3C. MEFs were then resuspended in CA media,teartsferred

to 50 mL falcontubes forcentrifugation at 180 rcf fahree minutes. Afteaspiratiry

the supernatant, the cell pellet wasuspended in fresh CA media and MEFs plated

on 02% gelatinecoated dishes.

Page B6



Chapter 2

2.1.4.6 Inactivating MEFs

To prevent MEFoverproliferatingwhen used as a substrate for ESC culture, they
were inactivatedprior to use. To do this, MEFs were incubatedh 10 pg/mL
mitomycin SigmaAldrich) for two hours, and subsequently washed twice with PBS.
MEFs were left to recover in CA media at°8/7% CO, for a minimum of one hour,

and a maximum of three days. Before plating ESCs, CA media was replaced with fresh
ES media (sesection2.1.5.9.

2.15 Culturing J1 and E14 ESCs

2.15.1 Background

ESC lines existhat originated from different mice, and therefore haiternative
genetic backgroundsAs a resultthese lines camave differentrequirements for
efficient culture For example, wo commonly used Wd type ESC linesare J1
(129S4/SvJae backaund) and E14 (129/Olbackground) cells. WereasJ1 ESCs
need to be cultured on MEFs to maintain their pluripotency, E14 E&(se cultured
without MEFs on ®% gelatinecoated disheé€Smith, 1991)

2.1.5.2 Thawing ESCs

When culturing J1 ESCs,adia from inactivated MERsection2.1.4.6§ wasreplaced

with ES nedia (DMEM, NEAA, Glutamaxg2-mercaptoethanol,506 FBS and LIF
(produced in house, see sectibh.3). Wild type (ATCC), or geneticaliynodified J1

or E14 ESCs were thawed quickly at°@ and added to ES media in a 50 mL tube.
The ESCswerethen centrifugedat 180 rcffor three minutesandthe supernatant
aspirated. The cell pellet was resuspended in ES media and three million cells seeded
into either a T25 flask of inactivated MEFs for J1 ESCs, 2gelatine coated T25

flasks for E14 ESCs. Cells were then incubated at 37/R8C/O; until confluent, and

the media changed every2ldays.
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2.1.5.3 Passaging ESCs

When ESCs reached0% confluency, they were passaged following a well
established protoc@Bibel et al., 2004, 2007)n brief, ESCs were washed with PBS
before incubation with 086 trypsin for three minutes a¥73C. Following this, ESCs

were resuspeated in ES media, and transferred to a 50 mL tube, before centrifugation
at 180 rcf for three minutes. The supernatant was removed, and the cell pellet
resuspended in fresh ES media before plating onto a new flask of inactivated MEFS,
or 02%-gelatine coate flasks for J1s and E14s, respectively. Whilst J1 ESCs were
passaged at a 2812 split ratio, E14 ESCs were passaged at-d B3plit ratio.

2154 Freezing ESCs

To store ESCs long term, stocks were frozen at early passages. To achieve this, ESCs
were pasaged as outlined in secti@nil.5.3 but after centrifugation, the cell pellet
was instead resuspended in ES media wityt DMSO. Cells were frozen down to

-80°Cin a Mr. Frosty freezing container and stored in liquid nitrogen until use.

2.15.5 Alternative ESC culture med

In this thesis the effects of different culture media on ESC quality was compared.
Where stated, ESCs were passaged and maintained as abovdtupet ¢o either

21+LIF media (100 mL Neurobasal (Thermo Fisher Scientific), 100 mL DMEI

(Thermo Fisher Scientific), 1 mL N2/BSA stock (1 mI5% bovine serum albumin

(BSA, SigmaAldrich) and 5 mL N2 supplement (Thermo Fisher Scientific)), 2 mL

B27 with o u t retinoic acid (Thermo Fisher S«
22mer captoet hanol (Thermo Fisher Scientifi
3 €M Chir99201 @109xg/mL redantidahte iR ) Milliporg)or

21+LIF media supplemented witlb% FBS (2I LIF + FBS). Where targeted E14 cells

were cultured on feeders, the protocol outlined in se&ibrb.3was followed.
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2.1.6 Sub-cloning ESCs

Where stated, ESGgere sukcloned to isolate a population of ESCs with the desired
characteristics, such as ESC cultures with less spontaneously differentiating cells. To
do this, ESCs were thawed and expanded as outlined in se2Ztiohand2.1.5.3

ESCs were then seeded ont®%-gelatine coated 10 dunc dishes at a 1:200 split
ratio, and incubated a¥73C/7% CO, for 5-9 days, until ESC colonies had formed that
could be observed bgye. Media was changed every two days. The dishes were then
washed with PBS before the addition of B®trypsin (0.%% trypsin diluted 1:5 in
PBS) . Single colonies were aspirated wusi
and transferred to individl wells of a 96well plate (VWR). These individually
picked colonies were incubated with 20 uL ®0trypsin for three minutes a73C

before resuspending with 100 uL ES media. ESCs were then plated on inactivated
MEFs on a 24well plate (for J1 ESCs), @ 02% gelatinecoated 24 well plate (for

E14 ESCs). ESCs were then incubated’aC % CO,, and media changed every two
days until the cells reache®% confluency. ESCs were subsequently passaged and

expanded as outlined in secti®ri.5.3
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2.2 Generating mouse ESCs that overexpress TrkA or TrkB

221 Rationale

To generatean inducible expression system BfkA or TrkB in ESCs Figure2.1),
E14 and J1Rosa26CreER%Mapt-loxP-STORIoxP-HA-rTrkA, or -rTrkB  mouse

ESClineswere generated.

In these ESCtheTrk receptors were expressed under the nespatificmicrotubule
associated proteitMapt) promoter(Binder et al., 1985; Jaisser, 200B) this model,
TrkA and TrkB were tagged withemagglutinin (HA), a small sequence consisting of
nine amino acids that is widely usadd has not been reported to interrupt the activity
of the protein it is tagged tiNikoletopoulou et al., 2010By having a HA tag, it is
possible to discriminatdetween edogenous Trk expression and the exogenous

taggedconstruct

However due to the presence of a I6&XPORIoxP sequence preceding the Trk
receptor sequences in this construct, they would not be expressed under physiological
conditions. In order to express TrkA or TrkB, the lefidhked STOP needs to be
excised, whicltan be achieved using a Cre recombinase enzyme. In the current model,
the Cre recombinase was fused to a triple mutated human oestrogen receptor
(CreER™) (Jaisser, 2000)and expressed under the ubiqus Rosa26promoter
(Soriano, 1999)Through interactions with heahock protein 90 (Hsp90), GER™

is normally sequestered in the cytopla@tayashi and McMahon, 2002; Mattioni et

al., 1994; Nagy, 1999; Picard, 1998owever, upon CHER™ binding the synthetic

ligand 4hydroxytamoxifen (tamoxifen), Hsp90 is disrupted, and -ER?
translocated into the nucle(iBeil et al., 1997; Tian et al., 200@igure2.1). When

in the nucleus, the Cre enzyme can recombine theflanRed STOP cassettdones
Villeneuve et al., 1982)n this way, the expressiom ©rkA or TrkB in neurons could

be temporally controlled by the addition of tamoxifen to cultures of these genetically
modified ESCgHayashi and McMahon, 2002; Mattioni et al., 1994; Picard, 1994)
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Figure 2.1 Tamoxifen-induced expression of TrkA or TrkB in ESCs. A Cre recombinaseestrogen receptor fusi
protein(CreER'?, purple)is expressed under the ubiquitdkesa2@romoter and remains in the cytoplasmyy), thus
preventing its binding to nuclear DNA. With tlaeldition of tamoxifen to ESC cultures, the activatedER'@ (red)
proteintranslocateinto the nucleus where ikeises thdoxP-flankedSTOP cassett@rangeXhat immediately preced

theTrk receptor sequensdgreen)allowingtemporal control ofirk receptorexpressionn ESCs.
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2.2.2 Generating pMapt-loxp-STOP-loxP-HA-rTrkA and -rTrkB

plasmids

2.2.2.1 Preparation of Agar plates

3.5% agar(SigmaAldrich) was dissolved in ddi® and autoclaved. After cooling to
50°C, agar was supplemented with eithe® € g/ mL (S@madldrigh), iom
50 eg/ mL a mp-Aldrich). For detailé & whgemeach antibiotic was used,
see sectio2.2.5 The agar was then poured into 10?gatri dishes and feuntil the
agar had set. Dishes were stored°&for up to one month. One hour before use, agar
plates were opened and placed face down iA°€ 8icubator to remove any excess

moisture.

2.2.2.2 Preparation of L-broth

2.5%L-broth (Sigma) was dissolved in dgbland autoclaved. Antibiotics were added
(as outlined in sectio®.2.2.] once L-broth had cooled to room tem@ture. Lbroth

was stored a4°C for up to two weeks.

2.2.2.3 Digestion and purification

2 ¢ g exsting plasmidpSIEG) that containa 1.5kilobase kb) loxP-STORIloxP
sequence was digested wieoRI(NEB) andXbal (NEB) (Figure2.2) at 37°C for

three hours. Subsequently the mixture viasubated withlarge Klenow DNA
polymerase (NEB) andeoxynucleotide triphosphatédNTPs,NEB) for one hour at
37°Cto blunt the endsT'his was then incubated @°Cto inactivate the enzymebhe
digested, blunted 1.kb STOPfragment wagurified following the microcentrifuge
protocol of the QIAquick gel extraction kit (Qiagen) from step 2 of the protocol (the
addiion of QG buffer). This mixture was then electrophoresed d®aagarose
(Thermo Fisher Scientific) gel supplemented with 2 & g/ mLbromiden i di u m
(SigmaAldrich) for two hours. The corresponding 1.5 kb band was manually excised
from the gel and transfexd to a fresh 1.5 mL tube. The DNA was then extracted
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following the microcentrifuge protocol of the QIAquick gel extraction kit from step 1

of the protocol.

Meanwhi | eMaptBA-rdrgA oo-fTrkBplasmids werdéinearised by digestion
with Pmel(NEB) (Figure2.2) at 37°C for three hours. The mixture was subsequently
incubated with antarctic phosphatase (NBEBY7°C for one hour to dephosphorylate
vector ends, preanting seHligation of the plasmid. After this, the enzymes were
inactivated by incubation of this mixture @°C for fifteen minutes. The linearised
plasmids weréhen electrophoresed odi% agarosgelsupplementedri t h 0. 2 € g/ |
ethidiumbromide for one hour. The corresponding bafh@ kb wasnanually excised
from the gel, and placed into dialysing tub8g(maAldrich) filled with 300 pL TAE
buffer @0 mM tris base Thermo Fisher Scientif)c 20 mM acetic acid $igma
Aldrich), 1 mM ethylenediaminetetraacetic acid (EDT8igmaAldrich), in distilled
watel) and electrophoresed fthiree to fouthours until the DNA could no longer be
visualised in the gelThe resultingDNA solution was transferred to a 1.5 mL tube
(Eppendorf) and preci@ted with50 pL 3 M sodium acetateNaOAc, Sigma
Aldrich), and500 pL 100% isopropanol $igmaAldrich) overnight at4°C. The next
day the mixture was centrifugdar fifteen minutes at 20000 rcind thesupernatant
removed. e DNA peletwaswashed with70% ethanol (VWR and centrifugedor

a further fiveminutes at 20000 rcand hesupernatant was aspirated. The DNA pellet
was thereluted in30 L buffer EB (Qiagen).

2.2.2.4 Ligation

3 L of | i n eMaptHA-@r@A or-prikB plaEmidenegre eaclgated to
6 ¢ lthepurified loxRSTORIoxP fragmentusingquick T4 DNA ligasgNEB) for
ten minutes at roortemperatureRigure2.2). 4¢ L of t he | wagthdni on mi

transformednto one shot TOP1Bscherichia coli (E.ali) (Thermo Fisher Scientif)c

by heat shockhrough immersion in a2tC water bath for thirty second#ifter
recovery i n 30 Grotk Wwith catallder repregsion (31@.C.) media
(Thermo Fsher Scientific) for up to one hourZt°C, bacteria weremead onto agar
plates supplemented with ampicillin. Dishes were incubatedhight at 3°Cto allow

colony formation
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EcoRI loxP NLS ORF SV40 PA Terminator  10xP Xbal oSIEG

Figure 2.2 Generation of pMapt-loxP-STOP-loxP-HA-rTrk A and -rTrkB vectors A) Existing pMaptHA-rTrkA and-rTrkB construct
were linearised by restriction digestion wRimelenzyme. B TheloxP-STORIoxP cassettevas isolated from theSIEG plasmid by digestic

with EcoRlandXbal, andthen ligated into the linearisgiMaptHA-rTrkA and-rTrkB vectors.NLS i nuclearlocalisation signal, ORF oper

reading frame, SV40 PA terminatopoly A terminator sequence.
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Chapter 2

2.2.2.5 Extracting DNA from bacterial olonies

Bacterial olonies were picked the next morning using a 10 pL pipette, and
individually added t@t mL L-broth(SigmaAl dr i ch) wi th 50 eg/ mL
mL plastic culture tubes (FisheBcientific). Bacteria were incubated overnight at

37°C on a shakerDNA was then extrded from 1.8 mL samples of each bacterial
culture using a miniprep kit (Qiagen) following the manufacturer protocol. The

remaining bacteria were storeddaC until required.

2.2.2.6 Identifying cultures with the desiredlpsmid

To identify which bacterial clas contained the correct plasmid (insertion of the
loxP-STORIloxP cassette n t he <correct orientation),
miniprep, wasligested wittHindIll (NEB) for one hour at B C. Digested DNA was

then electrophoresed onléo agarose gel w0 . 2  cethidiomLbromide for one

hour. Gels were imaged in a UV docking station (Biorad). Based on analysis of the
digested band sizes (Chapter 3), the clones thought to have the retpsradiwere
amplified by incubat i mtgrial $t0ck in160ImML lo-tbrotht he r e
supplemented withOe g / mL lnmoyeinight in a 3°C shaker. DNA was then

extracted from these bacteria using maxiprep kit (Qiagen) following the
manufacturer protocoDNA was sequenced using Sanger sequen@ogdins) to

confirm thesequence.
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2.2.3 Targeting the Mapt locus

2.2.3.1 Theory

Clustered regularly interspaced short palindromic red€&RISPR is atechnique for
genomeediting wherea singleguide RNA (sgRNA) forms Watse@rick basepairs

with targetgenomic DNARan et al., @13). This guides &£as9 endonuclease tioe

site of the sgRNA, where Cas9 cleavesdbablestrandedNA, three base pairs up
from a 506 NGG pr ot KgsrpZc Eorepar the¢sa lreaksinthemo t 1 f
DNA, cells undergo a dmologydirected repair pathway when a template donor
(construct) with sequences homologous to the damaged DNA is present, resulting in

insertion of the constru¢Ran et al., 2013)
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Cas9 Enzyme

Target Sequence

AGTTGTACGTACGAATGCATAGCATGCTGCGCAGAAGA; GGCTCATGTCAT

DNA

TCAACATGCATGCTTACGTATCGTACGACGCGTCTT C GTTCCGAGTACAGTA
SgRNA|5' GCATCGTGCGCAGAAGAGUUUUA...UUUU/3'

Figure 2.3 CRISPR genome editing A single guide RNA (sgRNAflorms WatsorCrick base pairsvith the target DNA The sgRNA
guides the Cas@ndmuclease t@leaveboth DNA strandgsite indicated by red arrow and dashed litl@ee base pairs up from a NGG

protospacer adjacent motif (PAM). This break in the DNA stimulates endogBivAisepair mehanisms, which allows insertion of a

construct with homologous sequences to the break site.
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2.2.3.2 Generating sgRNA

sgRNA for theRosa26and Mapt target sites were designed using an online tool
(http://crispr.mit.edyl The resulting sequences M¢pt
CTCCAGGCTTTGAACCAGTA androsa26 CTAGCAGTTTAAACAAAT) were
incorporated int@ 455 nucleotide sequentemplate(Figure2.4), andordered from
IDT. The sgRNAfragment was then amplified throuffCR usingthe reagnts and
cycle conditions outlined ifiable2.1.
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TGTACAAAAAAGCAGGCTTTAAAGGAACCAATTCAGTCGACTGGATC
CGGTACCAAGGTCGGGCAGGAAGAGGGCCTATTTCCCATGATTCCTT
CATATTTGCATATACGATACAAGGCTGTTAGAGAGATAATTAGAATT
AATTTGACTGTAAACACAAAGATATTAGTACAAAATACGTGACGTAG
AAAGTAATAATTTCTTGGGTAGTTTGCAGTTTTAAAATTATGTTTTAA
AATGGACTATCATATGCTTACCGTAACTTGAAAGTATTTCGATTTCTT
GGCTTTATATATCTTGTGGAAAGGACGAAACACC
GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTA
GTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTCT
AGACCCAGCTTTCTTGTACAAAGTTGGCATTA

Figure 2.4 Single-guide RNA template sequence.. The sequence of the en
sgRNA is indicated aboveBlack nucleotides indicate a U6 promotérieen, bolc
nucleotides indicate the guide sequence which is detedbipthe target DNASIue
nucleotides are the guide RNA scaffokled nucleotides indicate the terminat

signal.
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Table 2.1 Amplifying Rosa26and Mapt sgRNA fragments

Reagens Final , PCR Conditions
Concentration
Nucleasefree water (Qiagen) Up to
5x Phusion higtiidelity buffer (NEB) 1x
10 mMdNTPs NEB) 0.2 mM o
Forward primer Thermo Fisher Scientif)c 0 5 s ggog fg ::ggrqg:
(TGTACAAAAAAGCAGGCTTTAAAG) ' 58°C - 30 seconds a8 el
10 &M r ev elhesmw Figheri 29°C - 30 seconds
Scientifig) 0.5 & 25ec.5minutes
(TAATGCCAACTTTGTACAAGAAAG)
gBlocks gene fragment (IDT) 1ng
Phusion DNA polymerase (NEB) 1 unit
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TheresultingPCR products werthenbluntedwith large Klenow polymerase for one
hour at 3°C, and gel purifiedollowing the microcentrifuge protocol of the QIAquick

gel extraction kitTo allow further amplificationsgRNAwere ligated into a generic
cloning vector (TopoHsomerase,Thermo Fisher Scientifjcwith salt solution
(Thermo Fisher Scientificat a 4:11 ratio respectively aioom temperature for five
minutes. 2 L of the |l igation mixoneshmot TORL® t hen
E. oli through 30second heat shodky immersion in a 2°C water bathand left to
recoverind 0 0 .©.C. m8dia for one hwwshaking at 3°C. The transformeé. coli

were spreadn agardishes supplemented with0 € g/ mL (Sigmadldrighg i n
and left overnight at®Cto allowthe bacteria to form colonie€olonies were picked
using a 10 pL pipette tipand individually added to 4 mL-broth supplementedith

50 e€g/ mL ik anamlgastid calture tubes. These were incubated € 3
overnight, on a shakeDNA was then extractddom 1.8 mL bacteria samples the next
day using a nimiprep kit (Qiager), following the manufacturer protocol. Remaining
bacteria were frozen a80°C in 40% glycerol. To diagnose whetharsertionof the
sgRNA into the bacteriaas successfulhe DNAextracted via miniprep was digested
usingrestriction enzymeBamHI(NEB) andXbal (NEB) for three hours atZ3C, and
electrophoresednal%a gar ose gel supplemented with
for one hourAfter selecting clones with bands corresponding to successful insertion
(~5 kb, ~400 bp, and ~100 bihe sequence waconfirmed via Sanger sequencing. To
amplify the plasmid, frozen bacterial stocks were added to 100 rhiroth
supplemented with 0 € g/ mL &nd mabatedin av3C shaker overnight.
The next day an endonuclease free, plasmid maxiprep (Qiagenperfsmed,

following manufacturer guidelines.
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2.2.4 Targeting Rosa26

2241 Strategy

Zinc finger nucleases (ZFNs) are composed nbaspecific DNA cleavage domain

of the Fokl restriction endonucleassnd a combination of zinc finggsroteinsthat
constitute th®NA binding domains. Each zinc finger can recognise three nucleotides,
so that multiple zinc fingers can be assemblectognise specific DNA sequences

in target genes. ZFNs are used in heterodimer pairs to cleave the target sitEp#k the
nuclease dmain requires dimerization to create a double stranded break in the target
DNA. As in CRISPR, this double stranded break induces the procéssmuflogy
directed recombinatiofBeerli and Barbas, 2002; Beerli et al., 2000; Liu, Segal, et al.,
1997) The Rosa2@ocus was targeted to generateRisa26CreER?, Rosa2doxP-
STORIoxP-HA-rTrkA and irTrkB E14 ESCs. pRosa2BreER? was gifted by
Professor Francis Stewart (Dresden University), and pRead® STORIoxP-HA-
rTrkA andi rTrkB plasmids generated by Dr. Xinsheng Nan (Cardiff University).

2.24.2 Targeting ESCs with Rosa26 ZFNs

In order totarget theRosa2@ocus,the mRosa26 CompoZr Targeted Integration Kit
(SigmaAldrich) was utilised. Thethree targeting constructs (pRoseé2@ER?,
pRosa26oxP-STORIoxP-HA-rTrkA, and-rTrkB) were cloned ito the kitprovided
donor plasmid, pZDonemRosa26, by Dr. Xinsheng Nan following timanufacturer

protocol.

2.25 Transfection of E14 & J1IESCs

J1 wild type cells underwent two roundsi@nsfectiorsequentiallythe first round of
transfectiongargeted thé&Rosa2docusto establish a JRosa26CreER?line, and the
second tdMapt to generate JRosa26CreER % MaptloxP-STORIoxP-HA-rTrkA or
-rTrkB ESCs Table2.2). AsE14Rosa26CreER? cellshad been previously generated
by Dr. Xinsheng NantheseESCsonly underwent one round trnsfectiongo target
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Maptin orderto generate the corresponding FRdsa26CreER2Mapt-loxP-STOR
loxP-HA-rTrkAor-rTrkB ESCs. J1 and E14 wild type ESCs were also transfected once
to generatéapt-loxP-STORIoxP-HA-rTrkA or 1 rTrkB ESC lines without Cre.

As E14Rosa26loxP-STORIoxP-HA-rTrkA ESCs had been previously generated by
Dr. Xinsheng Nan, the correspaing E14Rosa26loxP-STORIoxP-HA-rTrkB ESCs

were produced here.

Before targeting, wild typ&SCs werecultured and expanded as outlined in section
2.1 The dayprior to transfection, ESCs were passaged at a 1:5 split ratio onto a
minimum of two T75 flasks. On the day of transfection, ESCs washed once with

PBS before the addiin of 0.66% trypsin Cells were incubated fahreeminutes at
37°C before trypsirwas inactivated by the addition of ES media. The cell suspension
was then centrifuged &80 rcf for three minutes before resuspensiametell pellet

in ES media, and counted usingnacleocounter (Chemomete®llowing the
manufacturer protocob x1(P dissociated ESCs weteansferred to a 50 mL falcon
tube per transfection, and centrifuged again at 180 rcf for three mimbtepellet vas
then r esuspePBuaasiecoinn sloduteilon (82 18dL Amaxa
P3 supplementLonzg and 10uL of respective DNA mixture. Where CRISPR
targeting was required, the DNA mixture contained the corresporsiiRINA,
targeting construct and Cas9 enzyatea 1 ug: 10 pg: 1 pg ratio, respectively, and
made up to a total volume of 2. Where zinc fingetargeting of the Rosa26 locus

was used, 10 pg of the ZFplasmid (generated in secti@r.4.9 was used.

The entire suspension was then transferrexctovette(Lonza) and placed in@4D-
Amaxa Nucleofector unit (Lonza) where the cells were transfectasing the
manufactureprogram CGL04. After transfection, arop of media was added to the
cuvette using a Pasteur pipeft®onza) andcells transferred to a me 50 mL falcon
tube containing 10 mL E$edia. Transfected ells were therseededonto either
0.2% Gelatinecoated 10 ciiNunc dished transfectinge14 ESCs, or opre-prepared
inactivated purmycin/geneticiaresistan{depending on the targeting constt; Table

2.2) MEFs on 10 cri Nunc dishes if transfectingl ESCs.Varying volumes of
transfected ESCs were plated, from 0825 mL per dish. This was to ensure the
optimal density for picking colonies. Dishes were then incubated at
37°Cl7% CO.. 2448 hours later, the respective selection antibiotic was applied:
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Genetcin (250¢ gnL) or puromycin (1.5ug/mL). Media supplemented with the

selection antibiotic was subsequently changed every two days.

When individual ESC colonies were visible by eye, the dishes were washed with PBS
before the addition of 01046 trypsin (0.%% trypsin diluted 1:5 in PBS)Single
colonies were aspirated using a pipette
to individual wells of a 9évell plate that contained 20 uL &% trypsin. ESCs were

incubated in trypsin for three minutes befoesuspending in 100 uL of ES media.
Resuspended cells were then transfetoed 24well plate (02% gelatinecoated for

E14 ESCs inactivated puromychfigeneticinresistant MEFs for J1s)nd cultured in

ES media withthe respectiveselectionantibiotic Between50-100 colonies were

picked per transfectiolieSCs were incubated af /7% CO,on these 24vell plates,

and media changed every two days (supplemented with antibiotic) until the cells in

individual wells reached 780% confluency

Individual wells were then washed once with PBS before incubation with 100 pL
0.05% trypsin for three minutes a73C. After the addition of 1 mL ES media. 1/10

of thecell supension was transferred to a newwdll plate(0.2% gelatinecoated for

E14 ESCs, or with prprepared inactivated MEFs for J1 ESCs) for passaging as
outlined in sectior?.1, and the remaining cell suspension transd to an Eppendorf

tube for genomic DNA extractiofsection2.2.6).
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Table 2.2 List of generatedESC lines

. Starting = Targeting . . . .
Line Mutation Method Targeting Construct Resistance MEFs Resulting ESC Line Reference
wild : . . : ; Chapter 3
El4 e Zinc Finger Rosa26CreER Puromycin NA E14Rosa26CreER E14 Contro
Wwild MaptloxP-STORIoxP- i E14MaptloxP-STORIoxP-HA- Chapter 3
El4 RISPR NA
Type CRIS HA-rTrkA Geneticin rTrkA E14 No CreER Control
Wwild Mapt-loxP-STORIoxP- i E1l4MaptloxP-STORIoxP-HA- Chapter 3
El4 Type CRISPR HA-rTrkB Geneticin NA rTrkB E14 No CreER Control
Rosa26 Mapt-loxP-STORIoxP- . E14Rosa26CreER%Mapt-loxP- Chapter 3
El4 creerz CRISPR HA-ITrkA Geneticin NA STORIOXP-HA-ITTkA E14 Experimental TrkA
Rosa26 MaptloxP-STORIoxP- - E14Rosa26CreER?%Mapt-loxP- Chapter 3
El4  creerz  CRISPR HA-ITTkB Geneticin NA STORIoXP-HA-ITTkB E14 Experimental TrkB
J1 Wild Zinc Finger Rosa26CreER? Puromycin Puromycm J1Rosa26CreER? Chapter 3
Type resistant J1 Control
Rosa26 Mapt-loxP-STORIoxP- .. Geneticin  J1Rosa26CreER*Mapt-loxP- Chapter 3
I creerz CRISPR HA-ITrkA Geneticin | o istant STORIOXP-HA-ITTkA J1 Experimental TrkA
Rosa26 MaptloxP-STORIoxP- i Geneticin ~ J1Rosa26CreER%Mapt-loxP- Chapter 3
I creerz CRISPR HA-rTrkB Geneticin |~ o istant STORIoXP-HA-FTrkB J1 Experimental kB
£14 wild Zinc Finger Rosa26loxP-STORIoxP- PUrOMVCIn NA E14Rosa26loxP-STORIoxP- Chapter 4
Type g HA-rTrkA-IRESEGFP y HA-rTrkA-IRESEGFP Blastocystinjections*
£14 Wwild Zinc Finger Rosa26loxP-STORIoxP- PUrOMVCIN NA E1l4Rosa26loxP-STORIoxP- Chapter 4
Type g HA-rTrkB-IRESEGFP y HA-rTrkB-IRESEGFP Blastocystinjections

ESCs indicated with an asterisk were generatedrb)insheng Nan
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2.2.6 Genotyping ESCsand neurons

2.2.6.1 Extracting DNA

Cell suspensionm 1.5 mL tubesverecentrifuged at 180 rcf fooneminute and the

pellet resuspended in 500L DNA lysis buffer (10 mM Tris (Thermo Fisher

Scientific) pH 8.0, ImM calcium chloride CaCb; SigmaAldrich), 100 mM sodium

chloride (NaCl; Sigmaldrich), 05% sodium dodecyl suite(SDS; SigmaAldrich),

5 mg/mL proteinase K (PromegaBamples were then incubated @G overnight.

DNA wasprecipitated he next mor ni ng b y0%istpmpaaot] di t i o
and5 0 ZFM_NaOAc inverted,and centrifuged at top speati20000rcf for fifteen

mi nut es at room temperatur e. Suped®mnat ant
ethanol added.&@nples were centrifuged for a furthiee minutes at 20000 rcf before
resuspending the DNA pellet ;0  Taid-EDTA buffer (TE buffer; Qiagen)

2.2.6.2 GenotypingPCR

To test that the respective constructs were inserted into the correct ire&CS
primerpairswere generated withfarwardpr i mer upstr eanRosada6 t he c
or Mapt5 6 h o naam, and & reverse primer in the construct itself. Therefore a
polymerase chain reactioRCR would only amplify aproduct if theconstructwas

inserted into the correct regionhis was achieved using the Lerange Sequal Prep

PCR kit (Thermo Fisher Sentific) following manufacturer guidelines with two points

of note; 1) Enhancer A (provided in the kit) was used instead of enhancer B, and 2)

1 L of DNA mi xt ur eThevRCRprimessare oulireeth dablé e mp | a
2.3, and cycling Table 2.3) carried out in a BIORAD T100 Thermal cycler. After
amplification the mixturewas uppl ement ed with 4 €L DNA |
Tris-HCI (pH 7.5), 50 mM EDTA, 8%glycerol, 1 mg/mL bromophenol blue (Sigma))
andloaded onto 4% agarose gel supplementadth 0 . 2  eethidiomibromide,

and electrophoresed for one hour. Bands were detected using a UV docking station.
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Table 2.3 Genotyping primers and PCR conditions for tansfected ESCs

Genotyping for
insertion of: Forward Primer Reverse Primer PCR Conditions
95°C 3 minutes
ROsa26CreER? 95°C 30 seconds
57°C 30 seconds- x 35 cycles
TACGCCACAGGGAGTCCAAGAATG GACCGACGATGAAGCATGTTTAGC 68°C 4.5 minutes
72°C 5 minutes
95°C 3 minutes
95°C 30 seconds
60.3°C 30 seconds - x 10 cycles
MaptloxP-STOR 68°C 4.5 minute }
loxP-HA-rTrkA CCCATGGCAGCTCACAAGTATC ATCCCGCTGGTTTTCCACAT 05°C 30 seconds
603°C 30 seconds l x25 cycles
68°C 4.5 minutes (+ 10 sec/cycle)
72°C 5 minutes
95°C 3 minutes
95°C 30 second
60.3°C 30 second% x 10 cycles
MaptloxP-STOR 68°C 7 minutes
loxP-HA-rTrkB CCCATGGCAGCTCACAAGTATC CCAAATTCCCAACGTCCCAGTACAAG o95°C 30 seconds
603°C 30 seconds x25 cycle
68°C 7 minutes (+ 10sec/cycle
72°C 5 minutes
95°C 3 minutes
95°C  30seconds
p ROSAZEOXPSTOR | GCGGGTGGTGGGCAGGAATGCG TCGGCAGGAGCAAGGTGAGATGAC ©0°C 30 seconds = x 35 cycles
o  loxP-HA-rTrkB 68°C 2.5 minute
« .
o 72°C 5 minutes
o
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2.2.7 Karyotyping

2271 General considerations

All cell lines detailed in this thesis were selected based on havirugtiexct number
of chromosomes. This was especially important where cells were being used to create
transgenic miceThe karyotype of each ESC line was calculated as the percentage of

cells with the correct number of chromosor{festy in mice(Schnedl, 1972)

2.2.7.2 Karyotyping

The day before karyotyping individual ESC clones were passaged at a 1:5 split ratio
onto 02% gelatinecoated T25 flasks as outlined in 8en 2.1.5.3 Plates were
incubated at B°C/7% CO, overnight. The next dagemecolcine glution (0.1pg/mL;
SigmaAldrich) was added to the cells for two hours arells placed back at
37°C/7% CQs. Cells were then washed with PBS and incubated with% idypsin

for three minutes at73C. Cells were resuspended imf. ES media and transferred

to a 15mL falcon tube (Corning) for centrifugation a0 rcffor three minutes.
Supernatant was removed, and the cell pellet washed with PBS before centrifugation
againat 340 rcffor three minutes. Cells were washed one further time with PBS, and
the supernatant removed. Cells weteen resuspended in 2. PBS and 6mL
hypotonic 0.0378 potassium chloridéKCl; SigmaAldrich) solution, and incubated

at 37°C for twelve minutes to allow the cells to swell. Samples were then centrifuged
for five minutes aR44 rcf and the supernatant aspirated.rBlobmethanol/acetic acid
mixture (3:1 volume:volume ratie20°C; SigmaAldrich) was then added dropwise

to the cells and left for twenty minutes at room temperature. Samples were centrifuged
for five minutes at244 rpm and supernatant removed before a further L5
methanol/aetic acid mixture was added to the cells. Cells were centrifugatiatct

for five minutes, and supernatant aspirated until aroundn@Q. vas left. Cells were
resuspended in this volume, and dropped from a height oharthirty centimetres

onto polylysine adhesiorslides (VWR).Two drops of cell suspension were added per
slide. Slides were left to air dry, before adding 1504{1&-diamidinc2-phenylindole
(DAPI, 1:4000 in ddHO, SigmaAldrich). Coverslips (24 mm x 50 mm; VWR) were
placed on top of theells and slides imaged immediately.
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2.2.7.3 Imaging and analysis

Slides were imagedsing a fluorescence microscope at x40 magnificatimages
were taken for a minimum of ten cells per clofRgygre 2.5). Chromosomes were
counted using the cell counter plugin on ImageJ software. The chromos@rees
counted for each cell, taking note of any abnormalities such as translocatiens. T
percentage of cells with the correct nienlof chromosomes were tharalculated.
Clones with over @% of cells with forty chromosomes were expanded and used for

cell culture or generating transgenic mice.
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Figure 2.5 Visualisation of chromosomes.Representative image of forty, individual
chromosomes (blue). Note that chromosomes are distinguishable from one another,

and are not fused.
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2.3 Differentiating ESCs into cortical -like neurons

2.3.1 Preparing ESCs

Targeted or wild type ESCs were differentiated following awsthblished protocol

(Bibel et al., 2004, 2007Figure2.6). In brief, ESCs were passageeb4imes afer
thawing, as outlinechisection2.1.5.2 In the case of cells with a J1 background, ESCs
were passaged a further two times o@%.gelatinecoded T75 flasks before
differentiation. This was done to reduce the ratio of feeders to ESCs, as the presence
of feeders can result in aggregates sticking to the dish and subsequently affect the

quality of the differentiation.

2.3.2 Generating cellular aggregaes

When ESCs wereof a good quality (see publication for detgiBibel et al., 2004,
2007), they were passaged as outlined in secidrb.3 but after centrifugation the

cell pellet was resuspended in CA media. Cells were counted using the nucleocounter,
and4 x1( cells plated pefl0 cn? uncoatedpetri dishin 15 mL CA media Dishes

were incubated at 73C/7% CO» for eight days to allow form@on of cellular
aggregates (CAs). Canediawas gently changed every two daysing a 25 mL
stripette to transfer CAs to a 50 mL falcon tube. CAs were left to settle, before the
supernatant was carefully removed and 15 mL fresh CA media added. Cellkevere t
gently transferred to a nel® cm? petri dish Figure2.6). Retinoic acid % uM; Sigma
Aldrich) was addedon media changes at day 4 and dayo6trigger neuronal
differentiatior(Bain et al.,1996; Jone¥/illeneuve et al., 1982)On the sixth day of
aggregation, poRpL-ornithine hydrobromide (PORN; Sigrafddrich) was diluted in
Boratebuffer (150 mM boric aciqSigmaAldrich), pH 8.3)and filtered to create a
stock which could be kept up tme week a#°C. This was then freshly diluted 1:5 in
ddHO (Thermo Fisher Scientific), and 0.5 mL plated per well iw&H plates. Plates
were incubated at73C/7% CO; for twenty-four hours, and washed the next day three
times with ddHO. Wells were thBn coated in 8. pg/mL laminin Thermo Fisher
Scientific) for twentyfour hours at 3°C/7% CO; until use.
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2.3.3 Plating of neural progenitors

On the eighth day of aggregation, CAs wdrgsociatedoy incubation withfreshly
prepared 0.5% trypsin (SigmaAldrich; diluted in PBS0.06% EDTA) for three
minutes at 3°C. Dissociated CAs were genthg-suspended in CA media before
centrifuging atL80 rcffor three minutes. fie cell pellet was resuspended and gently
trituratedin N2 media (DMEMF12 (Thermo Fisher Scidific), 1 mM Glutamax,

25 ¢ dgnsuiml(Roche)1% N2 supplementl]% NEAA, 50 uM 2-mercaptoethanol
and1X pericillin -stregomycin) before being passed through a cell strainer to remove
any intact aggregates. Cellwere counted using a nucleocounter, afated in N2
media ontathe prepreparedooly-DL-ornithine/laminincoatedplates(section2.3.2

at a density of 0.72 x1° cells depending on the détysequired for eactexpeiment.

N2 media was changed at tlWwours andagain onealay after dissociation

Media was changed to complete media 2, 4, 8 and 12 days after dissqé&dieret

al., 2007) To make complete media, 100X stock of spplement was first prepared
(Table2.4). This stock was aliquoted and stored8x°C for up to one year. Next, a
BSA solution was prepared consisting of 1 g BSA (Sigktich), 2 mg transferrin
(SigmaAldrich) and 1.6 mg insulin (Roche) in 30 mL DMEM. Complete media was

prepared on the day of use as outlined@able2.5.
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Figure 2.6 Neuronal differentiation of mouse ESCsE14 ESCs were cultured on 0.2 % gelatine t6rpghssagedl mous&SCs wer
cultured on MEF$or 4-6 passages before culturing on A) 0.2 % gelatinefdpassages to remove MEFs (red arrow: ESCs, blue
dying cells, purple arrow: remaining MEFB)) ESCs were passaged and 4%dIs added to a neadherent petri dish in CA medie
allow the cells to aggregate for eight days, C) retinoic acid (R.A.) was applied to the cellular aggregates (CAs)dbfahedays. C
On the eighth day the CAmere dissociated, and plated onto pDly-ornithine/laminin coated dishes in N2 media. E) After two da
N2 media (DIV2), the cells were cultured in complete media which was changed at DIV4, DIV8 and DIV12.
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Table 2.4 Preparation of 100X complete mediagpplement

Final For 200 mL
Reagents Concentration of 100X
(€ g/ ml stock (mg)

L-alanine 2.00 40.0
Biotin 0.10 2.0
L-carnitine 2.00 40.0
Ethanolamine 1.00 20.0

D-galactose 15.00 300.0
L-proline 7.76 155.2

Putrescine 16.10 322.0

Sodium pyruvate 25.00 500.0
Sodium selenite 0.016 0.2
Vitamin B12 0.34 6.8
Zinc sulphate 0.19 3.9
Catalase 2.56 51.2
Glutathione 1.00 20.0
Linoleic acid 1.00 20.0
Linolenic acid 1.00 20.0
Progesterone 0.006 0.12
All -trans retinol 0.10 2.0
Retinylacetate 0.10 2.0
Tocopherol 1.00 20.0
Tocopherolacetat 1.00 20.0

All reagents sourced fro®igmaAldrich.

Dissolved in
26.6 mL ddHO

Dissolved in

26.6 mL Ethanol

Chapter 2

Diluted in
172 mL
DMEM
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Table 2.5 Complete media eagents

Reagents Volume (mL)
DMEM 358
Penicillin-Streptomycin (100x) 4
100x Stock Supplement 4
Superoxi@ dismutase (2.5 mg/ml 0.4
BSA Solution 30
Glutamax (100x) 4

Chapter 2
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2.4 Animal husbandry

Procedures, breeding andaintenancevere carried outin accordance with bme
Office Animals (Scientific Procedures) Act, ASPA, 1986der PPL 30/3137All
animalswere housed in a 10/14 hour lighicle with food(Global Rodentand water
available ad libitum The temperature was maintained at2B3C and humidity
between 45%5%. Animalswere weaned around three to six weeks of age, depending
on the line, and a maximum of five adult mice kept per ceg#ryonic ages were
established by timed mag, and animals plughecked the following morning to
confirm breedindhad occurredEmbryonic ages were confirmed according to Theiler
staging criterigTheiler, 2014) All mice wereculled by cervical dislocation.

2.5 Generation of TrkA - and TrkB -overexpressing mice

25.1 Preparation of cells

E14 Rosa26loxP-STORIoxP-HA-rTrkA ESCs werggenerated by Dr. Xinsheng Nan
in our laboratory and the recombined and verified (see se2tib§ ESCs injected
into blastocysts at the University of Cambridge. The resulting mice were subsequently

transferred to Cardiff University (December 2016).

E1l4Rosa26loxP-STORIloxP-HA-rTrkB ESCswere generated as outlined in sections
2.2.4 ESCs with the correct karyotype (sectid2.7) were thawed and passaged
according to the protocol described saction2.1.5.3 The night before blastocyst
injections occurred, the ESCs were passaged atk3 split ratio. The next day ESCs
were passaged and resuspendelD mL of CA media before being placed on ice for

transfer to the site of blastocyst injection.

2.5.2 Blastocyst njection

Blastocyst injectionsto generateRosa26loxP-STORIoxP-HA-rTrkB mice were

carried out by Asif Jdani as part of the JBIOS (Cardiff University) blastocyst
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injection service. In brief, prior to injectionCD1 females were crossed with
vasectomised CD1 males to induce pseudopregnancy. On thef dggction, the
injection chamber and microscope stage weecpoled to D°C, and the injection
needle aligned. A single expanded blastocyst was then immobilised with a holding
pipette using slight suction and individual ESCs aspirated into the injection needle.
The needle was introduced into the blastocoel carnty ESCs slowly expelled into

the blastocyst before withdrawing the injection needle. Injected blastocysts were then
implanted in to the uterus ahaesthetiseplseudopregnant female mice. After transfer,
the mouse was sutured and placed in a heat recaver for postoperative care
according to ASPA guidelines. Femalgave birth to litters anaffspring were
observed for any chimerism in coat colony chimeric pups were crossed with wild
type C57BL6/Jmice, and their offspring genotyped. Pups wérentcontinuously
outbred taC57BL6/Jmice for a minimum of three generations to reduce the potential

for any off target mutations during transfection of ESCs affecting the mice.

2.6 Genotyping mice

2.6.1 Ear-notching

Ear notches were takéor identificationof transgenic mice in accordance with Home
Office Animals (Scientific Procedures) Act, ASPA, 1986 and establishment

regulations. Spare tissue from this procedure was then processed for genotyping.

2.6.2 DNA extraction

DNA was extracted from ear notches byuhation with500 uL DNA lysis buffer
overnight at B°C. 500uL 100%isopropanol and®uL 3 M sodium acetate was added

to each sample and inverted befoemtrifugation at 20000 rcffor fifteen minutes at

room temperature. Supernatant was aspiratedtrandell pellet washed with0%
ethanol. The samples were centrifuged for a further five minutes at
20000 rocf before resuspending thNA DNA
concentration (ng/uL) was estimated usingiaSpectranete® (Eppendorf).
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2.6.3 Genotyping

The DNA samples were used for genotypirsgng longrangesequalprep PCR kit
following the manufacturer protocelith enhancer A. The primers are outlined in
Table 2.6, and thermal cyclingTable 2.6) carried out in a BIORAD T100 Thermal
cycler. After amplification the mixture wasupplement® wi t h 4 e L DNA
buffer andloaded onto a% agarose gel supplemented with. 2  ¢eghidionh
bromide for gender, cre, MECP2 (as an internal control) and Rosa26 genotyping, or a
3% agarose gel folRosa26loxP-STORIoxP-HA-rTrkA and irTrkB genotyping.

Loaded gels were then electrophoresed for one hour and bands detected using a UV
docking station.
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Table 2.6 Primers and PCR conditions for genotyping nice

Genoty.plng Forward Primer Reverse Primer Band Size PCR Conditions
For: (bp)
95°C 3 minutes
X: 331 95°C 30 second
Gender CTGAAGCTTTTGGCTTTGAG GGTTTCTTAAACCGTCACC Y: 302 585°C 30 secondg™ x 35 cycles
: 68°C 4.5 minut
72°C 5 minutes
Cre GGTTATGCGGCGGATCCGAAAAGAAA | ACCCGGCAAAACAGGTAGTTATTCGGATCA 381 Same as above
Rosa26 AAGGGAGCTGCAGTGGAGTA GTCCCTCCAATTTTACACC 275 Same as above
MECP2 Same as above
Internal AAATTGGGTTACACCGCTGA CTGTATCCTTGGGTCAAGCTG 465
Control
2823 95°C 3 minutes
Rosa26loxP- (mutant) 95°C 30 second
STORIoxP- CGCAGGGACTTCCTTTGTCCCAAATC GCTGGGAAGGAGACGCTGACTTG 1506 60°C 30 seconds x 35 cycles
HA-rTrkA (excised) 68°C 3 minutes
72°C 5 minutes
Rosa26loxP- 27t21t
STORIoXP- | CGCAGGGACTTCCTTTGTCCCAAATC CCAAATTCCCAACGTCCCAGTACAAG UTZ(?E ) Same as above
HA-rTrkB )
(excised)
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2.7 Basic morphological measurements

After culling, all experimental embryos were weighed, and then imaged using a
digipad (Medline) and dissecting light microscope (VWR). The body area was
measured for each pup using ImageJ software.

2.8 Histology

2.8.1 Fixation

HomozygousRosa26loxP-STORIoxP-HA-rTrkA andi rTrkB males were time mated

with heterozygou<CMV-Cre females, and females plug checked the next morning.
Between 11.818.5 day$c, mothers were culled by cervical dislocation, and embryos
dissectedut from theyolk sac inice-cold PBS. Developmentatage was confirmed
according t o (Grdham et a. r2@15)n thercase & PO papsnimals

were culled by cervical dislocation on the morning of birthil amplesweretaken

for genotyping following the procedure outlined in secdh At this stage, embryos

O E13.5 had the skin r emwocesging. Embryesware | e b ¢
incubated iM% paraformaldehyde (PFAigmaAldrich) at4°C. I f embryos w
E13.5 they were incubated in PFA overnight, or for two days if

O E15. 5. Foll owi ng t hiO%ethahoh &d émibrios staesl r e p |

at4°C for a minimum of one day.

2.8.2 Paraffin embedding

Paraffin wax (SigmaAldrich) was heated to®BC, and embryos were simultaneously
processed on a roller as outlinedliable2.7.
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Table 2.7 Paraffin processing of enbryos

Step Reagent  Time (hour) Temperature

1 95% Ethanol 1 Room Temperaturt
2 95% Ethanol 1 RoomTemperature
3 100% Ethanol 1 Room Temperatur:
4  100% Ethanol 1 Room Temperatur:
5 100% Ethanol 1 Room Temperaturt
6 Xylene! 1 Room Temperaturt
7 Xylene 1 Room Temperaturt
8  Paraffin Wax 1 60°C

9  Paraffin Wax 1 60°C

11 purchased from Sigmaldrich

22 x 22 mm plastic moulds (VWR) were filled with prsarmed paraffin wax and left
at @°C for ten minutes to allow bubbles to settle. Embryos were then placed in these
moulds in the required orientation, and transferred 120°C cold plate. Once the
paraffin started to solidify, a cassefBigmaAldrich) was placean top of the mould
and more paraffin wax poured on top. Once the paraffin had solidified, the blocks were

transferred t@°C until use.

2.8.3 Microtome and daining

Blocks were mounted on the microtorfleeica RM2245) and 10 um transverse
sectionswere sliced. Sections were floated in28@ water bath and transferred onto
superfrost plus slides (VWR). Slides were left to dry@tCovernight and stored at
room temperatureSlides were then transferred to the Bioimaging Hub and
haematoxylin and eosin stainings wererformed byDerek Scarborough (Caftli

University, Bioimaging Hub) before being collected.
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2.8.4 Imaging and quantification

Structures of interest were identified via light microscopy. Images were taken of

structures using a digipad.

Ganglia volumes were estimated following the Cavalieri me{@adjgeshall, 1992)

In brief, images of staikesections were taken at pitetermined intervals across the

entire ganglia. The area of each ganglia section was measured in ImageJ, and averaged
to give U. This value was then used to ¢
is the section thicknes and s is the total number of sections the ganglia can be
observed on.

A

Equation 1.+ | i 0 G g 2 O O

To calculate the number of neurons per ganglia, cell bodies were counted in ganglia
sections at preletermined interda, and averaged to give a value for. @Qhis value
was then used to calculate the total number of neurons in each ganglia using equation

2. &kef. Was the average section area per ganglia, h was the section thickness.

L
Equation 2.4/ g ¢ »=o & i .
q [ ] '|=+ 4 .l

Estimates of volume and counts per ganglia were then averaged across the left and
right ganglia for each embryo. Statistics were calculated in IBM SPSS statistics
software (version 25) for Windows.aa were tested for normality, and the relevant

test applied (stated in each figure).
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2.9 iDISCO

29.1 Fixation

To complete IDISCO I(nmunolabellingenabled threelimensional imaging of
solventcleared orgar)sanalysis,homozygousRosa260oxP-STORIoxP-HA-rTrkA
males were timenated with heterozygou€MV-Cre females, and females plug
checked the next morning. 15.5 dggs mothers were culled by cervical dislocation,
and embryoglissectedut from theyolk sac inice-cold PBS. Developmentaltage
was confirmedac or di ng t o (Ghaeamleteal, 2B 5Embryos veerei a
then left for five minutes in iceold PBS to drain blood from the umbilical caal
reduce background flourescenc€ail samples were takefor genotyping, and
embryos fixed iM% PFA for two days a4°C.

29.2 IDISCO: immunolabelling and clearing

Embryos were imundabelled and cleared according to the January 2015 version of
the protocol byRenier et al(2017)(seeTable2.8 for outline ofprocedure). Irbrief,

fixed embryos were transferred to 20 mL glass vidlsefmo Fisler Scientifig and
washed with PBS three times to remove excess PFA before dehydration at room
temperature (RT) in methanol/PBS iBR2increments, frond% up to 1@% methanol.
Embryos were then incubated overnighd &€ in a solution 06% hydrogen peroxie
(H202; SigmaAldrich). Samples were then washed witB%8 methanol before
gradually washing in decreasing methanol/PBS solutions (%% hcrements,
supplementedith 0.2% Triton X-100 (TX; SigmaAldrich). Embryos were incubated
overnight at 3°Cin 0.2% Triton X-100, 2% DMSO and0.3 M glycine diluted in
PBS.

For blocking, the embryos were incubated for two dayg &t & a solution of %
Triton X-100, 2% DMSO and6% donkey serumSigmaAldrich) in PBS. Embryos
were then washed in PtWH 296 Tween, 10 pug/mL Hegrin in PBS) twice for one
hour before incubation for two days &7°C with primary antibody (* TrkA (1:300
R&D) in 5% DMSO, 3% donkey serum in PtWH. To remowexcess antibody,
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embryos were washed for one day in PtWH, before incubation with secondary
antibody(Donkey antigoat Alexa Fluor546 (Thermo Fisher Scientifit) Samples
were kept in the dark after tlagldition of secondary antibodimbryos were then
washed for two days at room temperature in PtWH before clearing Wih 5
tetrahydrofuran (THFSigmaAldrich) in waterovernight at room temperaturi.is
important thagfter this stagéhe steps are carried out in glass vials as THF can react
with plastic. The next morning, embryos were incubatedOi# 8HF for one hour,
before two washes with 006 THF for one hour each. This was removed and the
embryos kept in dichloromethane (DCBigmaAldrich) until the embryos sank to

the bottomEmbryos werericubated in DiBenzyl Ether (DBESjgmaAldrich) for two
hours. At this stage the vials need to be filled completely to prevent oxidation. After
replacing with fresh DBE, embryos wesgored inthe darkat room temperature for up

to a few months for imaging
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Table 2.8 iDISCO protocol

Temp. Time Solution Temp. Time Solution Temp. Time Solution Temp.  Time Solution
0.2% TX/20%
] ) 80%
RT 30 min. PBS RT 30 min. 37°C 2Days DMSO/6% Donkey " " "
MeOH/PBS
Serum/PBS
] ) 80% MeOH/
RT 30 min. PBS RT 30 min.
0.2% TX/PBS
. . 60% MeOH/
RT 30 min. PBS RT 30 min.
0.2% TX/PBS
) 20% MeOH/ ) 40% MeOH/
RT 30 min. RT 30 min.
PBS 0.2% TX/PBS
. 40% MeOH/ . 20% MeOH/
RT 30 min. RT 30 min.
PBS 0.2% TX/PBS
) 60% MeOH/ )
RT 30 min. RT 30 min. 0.2% TX/PBS
PBS
) 80% MeOH/
RT 30 min. RT 1 hour 0.2% TX/PBS
PBS
RT 30 min. 100% MeOH RT 1 hour 0.2% TX/PBS
0.2% TX/20%
RT 1 hour 100%MeOH | 37°C  Overnight DMSO/0.3M
Glycine/PBS
RT 3-6 hours 100% MeOH
] 5% H20z/
4°C  Overnight
MeOH




Solution Temp. Time  Solution Temp. Time Solution Temp. Time Solution Temp. Time  Solution
Secondary

gabed

Temp. Time
0.2% Tween/10
pg/mL ) Antibody/3%
RT 1 hour . " " " RT 10 min. PtWH 37°C 2 Days " " "
Heparin/PBS Donkey
(PtWH) Serum/PtWH
RT 1 hour PtWH RT 15 min. PtWH Keep in the dark from now on
Primary
Antibody/5%
37°C 2 Days DMSO0/3% RT 30 min. PtWH
Donkey
Serum/PtWH
RT 1 hour PtWH
RT 2 hours PtWH
RT Overnight PtWH
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Temp. Time Solution
RT 10 min. PtWH
RT 15 min. PtWH
RT 30 min. PtWH
RT 1 hour PtWH
RT 2 hours PtWH
RT 2 hours PtWH

-every 2 hours until end of the day

RT Overnight PtWH

Temp. Time Solution
RT 2 hours PtWH
RT 2 hours PtWH
RT 2 hours PtWH

-every 2 hours until end of the day

) 50% THF/
RT Overnight
H20

Temp.
RT
RT
RT

RT

RT

RT

Time Solution

1 hour 80% THF/ H20
1 hour 100% THF
1 hour 100% THF
<1 hour (until
) DCM
embryo sinks)
<2 hours (until
DBE
embryos clear)
Store DBE




Chapter 2

2.9.3 Creating the imaging chamber

Imaging chambers were 3D printed using the 5mm, or 8mm .i(Rlenier et al.,
2017) These chambers were printed with Visijet M3 Crystal by P+&iit
(http://www.printit3d.com). The chamber was secured to a microsctide (VWR)

with Kwik-sil epoxy (WPI) which is compatible with DBE.

29.4 Imaging

Embryos were transferred to the chamberd ghe chamber filled wit DBE and
covered with a glass coverslipmbryos were imaged with confocal microscop$§
780,Zeiss) using Zen black software (Zeiss). Z stack imaging allowedbpéctions
of the embryos, and the tiles stitched together. A 3D composite image veaatgdn

by using O6max i ntensi tsoftwaper oj ecti ono
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2.10Immunohistochemistry

2.10.1 Fixation and embedding

Homozygous Rosa26loxP-STORIoxP-HA-rTrkA males were time mated with
heterozygousCMV-Cre females, and females plug checked the next morning.
13.5 daygc, mothers were culled by cervical dislocation, and embadygsectecdut

from theyolk sac inice-cold PBS. Developmentatage was confirmed according to
Theil er Grahamr et al.e 20157ail sampleswere taken for genotyping
following the procedure outlined in secti@ré. Heads were separatdm the body,

and skin removed. Embryos were incubated3 PFA at4°C overnight. The next

day embryos were transferred t098 sucrose (Fisher Scientific) solution in 15 mL
falcon tubes, and incubated 4ftIC until embryos sank to the bottom. At this i
embryos were transferred to moulds filled with optimum cutting temperature (O.C.T.)
compound (VWR) and placed on dry ice to set. Embedded embryos were then

transferred te80°C.

2.10.2 Sectioning and &ining

Embedded embryos wer eessana tryosiah(EM30583)and 0 & m

placed on polysine slides. Slides were store@GftC.

Slides were washed with PBS once before incubation with PB8X1% TX, 10%
donkey serum (SigmaAldrich) in PBS) for one hour at room temperature. Slides were
then ircubated overnight at°C with anticleaved caspasg (CST) antibody diluted
1:400 in PBSTS. The next day, slides were washed three times with PBS before
incubation with a secondary antibody (donkey -aalibit Alexa Fluor 647; Fisher
Scientific) diluted 1:1000 in PBS$, for onehour at room temperature. Slides were
washed again three times with PBS before incubation with DAPI (1:4000 diluted in
ddH0) for five minutes. Slides were washed one further time with PBS, followed by
ddHO before being left to dry at room temperaturevéslips were then mounted

onto the slides using DAKO mounting medium (Agilent Technologies).
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2.10.3 Imaging and analysis

Slides were imaged using confocal microscopy. Images were takendstprained
intervals across the entire ganglia. Where regionstefaat were larger than the field

of view, tile scans were obtained and stitched together. To count the number of cleaved
caspase3 positive cells, images were thresholded in ImageJ, and the number of
positive cells counted using the cell counter plugiou@s were averaged across the
individual ganglia, and this was again averaged across the left and right ganglia for

each embryo. This was then calculated as a fold increase compared to controls.
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2.11 Western botting

2111 Protein extraction

Limbs were washedwith PBS before the addition oice-cold proteinlysis buffer

(50 mM Tris-HCI (SigmaAldrich), 150 mM sodium chloride, 1 mM EDTAL,%

Triton X-100, 02% Sodium deoxycholateS{gmaAldrich)) supplemented with the
following enzymes1.5 mMaprotinin SigmaAldrich), 100 mM 1-10 phenantroline
(SigmaAldrich), 100 mM 6-aminohexanoic acid SigmaAldrich), 1% protease
inhibitor cocktail SigmaAldrich), 1% phosphatase inhibitor cocktailSigma
Aldrich) andsodium orthovanadatgSigmaAldrich). The limbs were thercrushed

using pestles (VWR) and incubated for thirty minutes on ice. Samples were vortexed
every fiveminutes during this timeSamples were then centrifugatd20000 rcffor

ten minutest4°C, and the supernatastiored at80°C until use.

2.11.2 Quantifying protein

The concentration of protein in each sample was determined by the uBéeofdl”

BCA assay kit Thermo Fisher Scientifjcfollowing the manufacturer protocol.
Protein amples were diluted between 1:10200 depending onthe expected
concentration Triplicateswere performed to ensure the calculated concentrations
were accurate. Plates were incubated7aC3Xor thirty minutes before absorbance
analysis using a microplate reader (FLUOstar® Omega microplate rea&&dnm
excitationwavelength. The concentration of the protein in each sample was quantified

using a standard curve.
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2.11.3 Samplepreparation

Samples weredilutedtb € g/ eL i n | ysi s Bxdithidmedodecyluppl en
sulfatebuffer (LDS; 106 mM Tris HCI, 106 mM Tris Base0.74 mMLDS (Sigma
Aldrich), 0.5 mM EDTA, 1 M dlycerol, 0.2 mM Brilliant Blue (Sigm&Aldrich),
0.175 mM Phenol Red (Sigr#ddrich)) and 50 mMdithiothreitol (DTT; Invitrogen)
to a total vol ume odfincubdted Bortenpeas atWeE.l | / s amp |

2.11.4 Western blot and membrane transfer

30eL of sample was el écNovexdpH2sBsTrisdelson NuF
(Thermo Fisher Scientificat 120 V for 1.5 hours in running buffer (50 mM
2-(N-morpholino)ethanesulfonic acid (MESigmaAldrich), 50 mM Tris base,

0.1% SDS, 1 mM EDTA, pH 7.3)After electrophoresis the gel was removed and

protein transferred to aitrocellulosemembrane(GE Healthcarelusing semidry

transfer machines (GE Healthcare). Here the membrane and blotting papers were
soaked intransfer buffer (25 mM BicineSigmaAldrich), 25 mM BisTris (Sigma

Aldrich), 1 mM EDTA, 2% methano). Transfer was then carried catt17V for one

hour. After transfer the membranes were washed once with- TB&.7 mM Tris

base, 137 mM NaCl, 2.6 mM KCI,1% Tween20 (SigmaAldrich), pH 7.5).

2.11.5 Primary and secondary antibodies

Membranes werthenincubate& with blocking buffer {% BSA, 5% blocking reagent
(Biorad) inTBS-T) for one tour at room temperature, before incubation \pitimary
artibody (Table 2.9) dilutedin blocking solution overnight at°C. The membranes
were washedthree times with TBS for twenty minutesbefore incubation with
secondaryantibodies Table 2.9) diluted in blocking solutiorfor one hourat room
temperature Membranes were washed again with TB3$hree times for twenty

minutes.
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Table 2.9 Antibodies used for western blot

Chapter 2

) o _ Catalogue
Antibody Type | Dilution | Species Company
Number
. Roche (via
UHA mAb | 1:2000 | Rat _ _ ROAHAHA
SigmaAldrich)
Up ark pAb | 1:2000 | Rabbit Santa Cruz sc11
UGAPDH pAb | 1:5000 | Chicken Abcam ab83956
Ur-HRP pAb | 1:4000 Goat R&D HAF005
Ur a4#iBR | pAb | 1:4000 | Goat Promega w4011
Uc hi-EHRPe IgY | 1:15000| Goat Abcam ab6877
2.11.6 Detectionand gripping

Membranes werencubated with 1 mL LumiGLO® Reserve Chemiluminescent
Substrate kit(KPL) at room temperature for two minutes. The LumiGLO® was
removed and signal detected using a Chemi®dtP system together with Imagelab

software (Biorad)

After developing the membranes were washed for ten minutes iRTTB&ore
incubation with stripping buffer (Sigmaldrich) for fifteen minutes at room
temperature. Membranes were washed three further times for ten minutes-ih TBS

and then the process ¢omed from sectio2.11.5for the internal control (GAPDH).
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3. Generating an n vitro model of TrkA - and TrkB -
overexpressing neurons

3.1.Introduction

The observation by Nikoletopoulou et al. (2010) that TrkA acts as a dependence
receptor provided a plausible explanation as to why Md&pendent neurons die
during development. However the rhanisms of TrkAinduced cell death remain
undefined. In order to further elucidate the mechanisms of -imdAced cell death,
mouse ESCs were generated as in the Nikoletopoulou et al. (2010) paper, but with two
key differences; 1) the presence of a ldkdkhked STOP cassette preceding the Trk
receptors, preventing expressianthout Credependent recombinatiprand 2) a
CreER?sequence under the ubiquitdResa2romoter, where the Cre recombinase

activity is induced by addition of TamoxifeRigure3.1).

Mapt

Constitutive expression of rTrkA

and rTrkB Mapt

Current Strategy loxp loxP
Inducible Expression

O_f rTrkA and rTrkB Rosa26
""""""""""" re

Figure 3.1 Comparison of Nikoletopoulou et al. (2010) and current strategiesA)

In the previous publication, Hfagged (purpleYrkA andTrkB (green) are expressed
under theMapt locus constitutively.The BM40 sgnal sequence is indicated in
(orange) before HAB) The current strategy has a IeiBnked STOP cassette
preceding theTrk receptor sequences, so that it cannot be expressed under
physiological conditions. In this case, expressiomr&A and TrkBis induced by the
addition of Tamoxifen to the ESC culture, which activates the CrepRtein

(expressed under the ubiquisfRosa2docus) to excise the STOP cassette.
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These ESCs were differentiated int@mogenous populations of glutamatergic,
corticatlike neurongBibel et al., 2004, 2007gs used in the Nikoletopoulou et al.
(2010) paperln this way, the expression dirkA and TrkB could be temporally
controlledduring differentiation of ESCs into mature neurcoftse benefit of neuronal
models derived from mouse embryonic stem cells (ESCs), compared to primary
cultures, is that due to the pluripotency and proliferation potential of ESCs, an
unlimited number of ancell type can be produced, provided there is an established
differentiation protocol. This is advantageous in that there is an unlimited supply of

material for analysis without the need for sacrificing animals.
Thisin vitro model was generated with them of testing:

1) The effects of delayed TrkA expression in postotic neurons,

2) The biochemical mechanisms of TrkAduced cell death,

3) Whether, and at what point, Trkiaduced cell death in neurons could be
rescued by NGF addition.

This chapter firstlyutlines the production of theMapt-loxP-STORIoxP-HA-rTrkA
and-TrkB targeting plasmids, and the generataoml validation of the required ESC

lines.
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3.2.Generation of pMapt-loxP-STOP-loxP-HA-rTrkA and -
rTrkB vectors

The targeting constructserefirst generatedqutlined insection2.2.2. The pMapt-
loxP-STORIloxP-HA-rTrkA and-rTrkB plasmidswere produced by linearisirifpe
pMaptHA-rTrkA and-rTrkBplasmidd as used i n Ni kol etopoul c
with Pmel,and a 1.%b loxP-STORIoxP sequence ligated into thiiscation (Figure
3.2). The plasmid ligation mixture wathen transformed intd&. oli, and DNA
extractedfrom individual colonies for restriction analysis usikgndIll. Hindlll
restriction sites in the Ndapt-loxP-STORIoxP-HA-rTrkA (Figure 3.3) and rTrkB

(Figure3.4) plasmids were different, and so are depicted in separate figures.

In theoriginal pMaptHA-TrkA plasmid Hindlll restriction givegise to three DNA
fragments; >10 kb, 2.2 kb, and 600 Bjgure3.3, A). However after ligation of the
loxP-STORIoxP cassette into the linearispiflapt-HA-rTrkA plasmid in the correct
orientation,Hindlll digestion resulted in five separate DNA fragments; >10 kb, 3.7
kb, 60 bp, 40 bp, and 600 bpigure3.3, B). Alternatively in thepMaptHA-rTrkB
plasmid,Hindlll restriction results in two DNA fragments; >10 kb, and 2.2Riguyre

3.4A). When thee was ligation of the Iox3TORIloxP cassette in the correct
orientation Hindlll digestion resulted in four DNA fragments; >10 kb, 3.7 kb, 60 bp,
and 40 bpFkigure3.4B). The bands >100 bp band could be visualised after separation
by electrophoresis on an agarose gel, in order to identify the bacterial samples that
contained the correct plasmiBigure3.3, D, andFigure3.4, D). Theplasmid DNA
sequenc&vas therconfirmed by Sanger sequencing, and the bacteria amplified. DNA
was extracted from these bacteria by maxiprep to obtain a high concentration of the

required plasmid.
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Figure 3.2 Generation of pMapt-loxP-STOP-loxP-HA-rTrkA and -rTrkB
plasmids.A) The existing plasmid contaidea BM40 sequence (orange) preceding a
HA-tagged (purple) rairkAor TrkB (green)sequence, flanked by two homology arms
for the mouseMapt gene(blue) The plasmid wadinearised usinghe restriction
enzymePmel(red). In this break, the loxdanked STOP cassetfgink), excised from
anotherconstructusing EcoRland Xbal (red) was ligated to form the new plasmid.
B) Agarosegel (1%) electrophoresis of the digested le$FORIloxP sequence. The
desired STOP cassette sl &kb(indicated by an arrow), and was purified from the
gel to separate it from the plasmid backbérgkb band)C) ThepMaptHA-rTrkA

or -rTrkB plasnids (indicated by TrkA or TrkB here}hen digested witlPmelonly
gave rise to one ~12kb fragment after electrophoresi &P agaroseyel as there is

only onePmelrestriction site
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