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Abstract

Abstract

During development oligodendrocyte progenitor cells (OLPsS) are responsible for the
production of oligodendrocytes. Cells Wi similar antigenic properties to
developmental OLPgersist throughout postnatal life, beyond the cessation of
fidevelopmental myelination These postnat al ce@2l s are
c e | because they (and their p&tal counterparts) express the NG2 proteoglycan

but little is known about theifunction in the adult brain.

Experiments documented in thiidsis use transgenic lineage tracing technology to
characterize tha vivo behaviorof OLPs in the braimt vaious ages.Fate mapping

of OLPs revealed that they give rise to oligodendrodytesughout life In addition,

OLPs were shown to generate a small proportion of the projection neurons present in
the posterior piriform cortex, whileonevidence for astgliogenesis fronOLPs was

found

Cumulative in vivo labelling of OLPs with thymidine analogy&sdU and EdU)
showed that theyroliferate continuously throughout lifeith an increasing cell

cycle time with age At all ages examined, there was a proportion of OLPs that



Abstract

never undewxent cell division, indicating that therare cycling and norcycling

populatiors of OLPs in the mouse brain that persist throughout life.

The observedcontribution of adultborn oligodendocytes to myelinating the brain

was surprisingly large, and raised intriguing questions as to the necessity and
function of these new myelinating cell§ o investigate this directly, | generated a
new transgenic mouse linkatwhen crossed to a transgemouse that expresses an
inducible form of Cre,can be used to selectively ablate the myelinating

oligodendrocytes produced in adult life.
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Chapterl Introduction

Chapter 1. Introduction

1.1 Oligodendrocyte morphology and function

The central nervous system (CNS)nt@ins 3 major neural cell types: neurons,
astrocytes aholigodendrocytesKig. 1.1). Oligodendrocytes are found throughout
the CNS. However, as they are the myelinating cells of the CNS, it follows that they
are in greatest abundance in the white matter, where the necessityefiination is
greatest. Their cell bodiesesmall in sizebut theycan formasmanyas50 separate
myelin segmentseachwrapping araxonin multispiral membrane myelin (Bungs

al., 1961; Bunget al, 1968 Simons and Trotter, 200Fig. 1.2.

In addition to myelin formation, lgyodendrocytes provide mechanical protection for
axons androphic support for neuronsegviewed in McTigue and TripathR008)

For instance, it has been shown that oligodendrocytes promote survival of
developing corticaheurons by secreting insulike growth factor (IGF1 andthat

they modulate phosphorylated nefitament levels by secretinglial cell line
derived neurotrophic factor (GDNF) (Wilkins at., 2001; Wilkinset al., 2003).
Furthermorethe secretion dbrain-derived growth factor (BDNF) and neurotrophin

3 (NT-3) by oligodendrocytes Bdbeen shown to promotie survival of cholinergic

neurons of the basal forebrain (dial, 2003. Daiet al (2001) provided evidence
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Cells in the CNS

Polydendrocyte

(NG2 ceill)
Neuron )
v, Y T
@ ""~‘=.‘ LA -
Ny Oligodendrocyte
)
Microglia

Figure 1.1 Cells in the CNSQligodendrocytes form myelin sheaths. Astrocytes extend
processes that surround the vasculature, the synapse, and the node of Ranvier.
Oligodendrocyte precursors (NG2 cellektend processes to nadef Ranvier in white
matter andform synapseswith axonsin gray matter. In addition to these neuroectoderm
derived cells, resting ramified microglia are thought to originate in the mesoderm and
subsequentliake up residence in the CNS. (Diagram taken from: Nishiyama et al., 2007)

Figure 1.2 Transmissionelectron micrograph of a myelinated ax@mage provided by
Kaylene M. Young)
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that K channelgresent in neurons amgdutamate and carbachol secreted by neurons
influence the amount of the nerve growth factor (NGF), BDNF and3Nfat is
secreted by oligodendrocytes (Deti al, 2001) suggesting that the expression of

neurotrophic factorby oligodendrocytedepends omeuronderived signals.

Oligodendrocytesilso support neuronal function by secreting soluble mediators that
cause channel clustering along the axon (Kagaml, 2001). Sodium channel
clustering is vital for rapid s&tory conduction (Kaplaet al, 1997; Dupreeet al,
2004). Therefore, oligodendrocytes are essential for the rapid propagation of
neuronal signaland arehencehugely important forthe maintenance and proper

functioning of the CNS.

1.2 Myelination

Myelin consists of ~70% lipids aneB0% proteindy mass of which the proteolipid
protein (PLP), the myelin basic protein (MBP)the myelin oligodendrocyte
glycoprotein (MOG, the 2', 3-cyclic nucleotide 3phosphodiesterag€NPase) and
the myelin associated glycoprotein (MAG) are thestnabundant (reviewed in

DuboisDalcget al., 1988.

Myelination starts at birth in the mouse spinal cord and occurs rostrocaudally, while
in the brain developmental myelinati@barts in the hindbrain region and extends
caudally andostrally from thee (Baumann and Phainh, 2001). Myelination is
initiated afterglial processes have attached to the axon andipatiemn of the plasma

membrane has been triggered (Simang Trottey 2007). Though it has been shown
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that the presence of axons is neaeggo triggerthe expression of myelin genes in
oligodendrocytes and myelin formatiamvivo (Goto et al., 1990), evidence frorm

vitro studies suggest that oligodendrocytes are able to express myelin genes and form
myelin-like structures in the absenoé neurons (Dubo#®alcg et al, 1986; Saneto

and de Vellis, 1985; Knapt al., 1987; Zelleret al, 1985; Hudsoret al., 1989;
Nussbaunet al.,1988). Nevertheless, yalinationin vivo requiresneuronglia cell
recognition which in turn triggers myelin formation The constituentf the nodal

and paranodal junctions are well understood, but the molecules involved in myelin
initiation and nodal formation and the way these molecules get targeted to the

appropriate domainis still unclear(reviewal in Sherman and Brophy, 2005).

There are severaholeculegpresent on naked axons that are proposed to be involved
in initiating myelination including cell adhesion moleculessuch as integrins,
neurofascins and lamininsSo far none hae been shown to directly drive myelin
formation but the downregulation of the polysialic acid neural cell adhesion
molecule and the adhesion molecule Lingo-1 is required for initiating axonal
myelination (Sherman and Brophy, 200baursen and ffrench-Constant, 2007). Park
et al. (2008) have also reported that the Nectin-Like 1 adhesion molecule is crucial
for axon-oligodendrocyte recognitionand adhesion at the initial stages of myelin
formation in the CNS (Park et al., 2008). The role of laminin signalling via integrin
receptors is well established for PNS myelination, and, while its role is less clear for
the CNS (Sherman and Brophy, 200%aursen and ffrench-Constant, 2007), it
appears to promote oligodendrocyte differentiation and survival (Sherman and

Brophy, 2005 Taveggia et al., 2010). In addition to cell adhesion molecules, other
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signalling systems are important in this process, for example neuregulin signalling
has been linked with the decision to myelinate a particular axon and the numberof
myelin wraps that will surround it (Sherman and Brophy, 2006aursen and ffrench-
Constant, 2007). Initiating myelination also requires glial recruitment and
differentiation, which may involve semaphorins and netrins present on axons,
interacting with their receptors present on oligodendroglial cells (Taveggia et al.,
2010). Fyn kinase is associated with Tau and U-Tubulin and has been reported to
promote oligodendroglial process growth and to initiate myelin wrapping (Klein et
al., 2002). Therefore, multiple parallel signalling pathways appear to coordinate in
order to initiate CNS myelination and there are distinct from those regulating PNS

myelination.

1.3 Developmental Oligodendrogenesis

During CNS development, oligodendrocytes are generatedligoderdrocyte
progenitor cells (OLPs), whicarein turn derived from ventricular zone (VZ) stem
cells in the embryonicbrain and spinal cordréviewed by Woodrufet al, 2004,
Richardsonet al, 200§. OLPs are charactezed by the expression of the NG2
proteoglycan and the mitogenic growth fact@ceptor, plateletierived growth

factor receptor (alpha subtype, PDGHRIn the spinal cord, most (~80%) of OLPs

are produced by a specialized group of SOX10+/OLIG2+ progenitdige ventral

VZ (the same progenitors that earlier generate motor neurons). The other ~20% are
produced from more dorsal parts of the VZ (Vallstedal 2005; Caiet al, 2005;

Fogartyet al, 2005; reviewed by Richardsenal, 2006).
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NG2isachmdroitin sulphate proteoglycan, f
(Wilson et al, 1981). It is a highly conserved protein expressed by a rafigells

including glial cells,vascular mural cellssuch as pericytes in the braicells of
mesenchymal lieages, such as immature chongtes, osteoblasts and myoblasts,

and stem cells in the skin (Levie¢al, 1986; reviewed in Trottest al, 2010). NG2

has been widely used as a marker for oligodendrocyte ptogerells in the
mammalian CNS and is downregulated ven cells start to differentiate (Stallcup

et al, 1987; Nishiyamaet al.,, 1996)

The human platelederived growth factor (PDGF) is &a30kDa cationic
transmembranerotein, which stimulates the proliferation of various cultured cells,
including oligodendrocyte progenitors (OLPs; Richardson et al., 1888)a number

of connective tissuderived cells, e.g arterial smooth muscle cells afmiman
fibroblasts (Heldiret al, 1981 reviewed byHoch andSoriano, 208). In the CNS,

the algha receptor for platelet er i ved gr owt h fpreferenbdly ( PDGI
expressed iOLPs and not in neurons or astrocytes (Pringfleal, 1992) andt is
downregulated very rapidly following cell differentiation Hall et al, 1996;
Nishiyamaet al, 1996b). Loss of PDGFA in PDGFA knockout mice resultin
significant loss of PDGFB cells and subsequently of oligodendrocytes and myelin,
though notuniformly throughout the brain (Fruttigeat al, 1999). It is important to
note that PDGFA does not dectly affect oligodendrogenesis and migation.
Overexpression of PDGA causes increased production of OLPs but does not affect
the final number of postmitotic, differentiated oligodendrocytes (Cavat, 1998

van Heyningeret al, 2001). This iecause PDGHR only affects the proliferation
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of OLPs, whileoligodendrocytedifferentiationand survivalis influenced byother

factors, includingaxonderived factors (Barresnd Raff 1999).

Another markerprotein expressed by OLPs, as well as prinfachwann celland
mature oligodendrocytess the transcription factd8OX10(Kuhlbrodtet al, 1998)
SOX10 ischaractered by a highmobility-group DNA-binding domain (Wegneet
al., 2001). Expression of SOX10 starts earlpligodendrocyte lineagéevelopment
and once turned on, it persists throughout lifeaihcells of the lineage (Wegnet

al., 2001).

OLIG1 and Q.IG2 are basic helpoop-helix (bHLH) transcription factors expressed
very early in development under the controltbé extracellular ventralizing signal,
Sonic hedgehog@Shh) (Lu et al, 2000). They are the only céllpe-specific bHLH
proteins known to be expresség oligodendrocyte lineage cel(¥Vegneret al,
2001) andtheir expression is strongly restricted tdis®f this lineage throughout

life. The OLIG proteins are not thought to be expressed outside of the CNS

(Rowitch et al., 20D).

1.3.1 Oligodendrogenesis in th8pinal Cord

Pdgfra transcripts (and OLPs), are first detected at the ventricular surfatiee of
cervical spinal cord on embryonic day 12.5 (E12.5) in the mouse (E14 in rat, E7 in
chick) (Pringle and Richardson, 1993; Pringteal, 1996). OLPs are therefore
generated aftemeurogenesis is completamotor neurons in the mouse are generated
from ~E9E12, for example)Most OLPs are generated in the ventral VZ under the

influence of snic hedgehog secreted from the notochord and floor plate (Peincet
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al., 1996; Pringleet al, 1996; Orentast al, 1999). At first, there are only a few
OLPs on each side of the central cabat they soon increase in number amdrate

from the midline into the parenchyma of the cord. By E17 (in the mouse),
PDGFR} OLPs are distributed mow-less evenly throughouhe spinal cord and
their number reaclsean approximatesteadystate (Richardsoat al, 2000). A study

by Nishiyamaet al (1996) has shown that NG2 expressios detectable on
PDGFRJ}+ cells outside th&Z but not on PDGFRH cells in thevZ, suggestingHat
PDGFRJ expression precedes NG2 expression during OLP development in the
spinal cord (Nishiyamat al, 1996).Just before birth, spinal cord OLPs begin to
generate oligodendrocytes and they continue to do so during the first few postnatal
weeks (Richaisonet al, 2000). This process requires the cell to pass through
severaldistinct stages of maturation. The cells devegulate PDGFR and NG2
when they start talifferentiate. They maintain their expression of markers such as
the transcription factorSOX10 and QIG2, buttheyadditionally begin to produce

the myelin proteins CNPase, MBP and MOG. These myelinating oligodendrocytes
are generated frofA0/P1land later (Richardsoret al, 2000), peaking in the second
and third postnatal weeks in mice. $tduring postnatal life that the CNf&comes

mature andunctional.

1.3.2 Oligodendrogenesis in thBrain

Oligodendrocyte development has also been studied in the forebrain and its
embryonic predecessor the telencephalofibhe processof OLP developmenis
similar, albeit more complex with OLPs being generated from most parts of the

embryonic neuroepithelium in a tempowedve from ventral to dorsal. In the mouse,
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the first OLPs are generated from the medial ganglionic eminence (M@&E) a
anterior entopedunculares in the ventral telencephalimom E11.5,then from the
lateral and caudal ganglionic eminences (LGE and Citaf) E15and finally from
the cortex after birth (Kessarist al 2006). OLP specification in the ventral
telencealon depends on sonic hedgehog as in the ventral smrdh(Kessaris et
al, 20Q). Consistent with the timing of NG2/PDGERexpression in the spinal
cord, NG2 is expressed in the postnatal bogiP DGFR} cells otside the SVZ but
not in the SVZ (Nikiyamaet al, 1996). The time course of oligodendrocyte

differentiation and maturation is similar in the brain and spinal cord.

1.4 AdultOLPs ( ANG2 <cel | s0)

Adult OLPs were first identified in the rat optic nerve and later in other parts of the
adult manmalian CNS (ffrencifConstant and Raff, 1986; Wolswijk and Noble,
1989, Engel and Wolswijk, 1996; Reynolds and Hardy, 1997; Ckarg., 2000;
Horneret al., 2000; Reynoldst al., 2002). In vitro studies have shown that adult
OLPs are able togenerate ither oligodendrocytesGF AP+ -Zit gaperomcyt esc
neurons depending on the composition of the culture med{iRaff et al., 1983;
Kondo and Raff2000. Both perinatal and adult OLPs are charazgdr by the
expression of N G 2t ah, 1998). PD@&HARGo con8disi the
number of OLPs in the adult CNS as it does during development (van Heymrihgen
al., 2001; Woodruffet al, 2004). In addition, like pernatal OLPs, adult OLPs
respondto PDGFA by dividing and migrating in vitrdWolswijk and Noble, 1989;

Shi et al, 1998). Conversely, a few prominent differences were identified when

adult OLPs were compared to their perinatal counterparts. These include their
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morphology, cell cycle length and their migration and differentiatiors (&tIswijk

and Noble, 1989). Howevef,their intracellular levels of cCAMP are elevated, OLPs
can be induced to divide as rapidly as perinatal OLPs when cultured with PDGF and
the glial growth factor (GGF), suggesting that adult OLPs have the capacity to

proliferate and differentiate faster under the right conditions ¢5hl, 1998).

Because of theobvious sinilarities to perinatal OLPsdultOLPs have been widely
presumed to be glial precursors, playing a role in CNS maintenance, replacing
oligodendraeytes and possibly astrocytes that might die as a result of injury or
disease or as a natural part of the ageing proddssvever, they exist in significant
numbers in the adult brain, comprising% of all cells in the mature CNS (Pringie

al., 1992; Dawsonet al, 2003). In addition,n the spinal cord grey and white matter,
the ratio of OLPs to myelinating oligodendrocytes was found to be 1:4, while in the
grey matter forebrain it was found to be 1:1, suggesting that OLPs in the adult brain
may yet make a greater contribution to oligodendrogenesis than in the spinal cord

(Dawsonet al, 2003), or else might fulfil another role(s) unrelated to myelination.

OLPs are mitotically active throughout life as shown in studies using the thymidine
analogue brmo-deoxyuridine (BrdU)(Levison et al, 1999; Horner et al, 2000;
Dawsonet al, 2003; Lasienet d., 2009 Psachouliat al, 2009. Following single

BrdU injections to adult rats, BrdU+ OLPs have been shown to persist in the adult
brain (Dawsoret al, 2003) and spinal cord (Hornet al, 2000) and to constitute the
major cycling population of the adutbdent(Dawsonet al, 2003)and human (Geha

et al, 2010) CNS Apoptosis of these cells was minimal (Dawsoml, 2003). This
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observation and thiact that the number of BrdU+ OLPs was decreasing in parallel
to the increasing number of BrdU+ oligodendrocytes in rats that received a single
BrdU injection suggests that adult OLPs differentigit® oligodendrocytes in the

adult CNS (Dawsoet al, 2003; Horneret al, 2000; Gensent and Goldmdr97).

This presumed oligodendrogenic rotloes not preclude the possibility that.Ps

mi ght perform another mo rO&Ps ldapehaycemptex o g i ¢ @
morphology in the adult CN&nd they contact neurons at synapses and nodes of
Ranvier which is not what one might expect of a simple precursor cell, making the
guestion of theiradult function even more intriguing.The finding that postnatal
OLPs expresfigand and voltagegatedion channels and receive synaptiput from
neuronshas encouragethe idea that OLPs participate in neural processing during
adulthood(Gallo et al,, 1996;Bergleset al, 2000;Lin and Bergles, 2002, 2004; Lin

et al, 2005; Karadottiret al, 2005; Saktr and Fern, 2005). OLPs form
glutamatergic synapses with unmyelinated axong/hite matter tracts (Kuklegt

al., 2007; Ziskinet al, 2007) and there is evidentteat OLPs are able tdire action
potentials in response to an initial depolarizing trig¢€hittajallu et al, 2004;
Karadottiret al, 2008), thougthis is still controversiale.g. Lin and Bergle2002)
Taking allof this evidence together, it seepessiblethat OLPs might participatén
neural processing, by sensing neuronal actiatyd reportingthis activity to

neighbouring neurons or glia

Alternatively, or h addition,OLPs mightbe6 | i s t e ntherlectridalradivityofo

their associated axonsvhich at some threshold might trigger their myelination
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programme. This could ensure that only aaicircuits are myelinated andight
even contribute to circuit plasticity during adulthood (Fields, 200B)has been
reported that only around 30% of corpus callosal axons are myelinated even in eight
monthold mice (Stirrock, 1980). This suggests that there is still plentscopefor

de novomyelination of axons to occur throughout life. It has bebsered that
extensive piano practise during childhood can cause-tlrmg changes to the
structure of white matterdcts, including parts of the corpus callosum (Bengtgton
al., 2005). Furthermoreoth cognitive ability and white matter volume increase in
parallel until the fourth decade of life, whéoth start to declingBartzokiset al,
2001; Mabbottet al, 2006; Hasaret al, 2008; Ullenet al, 2008; Bartzokis et al.,
2008; Zahret al, 2009) suggesting a causative linkAs there is a growing body of
evidence to indicate that CNS plasticity and repair decreases witiit &ypossible
that this might result from an agelated decline in the ability of OLPs to proliferate
and generate new oligodendrocytéRivers et al., 2008; Psachoulia et al., 2009;

Lasienne et al., 2IY; this Thesis)

In addition to their putative te in normal neural plasticityQLPs are thought to be
crucial for remyelination following demyelinating injury or disease. For example,
during cytotoxininduced focal demyelination and subsequernmyelinationof the
mouse spinal cord, the dynamic beloav of OLPs in and around the lesion suggests
that they area major source of remyelinating oligodendrocytes (Keirsteddal,

1998; Watanabet al, 2002; Dawsoret al., 2003). The efficiency of remyelination

to an ageelated decline in the regenerative propertie®©bPs (Simet al, 2002).
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Therefore, OLP function is probably crucial, not only during normal healthy
adulthood but also fotissue regeneratiofollowing demyelinating insults to the
CNS. The factors that cause these-imiated changes are unknown but they could
possibly be related to changes in the abilityDafPs to proliferate and generate new
oligodendrocytes as the brain matures and ages. How andhehyehaviour of
OLPs alters with age is a very impamtaquestion, because it might become passi

to manipulate the properties OLPs in the mature and ageing brain so as to improve

their regenerative capacity

Adult OLPs/NG2 cells haveeen descriie a s "tmta¢ ofi4 CNS cel |
neurons, oligodendrocytes and astrocytes; magdendrocyted=ig. 11). Despite
their prominence in the adult CNS, magyestions regarding their fatbehaviour
and functionhaveyet to be answeredThis is thefocus of my PhD Thesis. he
major questions thatHave addresseatethefollowing:

1. Whatarethe fates andunctiors of OLPs in the young adult and ageing brain?
2.  Arethere different functional subsets of OLPs in the adult Brain

3.  Whatis the function of aduibornmyelinatingoligodendrocyts?
A major theme in my research has been to use the tools of mouse genetics and

transgenesis to mark, follow and manipulate OLPs/NG2 cells in the adult mouse

brain.
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Chapter2 Materials and Methods

Chapter 2. Materials and Methods

General

General chemicals and reagents were purchased from Qitginieh Co Ltd, unless
otherwise stated.

All water used was purified using the Mi system (Millipore).

Sterilization of solutiors was performed by autoclaving at 15Ib/sq.in. for 15 minutes

or by filtration t hr oAlgdutionswere &ded atrobm | t er
temperature unless otherwise stated.

Falcon sterile plastiszvare was purchased from Marathon Ltd unledsewtise

stated.

RNase/DNase free microcentrifuge tubes were purchasedStantab.

2.1 DNA extraction and Amplification

2.1.1 Small scale plasmid preparation
Small quantities opurified plasmid DNA (:2mg) wereobtaired by inoculating 5ml

of Luria broth (LB) containing the appropriate antibiotic with a single colony of
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transformed bacterigsee2.4.3 and incubahg overnight in a shaking incubator at

37°C. 1.5ml of théacterialculture was transferrea ta Microcentrifugetube and
centrifuged forl minute at maximum speed @®rpm) in a microfuge. fie
supernatant was removeahother 1.5ml of the culture was added and centrifugation
repeated. Theacteriape |l | et was resuspended in 100c¢!
25mM TrisHCI, pH 8.0 and 10mMEDT A, pH 8. 0) by wvortexi
Solution 2 (0.2N NaOH, 1% w/v SDSyas added and the cellgsed by gentle

mi xi ng. 150¢ |l o f Solution vlglqcidlMcetgot as s
acid) was added and after gentle mixing, the tube wasiftigetd at13,000rpmfor

10 minutes. The supernatant waext transferred toa new Microcentrifugetube
containing9 0 0 ¢ | of a b(s20°0,whdecentifugledaah3000rpmfor 10

minutes. The precipitated DNA wasibsequenthwa s hed wiof 0% 2 00 ¢ |
ethanol and centrifugeidr 1 minute. The éhanol was removed and tBNA pellet

was r esus pended MilQywatarduadiincudpatirg @te55°C in a water

bath for 10 minutes. Theurified DNA was stored at20°C.

Alternatively, plasmid DNA éxcluding BAC DNA) was isolated using the
QIAGEN® MiniPrepkitaccor di ng to the manuéceerdt urer 6
cells were pelleted as previously descr.i
A solution added) and transferred td.&mimicocent r i fuge tube. 25
wasadded and mi xed t hor oud Buffey Ndtwasaddgdds e t he
mixed andcentrifuged afL3,000rpnfor 10 minutes. The supernatant was transferred

to a QlAprep spin column, which was then centrifuged 3000rpmfor 1 minute.

The flow-through was discarded and the column was washed with @6Buffer
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PB, bllowed by a 1 minute centrifugaticat 13,000rpm 0.75mlof Buffer PE was

addedto the column before a 1 minuteentrifugationat 13,000rpm The flow

through was discarded and the column was centrifuged again to remove residual
wash buffer. DNA was elutefiom the column byt he addi tofMiIhQ of 50 :
water to thecentre of the column, incubation for at least 1 minute at room
temperatureand centrifugation for 1 minuteThe spin column was transferred to a

new microcentrifugetube.

2.1.2 Large scale plasmid preparation

Lar ge quantities Ilmmf) weré prepanéddusind Nn& of (th® two
following methods. For the first method,0@ml of LB media containing
chloramphenicolasi noc ul at e d astaribgltultired(@awh overright at
32°C, 225rpm) andyrown overnight, shaking a82°C, 225rpm overnight. The
culture was transferred t@a 50ml falcon tube anaentrifuged at 3,7 pm for 10
minutes at 4°C.The supernatarwas removed and the pellietsuspended in 8ml of

P1 solution (50mM glucose, 25mM Tris pH8.0 and 10mM EDTA pMH&:ith 100
Hg/ml RNase A. 8ml of freshly prepared P2 solution (0.2N NaOH an@/A2&DS)

was theradded and the mixture was gently mixey inversionand incubated for 5
minutes at room temperature. 8ml of P3 solution (0.3M Potassium Acetate and
11.5%vl/v glacial acetic acidyvasadded mixed andcentrifuged at 3,750rpm for 15
minutes at 4°C. The supatant was passed through a double sheet of autoclaved
muslin before the DNAwas precipitatedhy the addition oanequal volume (~2d4l)

of ice-cold isopropanol After mixing and spinning aB,750rpm for 15 minutes at

4°C,the pelleted DNA was washed witdml of 70% ethano(v/v in MQ water)and
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centrifugationat 3,750rpmfor 1 minute. he supernatant was remoyexhd the

DNA resuspended in 1mbf TrissEDTA (TE) and then pooled into 4 x 1.5ml
microcentrifugetubes using cututoclaved P100Qips to avoid DNA shearing.

500¢ | of Phenol /agaddedto eathauberatide EbrtenSsnixed

gently by inverting~8 times. They were then centrifuged for 5 minutes at
13,000rpm and théop phasewas transferred ta new 15ml tube. The phenol
chloroform extraction was r epegtadted end 500
the tube inverted 8 timdsefore centrifugatiofor 5 minutes at maximum speed. The

top phase of the supernatant was removeartew 1.5mimicrocentrifige tube, 1ml

of ice-cold absolute ethanol was addedeach tubend mixed by inverting. At this

stage, 3 tubes were stored -20°C and the fourth tube was centrifuged for 10

minutes at 13,000rpm at 4°C. The pelleted DNA was next washed with 70% ethanol

and centrifuged foa further5 minutes. The supernatant was removed andtha
pelletsairdriedat room t emper at ur e. ervas addet ang , 10
the DNA resuspended hbpcubationin a 55°C water bath foBO minutes before

storingat 4°C, until the DNAcompletely dissolved

Alternatively, DNA purificationwas performed using the QIAGENPlasmid Midi

Kit (25) (Cat no. 12143a ccording t o t he maThepgelbeted ur er 6
bacteria were resuspended in 2@hBuffer P1, folowed by the addition of 20nalf

Buffer P2. The tube was inverted vigoroush6 4imesbeforeincubatng at room
temperature for 5 minutes. 20ml of chilled Buffer Paswadded and mixed
immediately and thoroughly. The tubes were then incubated for 30 minutes on ice

and were next centrifuged for 30 minutes at 20,000g at 4°C. The supernatant was
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passed through a douldéeet of autoclaved muslin and was then precipitayate

addition of 42ml of isopropanoifter centrifugation atl5,000g for 30 minutes at

4°C,the DNA pell et was redissod5meaBuffen 500¢

QBT was added andhé solution was centrifuged for 15 minutes at 6,000gtaad
superatantapplied to a QIAGENiIp, already equilibrated with Buffer QBTThe
DNA solutionwas allowed teenter the resin by gravity floviheforewashng twice
with 10ml of Buffer QC. The DNA wagemowed from the column with 5mbf

Buffer QF (65°C) and was @cipitated with 3.5mbf isopropanol and centrifugation

at 15,0009 for 30 minutes at 4°C. The DNA pellet was washed with 70% ethanol

(v/v) in MQ waterand centrifuged at 15,0009 for 10 minutes. Once the supernatant
was removed, thBNA pellet was akdried at room temperature and then dissolved
i n  DOMIIIQ water by incubatng for 15 minutesn a 55°C water bath.DNA

was subsequently stored-a0°C.

2.1.3 DNA gel extraction

QIAquick gel extraction Kiwas used accor di ng ructonst he
DNA fragmentswere separated bggarose gel electrophoregisee2.3.7) and the
required bands were illuminated by UV excitatioihe required DNA band was
exdsed from the agarose gelsinga clean scalpdblade andplaced inside a 1.5ml
microcentrifuge tube The agarose was solubilizeg the addition ofa volume (ml)

of Buffer QGequal to 3x the weightf the agarose fragmenng), and incubation at
55°Cin awater bath for 15 minutes. Thguid sample was then transferred to the
QIAquick column and centrifuged &8,000rpnfor 1 minute. The flowthrough was

discarded and the column was washed with 0.5ml of Buffer QG, followed by a
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further 1 minute centrifugation. The column was further washeith 0.75ml of
Buffer PE and centrifuged twice for 1 minuteThe DNA was eluted with the
addi t i oafMih@ wakkrGcethecentreof the column, incubation for at least 1

minute at room temperature and centrifugatibd3,000rpnior 1 minute.

2.14 Extraction of genomic DNA from mouse tails

Mouse genomic DNA was extracted from mouse tail tips. Each sample was
collected imo a 1.5ml microcentrifugetube and was incubated overnigihta 55°C
water bathwi t h & BNAsBxtraction buffer (100mM Tis-HCI, pH8.5, 5mM
EDTA, pH8.0, 200mM NaCl, 0.2%v/v SDS) containing 0.48mg/ml Proteinase K.
The following day 100¢l of 6 M a asnadded andthe &ubee t at e
vortexed, beforeincubaing on ice for 15 minutes The samples wer¢hen
centrifuged at 42 for 10 minutes at3,000rpm The supernatant was transferrea@to
new tube with 2/5v0rexedandfcentiifigya for ® miaute® &t
13,000rpm. The isopropanol wesmoved2 5 0 ¢ | o/\f ethanblibroMQ H,O

was added anthe tubes were catifuged for 3 minutes at3,000rpm The ethanol

was removed with a P200 pipette and the DNA pellets allowediry at room
temperatur e. 5 @saddedmefbre iNcubating 1Q87% avater bathw

for ~2 hours. The genomic DNA watored at 4°C.
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2.2 Polymerase chain reactio(PCR)

2.2.1 Amplification of genomic DNA

PCR was usetb amplify regions ofgenomic DNA. Reactions were carriegut in

0.2ml PCR tubes, each reaction containing
100mM TrisHCI pH 9.0, 1% (v/v) Triton X100; Promega)25mM MgCl,, 0.2mM
dNTPs (dATP, sCTP, dGTP, dTTP; Amersham Pharmacia Biot&8p)nol of each
primer,0 . SETIAQ DNA Polymerasdgpurified by Matthew Gristand MQ water

to giveaf i nal v o | tomwbkich® ¢ df gerdmitc DNA prepared as aboye
was added Tubes were then placed in either Microcentrifuge Mastercycler
Gradent or an MWGBIotech Primus 96 PCR machineReactios were initially
denatured at 9€ for 4 minutes, followed by 3&ycles ofdenaturing for 30 seconds

at 94°C, then annealing for 45 seconds28Cq(this varies according to the optimum
annealing temperature for each primeseeTable 2.1), and finally anextension of

45 seconds at 72°C. Thiadl extension step of 10 minutes at 72°C was stopped by

coolingto 4°C.

2.2.2 Amplification of vector DNA

To amplify a DNA sequence for cloning, PCR was carried out using a DNA
polymerase with proof readingompatibility. The PCRreaction included 5x

PfuUltrall Buffer contains10OmM Mg?), 056mM dNTPs, 0. lelof each |
PfuUltra Il HS DNA Polymeras€Roche) ~100ngof purified templateDNA and
MQwater up to 25¢l . cOnipresel @ 2mpnutedénateatdon i1 on  p

step at 95°C35-38 cycles through a programif 95°C for 20 seconds, 62°C (x5°C
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Transgene Forward Primer 5' to 3' direction Reverse Primer 5' to 3' direction Annealing Prqduct
temperature size
IresVenus GCGTATTCAACAAGGGGCTG CCTTGATGCCGTTCTTCTGCTTGT 62°C 700bp
TCTAGATAATATTGGCCACAACCA CTCGAGCCCCAGGAACAGGTGG o
DsRed  r56ectec GGCGGC 66°C 700bp
GFP 62°C
CCCTGAAGTTCATCTGCACCAC  TTCTCGTTGGGGTCTTTGCTC
iCre GAGGGACTACCTCCTGTACC TGCCCAGAGTCATCCTTGGC 62°C 630bp
CAGGTCTCAGGAGCTATGTCCAAT o
Cre TTACTGACCGTA GGTGTTATAAGCAATCCCCAGAA 59°C 500bp
AAAGTCGCTCTGAGTTGTTAT GGAGCGGGAGAAATGGATATG 59°C 550bp
Rosa26
GCGAAGAGTTTGTCCTCAACC AAAGTCGCTCTGAGTTGTTAT 59°C 250bp
Olig2 GCCAGCTATCAACTCGCGCCC GTGGAAGACGTGGCCGCC 61°C 400bp

Table 2.1 Table showing the primer sequences used to genotype the transgenic mice used
and also the annealing temperatuaed the size of the amplified DNA product obtained
required.
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according to primer ) for 45 seconds and5 seconds at 72°hefore afinal

extension step of 10 minutes at 72°C, followed by cooling to 4°C.

2.3 Analysis of DNA

2.3.1 Agarose gel electrophoresis

The el tray and combs used were from peqglab Biotechnologie Gni8kl Agarose

w/v in 1x TAE buffer (0.04M Tris, tafM EDTA, 0.35%vV/v glacial acetic acidjvas
microwaved until all agarose was dissolved ardoled to 55°C before adding

0. 5¢g/ ml e t h Ontethe gel viaset, e sdrneplddDNA wasdiluted 5:1

with loading buffer (Bioline Cat no. BI<37045)was loadednto the wells of the gel
alongside 10¢l of Hyperladder 1 (Bioline
a variety of DNA fragments of known sizes (20al@kb) and known amounts
(15ng100ng). Agarose gel electrophoresis was performed using a horizgatal

tank by peqlab Biotechnologie GmbH powered by a BioRad Power Paat 360V.
Visualzation of DNA within the gel by the presence of ethidium bromide was
performed using a Multil mageE Light Cabi

1220Documentatior® Analysis system

2.3.2 Pulse Field Gel Electrophoresis of BAC DNA

Pulse field gel electrophoresis (PFGE) wesformedto separate DNA fragments
larger than 10kb, e.g. BAC DNAIt was conducted in a BiRad contouclamped
homogenous electric field edtrophoresis cell connected to a CHEF DR Il control

module and CHEF DR Il drive module, bdtbm Bio-Rad. Electrophoresis of DNA
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samples was carried out using ¥ agarose gels in 0.5x TBBEtock:45mM Tris

borate, 1ImM EDTA, pH8.0). Prior to electfop r e si s, 2mm of - Pul se
200kb) was placed in the first lane and sealed with additionakA#&garose to act

as a standard markeiThe DNA was loadedavith loading buffer (see above). Gels

were run for 12 hours in approximately 2 litres of 0O.BBE which was kept
recirculating via a peristaltic pump. Electrophoresis was at 4°C in a 6V/cm field with

an initial switch time of 2.1 seconds and a final switch time of 10 seconds. Gels
were stainedn 0.5ug/ml ethidium bromidéen MQ H,O for 10 minute and rinsed

once withMQ water before being visuaéd on a UV transilluminator.

2.3.3 Quantification of DNA

The concentration of DNA wasstimatedby matching the intensity of the sample
bandDNA bandto the intensity ofbands of known quantity withithe Hyperladder |

on the same agarose geRAlternatively, DNA concentration was determined by
measuring the absorbance of UV light by a DNA solution at a wavelength of 260nm
using aUV Mini 1240 uwvis spectrophotometer from Simadzit this wavelength
50mg of DNA free from RNA and protein contaminartas an absorbance of 1.0

The value obtainedrasused to calculate the DNA concentration

2.3.4 DNA Sequencing
DNA sequencing was carried out by the Wolfson Institute for Biomedical Research
(WIBR) Sciertific SupportServiceson the Beckman Coulter CEQ 8000 Genetic

Analysis System For squencing DNA prepared by MiniPrepwas producedt a
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concentration of A6fmoles/pland was used in conjugation withe Becknan

Coulter DTCS quick start kCat no. ®8120)andthe appropriate primers

2.3.5 Restriction Enzyme Digestion of DNA

Restriction enzymes, buffers and 100xBSA solution were obtained from New
England Biolabs. BAdi gest i ons wer e carried out wusi
wi t h 5¢l @riate buffee and1pBSA @ speci fi ed by the
manufacturer For analytical purposes, around 50ng of plasmid DN ahgested

(10-15ul digest volume) whi | e for cl oni ng (Jbuldigests e s, [
volume)wasdigested The reaction waincubated for 2 houiis a 37°Cwater bath

and wassubsequenthanalysed by agarose gel electrophoresis or pulse field gel

electrophoresis.

2.4 Bacterial Biology

2.4.1 Bacterial strains, growth and storage

All plasmids were maintained iBscherichiacoli (E. coli) strain XL1-Blue (recAl,

endAl, gyrA96, thi , hsdR17, supE44, rfZecpM\115,, | Tancl Of
[Tet)]). E. coli were grown in Luria Broth (LB; 10g bactoyptone, 5g yeast

extract, 10g NaCl per litre) at 37°C and 225rpm incubatoew(NBrunswick

scientific; innova 4300shakingincubator). Alternatively, cells were grown on 1B

agar plates (LB + 15g/l bactmgar). When selecting with ampicillin (Ampicillin

sodium salt; Cat no A9518) or kanamycin (Kanamycin Solution; Cat no K0129),

these were added to the LB or molten-aBy ar a't a final concent
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(ampicillin; 100mg/ml stock in water stored a20°C). When selecting with
chl oramphenicol, this was added at a fin

in ethanol at20°C).

For long term storage of bacterial strains and clones, glycerol was added to the
overnight cultures at a fat concentration of 15% (v/v) arinl aliquotswerestored

at-80°C.

2.4.2 Preparationof electracompetent bacteria

E. colistrain XL1-Blue was made ettrocompetents follows: 1ml of an overnight

liquid culture of bacteria (grown from a single colony) was used to inoculhte 1

of LB until it was in midlog growth phase (Ofgoof ~0.6 OD: Optical Density).

The culturewas then chilled on iceor ~10 minutes, and then centrifugati3000g,

at 4°C for 10 minutes. The bacterial pellet was resuspended in 1ml-odlice
autoclaved MQwater,centrifugedand i nal | 'y r es udcfjgecoldl®d i n 2
(v/v) sterile glycerbin LB. 5 0 ¢ Iwera $napgfrozert is liquid nitrogen and

storedat -80°C.

2.4.3 Transformationof electracompetent bacteria

E. colibacteria aliquots were thawed on,icgixed with2-6 ¢ | purifiéd DNA (see
2.5.1.3and 2.1.3 and transfered to a chilled disposabl®.1cm electroporation
cuvette (BieRad Laboratories Ltd). Bacteria were electroporated usingGene
Pulser electroporator equipped with Pulse Controller-(@al Laboratorie Ltd) set

to 2500V, 200q, tinkeTensnt of petweeth 4.8 isatands ahe
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bacteria were then incubateda 37°Cwater battor 1 hourwith 250pl of LB before
plating on LBagarplates with suitable antibiotic. Plates wemeubatedin a 37°C

oven overnight to allow colonies of transformed baatéo grow The plates used

had KanamycinoAmp i ci | I in resistance, as well
wat er |soprb@itBdtad-ThiogalactopyranosiddPTG)and 20 ¢ | Xgal

colonies(negative for [3 galactosidase prodweére selected.

2.4.4 Preparation and transformation of electrocompetent EL250 cells

TheE. coli EL250 strain(available via MTA from Neal G. Copelan®) a modified
DH10B strain [Gibco] containing replicationdefective lambda prophage (Yu et al.,
2000) coding for tle arabinosdlpe gene (Lee et al., 2001)E. coli EL250 bacteria
weregrownin 5ml of LB with no antibiotic at 32°C, 225rpim a shaking incubator
overnight. 1ml of this culture was added to 5@ifresh LB with no antibiotic and
grown in a shakingincubatorin an autoclaved flat bottoroonical flask at 32°C,
225rpm untilreachingan ODgoo= 0.50.8. Theflask containing the culture waken
placedin ice water for 5 minutes to cool down, acentrifugedat 2200rpm at 4°C
for 8 minutes. The bacial pellet wasresuspended in 1ml elutoclaved MQwvater,
transferred to a microcentrifuge tubed centrifuged for 20 seconds at 13,000rpm.
The pellet was washed ibe with MQ watetbeforefinally beenr e sus pended
of sterieMQwat er ( d0% (BvpglyterolinfLB for long tem storage at
80°C). 28 ¢ | o f BAQIDNA fwaseaddedo the bacteria before the mix was
transferred to a chilled 0.1cmhisposablecuvette, which was then electroporated
with1.8kV using a BieRad gene pulser, 25uFtiv pulsecontroller set to 2000hms

[Ecl]. The cells were recoverday adding2 5 0 ¢ | o fnculhahgab32%C in a
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shaking incubator for 2 hours. 20% of the bacterial solution was spréadra and
the remaining 80% dao a second LBagar plate containg chloramphenicol

(44pg/ml). The plates were incubated overnight at 32°C.

2.5 Generation of transgenic mice

2.5.1 Generation and charactération of Bacterial Artificial Chromosomes

(BACS

2.5.1.1 Choosing the appropriate BAC
The emin gene idocated orchromosome 2 in mi¢cdas 3 exons and 2 introns and is
distributed over7.7kb (Fig. 5.1). Using the BAC Map provided by Ensemble

(www.ensemble.orgFig. 5.1), 3 BACs were chosen thahcluded the oding

sequencefor ermin. Bacteria containing thBACs inside thepBACe3.6vectorwere

obtained from the CHORI BACPAC resources celfbgip://bacpac.chori.o)g The

bacteria were cultured and DNAxtracted as previously de#ied (see2.1.2), was
restriction enzymeligested andhe DNA fragmentsizeswereanalyzedby PFGE to
confirm the identity of the BAC receivedThe BAC DNA inside thepBACe3.6

vectorwas subsequently electroporated into EL250 bacteria as des(gsé@s24.4).

2.5.1.2 Cloning/Purifying DNA fragments fahe targeting vector

DNA fragmens for cloning were obtained by direcstriction digest oexisting

plasmid DNA, orfollowing PCR amplificationand cloning Fragments of interest
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were then isolatedybagarose gel electrophoresis followed by band purifica®n

previously described

PCR amplified gel purified DNA was incorporated intbe pCRII-TOPCP vector
using the TOPO TA clonirfgkit (Invitrogen Cat no. K460@1). This vector uses a
backbonetopoisomerase enzyme that rapidigks any PCR fragment into its
covalently bound vector. PCanplified DNAwas incubated for 10 minutes at 72°C

with 2mM d NT Ps a DA Rolyrbegate DNA was then run on 1%w/v)

agarose geh TAE and the DNA was pified (see2.1.3. 2 ¢ | of the DN,
salt solution ( ppCoRN-TOP&dectorand haeki M) | | 1@
were incubated for 10 minutes at room t

reactionwasuseddirectlyto transformi. colicells(see2.4.3.

2.5.1.3 Ligation of DNA fragments

Band purified fragments of DNAwere digested with restriction enzyme$at
generatd overhangingi s t i emds.\Where specified, DNA fragments were blunt
using T4 DNA polymerase (restriction enzyme digested DNA was incubated at 12°C
water bath for 15 minutes with 0.2mM dNTPs and 1pl of T4 DNA Polymerase
followed by addition of 0.5ul EDTA and purificatidnsee2.1.3. Ligation eactions

were carried out using 50ng of vectibNA. The amount of inseDNA required
wascalculaedto give (inset DNA):(vectorDNA) molar ratio of 3:1. This could be
calculated by applying the equation X = ((50/V) x I) x 3 where X isameunt of

insert in ng, V is the length of the vector in base pairs and | is the length of the insert

in base pairs. The reaction mixtwentainingthe calculatd amounts of vector and
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insert DNAi n a total volume of 1 @fT4DNAligase 40 c ¢
(New England Biolabs), 1x T4 DNA ligase buffer and 0.5 nM AWas incubated

either at 16°C overnight or at room temperature for 1 hour.

2.5.2 BAC recombination

2.5.2.1 Induction of recombination in EL250 cells

EL250 cells that contagd the BAC DNA were grown on LB agar plates
supplemented by kanamycin (12.5ug/ml) at 32°C overnightsingle colonywas
selected and used to inoculaéml starter culturénat wasagain grown overnight,
shaking at 32°C (with kanamycin). 4ml of thiseownight culture \vas used to
inoculate 50mlof LB (without kanamycin) which as grown until ODQyo reached
0.50.8. Recombination was induced by transferring 10ml of this culture to a 42°C
water bath for 15 minutes. This culture was then cooled rapidlyeinvater for 5
minutes alongsidea 10mlof the noninduced(32°C only)culture The norinduced
culture acts as a negative control for the recombination. Both induced and non
induced cultures were spun at 1100g at 4°C for 8 minutes aruhthberialpdlets
wereresuspended in 1noif ice coldautoclaved MQ water artdansferred to a 1.5ml
microcentrifige tube andcentrifugedat 13,000rpmfor 20 seconds. This was
repeated three times and after the final wash, the pellets were resuspended in 100pl
of aubbclaved MQ water. 50ul of the induced and nowuced cells were
electroporated with 10800ng of the linear targeting vector DNA.  After
transformation 500ul of warm LB was added to the cells and they were incubated at

32°Cin a shaking incubatofor 90 minutes. Cells were then placed on LB agar
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plates containing 20ug/ml ampicillinand LB agar plategontaining 12.5pg/mi
kanamycin as a control to demonstrate the presence of live cells in both the induced
and norinduced cultures regardless of whether recombinationbead successtul
Colonies that have grown on the ampicillin plates from the indecdidres were

used to inoculate overnightini cultures. BAC DNAwasthenpurified (see.1.3,
digested with restriction enzymes and PR&iSused to confirm thatecombination

had occurred.

In addition to the temperatuieducible recombination eventg was also necessary

to remove the kanamycin resistance casspti@r to inserting the recombinant DNA
into the mice. To allow this the kanamycin resistance cassetsdlamked byfrt

sites. The EL250 bacteria contain an arabinose induitgdeene that eanbe used

to excisethe cassette To achieve this, 300ul of recombinant EL250 bacterial culture
were used to inoculate 15 ml of fresh LB broth. The bacteria were grown to an
ODggo 0f 0.5-0.8 and the sterile arabinose was added to a final ctvatien of 0.2%

(v/v). The cultures were then incubated for 1 hour at 32°C. 1ml of this culture was
then used to inoculate 10ml of fresh LB broth and this was incubated for 2 hours at
32°C before plating on ¢happropriate selective LB agavith ampicilin (20ug/ml)

for recombinant bacteria and with kanamycin (15ug/mintbcate the efficiency of

that recombination. In theory, the recombination should be very efficiemgino
colonies on the kanamyeitontaining LB agamlate Again recombinatiorwas

furtherverified by carrying out restriction enzyme digests and PFGE.
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2.6 Creation of Transgenic Mice

2.6.1 Linearization and Purification of recombinant BAC DNA

Linear recombinant BAC DNA was used farovoinjections. This was obtained by
firstly carrying out a large scale preparat@nBAC DNA asdescribedsee2.1.2.
The resulting DNA (100¢l ) resacionenzyge st ed
PIScel The BACDNA fragments were subjected to PFGE by running 90% of the
digested BAC DNAacross3-5 mergedlanes, vith additional lanes containingmm

of Pulse Marker and 5% of the digested BAC DNA respectively weretbadfter
PFGE the marker lanéhe 5% BAC DNA digest andlmm of the 90% BAC DNA
were cutaway from the gel with a scalpel bladed stained witl®.2ug ofethidium
bromidein MQ H,O. This revealed the relative locations of thiteeratedBAC DNA

and the vector backbonevithout ethidium staining the DNA required for
microinjection Using the stained BAC DNA as a guide, the ve@dIA and the
insertDNA were exésed from the large lane and placed in a mini gel tray as shown
in figure 2.1 4% (w/v) low melting point (LMP) agarosien TAE was poured into
the trayuntil it just covesthe bands. The g&las allowed to set and was them at

50V for 9 hours at 4°QFig. 2.1b. The portion of the mini gel containing the vector
bandand ~1mm of the BAC insert bameas then excised and stained with ethidium
bromide to onfirm that the DNA hadccumulatednto the 4% LMP agarose. It was

also used to determine the position of the insert DN§y.(2.1c).

A small block of LMP agarose containing tbencentrated inse®NA of interest

was equilibratedih TENPA buffer (1M TrissHCL pH 7.5, 0.5 EDTA pH 8.0, 5M
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A B| cl
BAC—-> <«—\Vector I I [l I
nsert | & & Band BAC_} . 4——\éilcpt\or FAC - !

DNA ! Exciseq
| Block |

Figure 2.1(A) The arrangement of the excised bands in the mini gel tray. Hashed area
indicates the location of the DNA. (B) After running the DNA becomes concentrated in a
small region of the 4% LMP agarose immediatafljacent to the original excised PFGE

band. The dashed line indicates where the vector DNA section of the mini gel should be cut
away to allow it to be stained with ethidium bromide. (C) Viga#ibnof the vector band

by UV illumination allows locatationand removal of the BAC DNA of interest.
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NaCl) containing 30eM spermine and 70&gM
hours. The gel block was then placed in a ndentrfuge tube incubatedn a65°C

water bathfor 3 minutes centrifugedbriefly and incubated foa further5 minutes.

The tube was then transferred to a 42°C water bath for 5 minutes. Without removing

t he molten agarose fr om-Adafase (Mwe&Ehgeamd bat h,
Bioscienceswasadded per 100 ¢d andthe souidng veere mixeglar o s
by pipetting up and down with a wide bore pipette. Agarose digestion took 3 hours

at 42°C and then the mixture was placed at room temperature. If all agarose had
fully digested the solution did not set. In@dx15mm Petri dish, 3 dialysis
membranes (Millipore, pore size 0.@¢2B) were placed floating on a solution of
microinjection buffer (1M TrisHCL pH 7.5, 0.5M EDTA pH 8.0, 5M NacCl, filter
steriized) containing 30eM spermine and 70¢gM
pipetted directly on top of the three filters in equal volumes and the solutions were
allowed to dialyse for 1 hour at room temperature. puefied insert DNA was
recovered from the top of the filters and stored at 4°C. A small volume of the DNA
was analysed by PFGE along with an equivalent volume afontrol BAC DNA of

which a known quantity had previously been microinjected @madluced founder
transgenic mice. This gel was stained with 0.5ug/ml ethidium bromiteO and

wasused as a rough means ofagtifying the DNA and chedhkg its purity. The
stainedDNA was microfuged and diluted in microinjection buffer (1:3A0000)on

the day ofmicroinjection. DNA was generally used for microinjection within a week

of purification.
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2.6.2 In ovo injectionof BAC DNA and transplantation

Fertilized eggs were obtained from superovulated females. Superovulation was
induced in 24 weeks old (B6 x CBA) F1 mice by injecting withlml of 50units/ml

of follicle stimulating hormone (Folligon, from Intervei) 0.9% NaCl at around
5pmonday 1. They were then injected viithml of 50units/ml ohuman chorionic
gonadotrophin (hCG, Chorulon, from Intervet)0.9% NaClaround 45 hours later.
After hCG injection, females were mated with (B6 x CBA) F1 fertile male§. 4

females typically yielded 16200 fertiized ova.

Microinjection of DNA was carried out by U. Dennehy (Richardson Lab, WIBR).
Briefly, linear BAC DNA suspendedh microinjection buffer was injected into the
pronuclei of the fertited mouse ova. Swuwing 2 cell stage embryos were then
transplanted into the oviducts of pseudopregnant foster mothe2 (&bryos per
mother). Pseudopregnant mothers were prepared 24 hours previously by mating 6

24 week old females in natural oestrous with vaseizehmales.

2.7 Neural Cell labelling, tracing and ablation

2.7.1 Transgene labelling, tracing and ablation

The following transgenic mice were bred and maintained:

P D G FRIEER? transgenic (Riveret al, 200§ express a tamoxifen inducible
form of Cre recombinase under the regulation of ghe g fyendéJpromoter. This

transgenic line was maintainesl @ homozygous breedieglony.
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EmxZiCre (Kessariset al, 2006) Gsh2iCre (Kessariset al, 2006) andOlig2-Cre
(unpublished, Richardson laboratory) transgenic mice express a constitutively active
form of Cre recombinase in Emx1Gsh2 and Qig2- expressing cells respectively.
These transgenic lisewere maintained as heterozygous breedoignies andvere
genotped for iCre and Cre as specified in table 2.1.

Fgfr3-iCreER'? transgenic mice (Younget al., 2010 were maintained as a
heterozygous breeding colony and genotyped for expression oflTi@bée(2.1).
Rosa26YFP transgenic reporter mice (Srinivas et d., 2001), following
recombination by Creexpress the yellow fluorescent protein (YFP) under the
regulation of the ubiquitous RosapBomoter This transgenic line was maintained
as a homozygas breedingolony.

The TaumGFP transgeniaeportermice Hippenmeyeret al., 2006) contaira lox-
STORlox-mGFRIRESNLSLacZpA targeting cassette irexon 2 of the Tau
genomic locus Following recombination by Cre, these mice express a membrane
targeed form of GFP under the control of the Tau promoter. Theye maintained

as a heterozyagss breedingcolony and genotypedsing primers that identify the
GFPcoding sequenc@able 2.1).

The Ermin-DTR transgenic mice detailed in Chapter 5 were maintained as a
heterozygousreedingcolony and genotypedsing primes that identify the DNA

coding sequenceas Venus and/or DsRed éble 2.1).

All transgenic mice were housed under the standard animal housing conditions
(23°C, 48% humidity,12h dark/12h lightcycle) with food and water available ad

libitum. When speciéd, mice were transferred to running wheel cages (Lafayette
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Neuroscience) and their running performance was monitored using the Monitoring

Software (Lafayette Neuroscience).

2.7.1.1 PCR Genotyping
Genomic DNA was extracted from tissue biopsy and use®@R amplification as
described(see2.1.4. The primers used for genotyping the animals were designed

specifically to amplify only stretches of DNwithin the targeting construct

2.7.1.2 Cre mediated recombination

To generate mice for experimental usEenin-DTR transgenianice were crossed to
EmxZiCre transgenic mice.iCre is expressed in all Emx1+ cells, e.g. stem cells in
the embryonic VZ. iCreébinds to the loxP siteg the Ermin-DTR transgeneand
recombineghem, thus removing the stop sequence and allowing expression of the

VenusandDTRgenes.

2.7.1.3 CreER mediated recombination

Mice expressingan inducible form ofCre were crossed withne of tworeporter
mouse lines:Ros@6-YFP, TaumGFP (see previas section)(Fig. 22). Cre

recombination in adul€reER%reporter mice was inducasdhen Tamoxifen(TM),

an estrogen analogue, is administered to transgenic. Wiben the enzyme cre
recombinase is bound by the estrogen receptof?ERis held iractive in the cell
cytoplasm. Upon tamoxifen administratiorantoxifen will bind to the ER

allowing Cre to translocate from the cytoplasm into the nucldusthe nucleus,

activated Cre recogres sequences in the DNA that correspond tePiesites and
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g, .’

Gene A-CreER™  Rosa26 YFP

£V
Gene A promoter Rosa26 promoter

lox—Si@P—lox  YFP

CreERT™

Figure 2.2 Cre-mediated recombination of loxP sites in iCre(or)CréfiRosa26YFP

double transgenic mice. Orally administered tamoxifen to CH#RBsa26YFP double
transgenics binds to cytoplasmic CreERallowing it to translocate to thewucleous.
CreER? locates loxP sites and recombines them, excising the stop sequence in between and
thus switching on the expression of YFP. For iCre/Rosé2B double transgenics,
tamoxifen administration is not needed as iCre is expressed in altltallexpress Gene A

throughout life.
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recombines the loR sites, excising whatever DNA seque lies between them

(Fig. 2.2).

Tamoxifen was administered orally ©reER%reporter mice 40mg/ml TM was
sonicated in corn oil for 55 minutes at 30°C addinistered by oral gavage into the
stomach. Adult mice received 300mg/kg body weight TM daily for 4 consecutive

days.

2.7.1.4 Diphtheria toxin (DT) administration
DT (Merck) was administered to adult (P50) mice twice per day for 3 consecutive
days. DO0ul wereintraperitoneally i(p.) injected to the mice at a concentration of

20ug/kg body weight.

2.7.2 BrdU labelling of proliferating cells in vivo

Bromodeoxyuridine (BrdU) is a thymidine analogtmat is incorporated into the
DNA of cells as they uretgo DNA replication as part of the cell division process.
BrdU was administeretb P4 and t@®  Pr6id® by subcutaneouandi.p. injection
respectively Alternatively, formice O PBYdU was administered via the surgical
implantation ofmini osmotic punps or through the drinking wateffig. 2.3). For
injections, BrdU (20mg/mih PBS was incubated for 660 minutesn a55°C water
bath. Pups received seriahjectionsof ~20ul at 120mg/kg body weighgvery 3
hours for up to 3 days, whereas adult mviee injected with a single dose 1d0ul

at 800mg/kg body weight Osmotic minipumps were implanted subcutaneously into
adult miceby Leanne Riveras describedy vanHeyningen et al(2001). When

BrdU was added to the drinking water of mice, BrdU was dissolved in MilliQ water
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BromodeoxyUridine

TCGTATAAC

TCGTATAAC AGCAUAUUG
[ -
AGCATATTG SMUSE  ycoTAUAAG
AGCATATTG

Figure 2.3 BrdU incorporation during DNA synthesis: BrdU can be administsrad

various routesinjection, through the drinking water or via implanted osmotic +piminps.

When a cell undergoes cell division the DNA strands are separated and new complementary
strands are syntlsizead, resulting in two complete copies of the genome. Nucleotides are

added to synthézethe new DNA strands, and when BrdU is present, it is incorporated into
thenewlysyntheed DNA strand in the place of thymidi
BrdU in DNA can be detected by immunohistochemistry (see below).
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to a @mncentration of 10mg/ml by incubation at 55°C for3D minutes, or until
completely dissolved. Once dissolved, tap water was added to andikel
concentratiorof 0.8mg/m] whichwas used to fill the water bottledVater bottles
were covered with foilas BrdU is light sensitive. The BrdU/water solution was

replaced every-2 days

2.7.3 EdU labelling of proliferating cells in vivo and in vitro
5-ethynyl2 @leoxyuridine (EdU)Invitrogen)is asecondthymidine analogue that is
incorporated into the DA of cells as they undergo DNA replication as pafrthe

cell division process.

EdU was administeretb mice eitheri.p., or via the drinking waterand in the
cultured cellsmedium Sterile filteredEdU ( 5 € g/ ml wasnadd&lBirio) the
SATO medium(Appendix I)to afinal concentration of 10uM. 25% of the medium
supplemented withewEdU was exchanged every 48 houFar i.p. injections, EdU
was made up tdmg/mlw/v in PBS and was administered to mice at a dose of
25mg/kg body weight.EdU was addd in to the drinking water of mice at eithir
10, 10Q 200, 500 od.00Qug/ml. The EdU wasortexed in a small volume of MilliQ
water until completely dissolved. Once dissolved, tap water addedo dilute the
EdU to its final concentration in the vea bottles of mice. Water bottles were
covered with foilasEdU is light sensitive, anthe water waseplaced every-3 days
to ensurethat theEdU was activethroughout the experimentEdU was used at

20 Ogéml of H,O for the majority of experiments.
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2.8 Histology

2.8.1 Generation, maintenance and fixatioaf OLP primary cultures

Mice wereeuthanizedy steadily increasing exposure to £@Brains were removed

into Earles Buffered Saline Solution without Ca# Mg+ (EBSS Invitrogen.
Olfactory bulbs were dissected away from the brain. Brains were dhesd
coronally using a scalpel blade at the level of the optic chiasm. The septum was
removed by pinching with forceps clearly exposing the edge of the corpus callosum.
Cortex wa dissected by pinching a small region from each hemisphere with forceps.
The corpus callosum between the lateral ventricles was then dissected excluding all
SVZ and adjacent cortical tissue. The collected tissue was transferred into sterile

EBSS.

Theisolated tissue was incubated af@7or 4050 minutes in EBSS with Trypsin
(62.5ng/ml) and DNase (56.25ng/ml)To inactivate trypsiDMEM/10% FBS was
added to the tube, whiclvas then gently tapped to dissociate some of the cells.
Most of the medium @as removed after allowing tHarger tissue piece® settle to

the bottom of the tube. More medium wagnaddedand the tubaapped sharply.
This medium was then pooled with the first aoentrifuged for 5 minutes at
1000rpm. The medium was aspirateding glass pipette anthe cells were
resuspaded in DMEM10% FBSand bFGF before being poured throum@Oum

cell sieve. The cell concentration was determined using a haemocytométér il

per wellof cell suspensionvasplated at a concentration ofiﬁells/pl in 300l of
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SATO medium (Appendix Ipnto polyDlysine coated 3mmaglass coverslipsCells

were grown for up to 2 days in a hunimtubator at 37°C and 5% GO

For antigen detectionhé culture medium was poured off cedlsd gently replaced
with 4% PFA for 10 minutes at RT followed by two PBS washes.
Immunohistochemistrand EdU detection waperformed as described in section

2.8.4and2.8.6

2.8.2 Perfusion fixation, tissue collectiorand freezing

Mice were anaesthetized wigentobarbitone (2ml/kg body weight). When they no
longerreacted to applied pressure with scissor, @psincision was made at the base

of the sternum extending along the base of the rib cage and then up the side of the
body through the ribs allowing thiéo cage to lift up. The diaphragm and connective
tissue around the heart was blunt dissected away and a small incision was made in
the atrium. A needle (259g, canfaiBirgd®h conn
paraformaldehge (wt/vol, PFA, Sigma, irPBS) was inserted into the apex (left
ventricle). 4% PFA was delivered at a ratebofl/minuteuntil there was no blood
exiting theright atrium. The brain was next dissected from the head and sliced using
a cutting matrix. The first blade cut at thedeof the optic chiasm and another two
blades cut 2mneitherside. The brain slices were then immersed in 4% RRAN

PBS for 45 min at 2@5 °C (forantibodies requiring short fixatipmr else overnight

at 4 °C {or antibodies requiring long fixatign Tissuewas then cryoprotecteboly
replacingthe 4% PFA with diethylpyrocarbonateeated 20% sucrose (wt/vol) in

PBS. Thessue wa then incubated overnight &tCGland subsequently embedded in
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TissueTek OCT (optimal cutting temperaturejompound, froen on dry ice and

stored ai 80 °C.

2.8.3 In situ hybridization

Tissue blocks were sectionadng a Bright OTF5000 cryostat. 20unestions were

cut and transferred intoDEPGtreated PBS Sections werecollected oto
SuperFrost® Pluslides (VWR International) and dried for 30 minuteBhe slides

were placednto a nescofilm and laith a hybridizationchambey the base of which
contained 2 sheets of Whatman paper wetted with a 50% formamide 1x SSC
solution. DIG and FITC RNA probelguots werethawed on ice beforediluting in
1/1000 in hybridization buffer containing 50% formamide, 100 mg/ml dextran
sulphate, 1 mg/mt RNA, 1x Denhardtds solution (5C¢C
polyvinylpyrrolidone, 1%BSA), and 1x salt solution (10salt stock, 2M NaCl,
50mM EDTA, 100mM TrisHCI pH 7.5, 50mM NakP02H,O, 50mM NaHPO,,

DEPC treated). The diluted probe was denatbgedlacing in a70°Cheat blockfor

5 minutesbefore applying to the slides. After application &00u of the probe
soltion, each slide was covered with a coverslifhe hybridization box was sealed

closedand incubated in @5°Covenovernight.

After hybridization, slides were placed in wash solution (50% formamide, 1x SSC,
0.1% TweerR0) in a coplin jar for 15 minutest 65°C to remove the coverslips. The
slides werethen washedtwice for 30 minutes each at 65°C, before continuing to
washat room temperaturén 1x MABT (5x stock, 0.5M maleic acid, 0.75M NacCl,

1M NaOH, 0.5% Tweei20) twice for 30 minutes. The sections were then blocked
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in blocking solution (8g blocking reagent, Roche cat n696176, 100ml 5x
MABT, 200ml distilled water, heated to 65°C to dis®0I80ml heatinactivated
sheep serum added aM{) water to400ml) was applied to slides favne hour at
room temperature. Next, an afligoxigenin alkaline phosphatase conjugated
antibody(Roche)was diluted 1/1500 in blocking solution and applied ®ghlctions
overnight at 4°C. The sections were then washiecke for 20 mirutes in 1 x MABT,
followed by 2x 10minute washes in staining buffer (0.1M NaCl, 0.05M MgClI
0.1M Tris pH 9.5, 0.01% Twee?0). The color reaction was developed by placing
the dides in a solution containing &0 staining buffer, 0.029 MgCl,, 87 | NBT
(1g 4nitro blue tetraalium chloride crystals, plusni dimethyl forramide and 3mi
distilled water) 6 7 ¢ | BClI P ( Bgdlu® 20 mi dmethyl Ronarhide), 1
and 20nl of a 10% w/v polyvinyl alcohol in MQ water Reactions were incubated in
the dark at 37°C and periodically checked tfee development of a blue precipitate
on the sections.For less abundant transcripts, reactions were allowed to prateed
32°C overnight. ce cells could be clearly visualized, the reaction was quenched
by immersing the slides in tap water. After this, the sections were dehydrated
throughan alcohol series befe being treated with xylene@nd mountedwith DPX

mountant (Flukagndcoverslipgd.

2.8.4 Immunohistochemistry

Frozen tissue was sectioned on a cryostat (Leica, Brighgjaduce30e ntoronal

brain sections. These were collected with a damp paint brush and floated onto the
surface of PBS. Alternatively, sections were colleatieectly on SuperFrost® Plus

slides and air dried. Immunohistochemistry followed
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Non-specific binding sitesvere blocked by tissue exposure to blocki@§% (v/v)
sheep orcow serum/0.1%(v/v) Triton X-100 (BDH)/PBS for 1 hour at room
temperature. Sdons were incubated overnight at 4°C in primary antibditiyted
in blocking solution Sections were wasl 3 timesin PBS for D minuteseach
Secondary antibodgliluted in blocking solution was appliddr 2-4 hours at room
temperature.Sections wer@again washed thrice in PBSIloBting sections werthen
transferred onto Superfrost® Plus glass slidesl dried All slides werethen
coverslipped with mounting medium (Dakahd stored in the dark at 4°GNhen
stainingto detectCC1, sections were detted in TBS (Tris buffered saline: 10x
TBS is 0.5M Tris, 9% NaC]J)the blocking solution was replaced witlBS/0.5%
triton/10% fetalcalf serum blocking solution andl washes performed iTBS

instead of PBS.

2.8.5 BrdU Detection

The detection of BrdUn tissuesectionsfollowed stairing with any otherprimary
and secondary antibodies as descriine®.8.4 Sectiongransferred onto slides and
dried werethenfixed with 70% (v/v) EtOH20% (v/v) acetic acitMQ waterfor 10
minutes &room temperature, followed by 20 minutes2@°C in 70% EtOHn MQ
water. Sections were next incubated for 15 minutes at room temperéitsrén 1%
(v/v) Triton-X100/PBS and then in 6M HCIPo TritonX100/PBS, and were
subsequently washed 3 times ominutesin PBS. Anti-BrdU (Table 2.2, diluted

in blocking solution was incubatexvernight at 4°C. Washing, secondary antibody

and mounting was carried out as above.
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Primary Antibody Supplier Dilution
Rat anti-PDGFRU BD Phar mi ngenkE 1:400
Rabbit anti-GFP AbCam 1:6000
Rat anti-GFP Fine Chemical Products LTD 1:3000
Guinea pig anti-SOX10 Gift from M. Wegner 1:2000
Mouse anti-NeuN Chemicon 1:500
Mouse anti-PSA-NCAM IgM Chemicon 1:1000
Mouse anti-CNPase Chemicon 1:2000
Rabbit anti-Ng2 Chemicon 1:500
Rabbit anti-Olig2 Chemicon 1:1000
Rat anti-MBP AbD Serotec 1:100
Mouse anti-BrdU American Type Culture Collection (Manassas, VA) 1:10
Rat anti-BrdU AbD Serotec 1:500
Mouse anti-GFAP Sigma 1:2000
Rabbit anti-Tmem210/Opalin Gift from Or. Peles, Weissmann Institute 1:1000
Rabbit anti-Ermin Gift from Or. Peles, Weissmann Institute 1:400
Rabbit anti-Somatostatin Peninsular 1:200
Rabbit anti-Calbindin Swant, Bellinzona, Switzerland 1:1000
Rabbit anti-Calretinin Swant 1:1000
Rabbit anti-Palvalbumin Chemicon 1:1000
Mouse anti-Palvalbumin Chemicon 1:1000
Mouse anti-Tyrosine hydroxylase Chemicon 1:1000
Rabbit anti-NPY Insight 1:1000
Mouse anti-CC1 IgG2 Calbiotech 1:250
Guinea pig anti-Doublecortin Chemicon 1:3000
Secondary Antibody Supplier Dilution
Alexa 488 goat anti-rabbit IgG Invitrogen 1:1000
Alexa 488 goat anti-rat IgG Invitrogen 1:500
Alexa 568 goat anti-rabbit IgG Invitrogen 1:1000
Alexa 568 goat anti-rat IgG Invitrogen 1:500
Alexa 568 goat anti-mouse IgG1 Invitrogen 1:1000
Alexa 568 goat anti-mouse IgG H+L Invitrogen 1:1000
Alexa 568 goat anti-mouse IgM Invitrogen 1:1000
Alexa 647 goat anti-rabbit IgG Invitrogen 1:1000
Alexa 647 goat anti-rat IgG Invitrogen 1:500
Alexa 647 goat anti-mouse IgG1 Invitrogen 1:1000
Alexa 647 goat anti-mouse IgG H+L Invitrogen 1:1000
Goat anti-guinea pig Cy3 conjugated Chemicon 1:500

Table 2.2 Table showing all the primary and secondagntibodies used for
immunohistochemistry, their working solutions and sources
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2.8.5 EdU Detection

In EdU the terminal methyl group is replaced with an alkyne group, which allows
detection using a fluorescent azide that covalently binds to the alkyne group in a
reaction call ed 6claetalk2000)hSeatidnsviere galectédCh e h r
and blo&ed as described for immunohistochemistry, followed by incubatioRT

for 30 minutes in the dark. The EdU developing cocktail was washed off by three

PBS washesNonspecific binding sites were blocked with 10% (v/v) sheepa

serum in 0.1% (v/v) Tiron X-100 (BDH) in PBS for 1 hour at room temperature.
Sections were then incubated in 0.5% (v/v) Tritori0O in PBS for 15 minutes.

EdU was detected using the CickTE EdU Ce l | Pr oé&ccofdeg at i on
to the manuf ac.tAureaetiontcacktdil of $Q0pl was preparaedsusing

43ul of 10x reaction buffer, 20ul of CugQL.2ul of Alexa Fluor®488 or647 azide,

5ul of 10x reaction buffer additive and M@,0. Sectiongfloating or on slides)

were exposed tdahe reaction cocktail withinl5 minutes ofits preparation and

incubated for 30 minutest room temperaturén the dark Sections were washed 3

times for 5 minutes in PBS, before continuing withmunohistochemistry as

describedpreviously

2.9 Microscopy, quantification and statistics

2.9.1 Image collection
Slides were examined undadight microscope (Zeis Axioplan) with a Hamamatsu
digital camera and/or und@rconfocal microscope (UltraView microscope, Perkin

Elmer) using standard excitation and emission filtersvigualizing DAPI, FITC
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(Alexa Fluor 488), CY3, TRITC (Alexa Fluor 568) and Far Red (Alexa Fluor 647).
Confocal z stacks were captured for each section with2@5m i ncr ement
Reconstruction of xz and yz views was carried out using the Volocity seftwar

(Perkin Elmer).

2.9.2 Quantification of histology

For quantification of immunohistochemical staining/ cell labellingells were
manually counted from low (20x) magnification, roverlapping confocal image
stacks using Adobe Photoshop. Quantificatiof cells was concentrated in the
anterior forebrain (neocortex, corpus callosum and piriform cpaeBregma levels

0-0.26 mm Fig. 24) (Paxinos and Franklin, 2001)).

Generally, celocalzationwas expressed asparcentagethat is asthe ratioof cells
expresdgg two markes divided bythe total number of cells expressiagsingle

markermultiplied by 100(e.g.(P D G F R U 3/WFP>200)

For all quantification a minimum of 2 sections from n=3 mice was examined. The
proportion of labeled cells was determined per mouse. The average and standard
deviation was then calculated for each group using Microsoft Excel. All statistical

comparisongtwo-tailed t tests or ANOVAwere made using Microsoft Excel.

2.9.3 Cell cycle calculation
For a homogeneous population of cycling cells, the fraction of cells that label with

BrdU/ EdU (dAlabelling indexo) i sionefxpected
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Cix

N

Figure 2.4 Coronal section through adult mouse forebrain at the level of the SVZ. Images
were collected at theoloured regions (Ctx in green, CC in blue, aPC in red).
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BrdU/EdU exposure until all dividing cells are labelled (phdase After this the
labelling index cannot increase further and a plateau is reached (phase 2). The rate at
which cells incorporate BrdU/EdU is given by the slope (m) of phasedlwas
calculated by performing a linear regression analysis in MicrosaelEXThis was

an iterative processThe maximum labelling index (phase 2 plateau value) is known
as the AfAgrowt h figeapcessd asa@ercén@ge)of thevidtal ocelh
population. This was calculated only using points that were deemedtaimgtisally
significant from each other by ANOVA and not already included in theat

regression analysis. GF is taeerage of all micanalysedn the plateau.

From these data tHength of the cell cycle Tc = GF/mas calculategNowakowski
et al, 1989; sedrig. 2.5. Since T depends on the reciprocal of m, the standard
error (s.ex) is not symmetrical about the mean. However, for simplicitySi®.

shown as thalf of the full range, calculated as follows:

s.erc = [{(GF +s.ecp) / (Mm-s.em)} T {(GF - s.ec)) / (M+s.em)}] /2

Similarly, S phase can be calculated lab€lling index at t=0)/m.This is equivalent

to the intercept of the line (Phase 1) on thexis (labelled as Ts on the diagrdfy.

25).
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Figure 2.5 Calculation of cell cycle time €. The gradient (m) of the linear rising part of
the graph (phase 1) was determined by the method of least squerah). The labelling
index at plateau (phase 2) is the fraction of the population that is activelingythe
growth fraction, GF). If thewhole population were cycling GF would be 100%¢ \ilas
calculated as GF/m. Ts was calculatedlabelling index at t=0)/m.
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Chapter 3:

0 A d OLPs Generate NewMyelinating
Oligodendrocytes Throughout the Brain and New

Projection Neurons in the

3.1 Introduction

During CNS development, oligodendrocyte progenitor cells (Okesyas a source
of oligodendrocytes which in turnmyelinate the neuronal circuiteecessary for
normal CNS functior{Curtiset al, 1988; Levineet al, 1993; reviewed iMcTigue
and Tripathj 20@). OLPs are charactieed by their expression of specific markers
such asthe proteoglycarNG2 andthe plateletderived growth factor for receptor
alpha P D G F)Rwhich they dowsregulate as they differentiate into myelinating
oligoderdrocytes andjraduallystartto express myelirassociated marker§ify. 3.1;
reviewed in Trotteret al, 2010and Nishiyamaet al, 201Q Kippert et al, 2008;

Brockschniedeet al, 2006).
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Oligodendrocyte Progenitor Premyelinating Early myelinating Mature myelinating oligodendrocyte
oligodendrocyte oligodendrocyte

+

|

Figure 3.1 Schematic of oligodendrocyte maturation from progenitor to fully myelinating
cell. The antigenic propertied cellsat the different maturatiostages are depicted.
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During adulthood, the core function of OLRs thought to be as a source of
remyelinating cells in demyelinating lesioasd to replace oligodendrocytes ldsie

to ageing, injury or disease (Keirstestal, 1998;Watanabeet al, 2002; Dawsoret
al., 203). Ther abundance andlistribution, however, have raisequestions
associated with alternative functions theight serve in the adult CNS (Chapt#y.
To shed light on the faseand behaviour of OLPs in the normal adult br&,Ps
and their progeny werdabelled and traced y  Ald®d tchnology in adult
transgenic mice. This approach relies on expressing a tamanxifacible version
of Cre recombinase (CreER) undéhe transcriptional control of regulatory
sequences associatedtiwgenes that are expressed specifically or preferentially in
NG2 cells. When a Creonditional reporter transgene such as Ruosa26YFP is
also present (see 2.7.1), brief administration of tamoxifen induces Cre
recombination, activating thgellow fluaescent protein (YFPjeporter irreversibly

in OLPs and all of their descendents (§Hwapter 2 Fig. 2.4).

For this studyl used the PdgfiJ-CreER™ transgenicmouse ling(Riverset al, 2008
see2.7.1), which when crossed to the26 YFP reporter mouse line, allowede to

follow the fates of OLPs in the adult mouse brain.

3.2 Results

3.2.1 Antigenic and proliferative properties of adult OLPs
Adult OLPs are usually characterized as NG2-®6cessoearing cells in the gyeand

white matter. Ex pr essi on of PDGFRU in NGB +
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iImmunolabeling of adult brain sections, which showed thatactically all
nonvascular NG2xpressing cells cexpress PDGFRand vice versaFig. 3.2). In
particular 99.6% +0.4% of NG2+ OLPs in the corpus callosum-expressed
PDGFRJand 98.96 + 2% of PDGFRJ+ OLPs wer 1,000 celis tothlG2 +
from three micefig. 3.2a, b, €). These two OLP markers couldetiefore be used
interchangeably depending on the specific experimental condi{@gs fixation
conditions) required on each occasion. For example, ahébody to PDGFR
worked only inlightly-fixed tissue, whereathe antibody to NG2 could be used in

short- or long-fixed material.

To further confirm that OLPbut not oligodendrocyteeexpresPDGFRJ a 1Gd, N
cells were cdabelled with antibodies against CNP, an oligodendrocyte marker, and
either PDGFRJ 0 2. Mo PDGFRJ +/ CNP + as detelcted invté corpus
callosumor cortex(Fig.3.29. Only a very small proportion of &2+ cells (0.86 £
0.4%) coeexpressed CNP in the corpus callosum ancemorihe cortex(Fig.3.26.

CNP is an early myelination marker. The small proportion GRENCNP+ cells
obsewed could correspond to cells that had just started differentiation and had not
yet fully downregulated N62 expression. €lls were alsodoublelabelled with
antibodies to NG2 and SOX1Which works only in longfixed tissue). lfound that

all nonvascular NG2+ cells eexpressed SOX10 (no SOXl@ells out of >1,000
NG2+ cells scored from three micEjg. 3.2c, €). There were, however, many
SOX10#NG2Z cells, especially in white matter, that presumabbrrespond to
differentiatel oligodendrocytesHig. 3.2c, €). All SOX10+ cells were also OLIG2+

in thecorpus callosum and cortex, which allowd useof OLIG2 interchangeably
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Olig2
Percentage of labeled population coexpressing second marker
e Corpus callosum Cortex

PDGFRa NG2 OLIG2 S0X10 CNFP PDGFRa NG2 OLIG2 SOX10 CNP
POGFRa 996+0.4 00 989%1.2 0£0
NG2 996404 63+06 03+04 98942 327+ 43 040
oL/Gz 99.7£03 100%0 98124 1000
SOX710 1000 986+1.2 10040 100+0 99.8+03 100+ 0
CNFP 0x0 091586 0=0 0%0

Figure 3.2 Antigenic properties of adult OLPsai€) Cryosections of young adult (P45)
brains were doubleimmunolabded for different combinations of oligodendrocyte lineage
markers PDGFRI(Ra), NG20LIG2, SOX10 and CNP. Representative images are shown in
ai d, and cell counts (means % s.d.)anColumn headers refer to the labed populations

(e. g. P D G FeRdrbvsHeatldr® refer to the -expressed second mark&ertain
antibody combinations were not possible because of incompatibilities between the required
fixation conditions or the species origin of the antibodi€aylene M Young, Leme E
Rivers and Konstantina Psachoulia contributed data for this fig@®ale bars represent 50
emaamd 10bidem in
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with SOX10 as a general oligodendrocyte lineage marker inflagad material Fig.
3.2d, €). The atibody to OLIG2 labdkdonly a subset of PDGRR cells in shor
fixed tissue,a fact most likely attributed to failure of the OLIG2 antibody to work
reproduciblyunder this fixation. For this reason, thantibody to OLIG2was not

usedin shortfixed material.

3.2.2 Fate mapping adult oligodendrocyte progenitor cells in the adult CNS

3.2.2.1 Characteizationof P D G F REER?/R26 YFPtransgenic mouse

In order b follow the fates of PDGFBr adult OLPsa transgenic line was generated

that expresse@ tamoxiferinducible form of Cre recombinase (CreER under
Pdgfra transcriptional control. In situ hybridization revealed thaEreER'? RNA
transcripts were expressed in scattered cells throughout the postnatal brain, similar to
endogenoudPdgfra transcripts Fig. 3.3). In particular, the proportion of cells
expressing Cre mRNAnNn the cortexwas equivalent to theroportion of cells
expressing PDGFR mRNA (92% + 19.9%; Fig. 3.3ad). Doublelabel in situ
hybridization showed that there was near complete overlap be®degra andcre
expression irthe neocorteX>99% ofcre expressing cells eexpressedPdgfra; Fig.

3.3). In the corpus callosum, whene situ hybridization was less sensitive, >95%

of cre-expressing cells expressed detect&#ulgfra (Riverset al, 2008) Therefore,
expression ofthne Cretrape ne appeared faithful atdo t hat
this transgenic mouse was used to trace the behaviour of OLPs in the adult mouse

brain
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Figure 3.3 Characterizationof PDGFRaCreER? transgenic mice. Tensure appropéite
expression of the transgerin,situ hybridzationwas performedo detect PDGFRa (a) and
Cre mRNA (9 on P28 brain taken fronfPDGFRaCreER? transgenicmice (b and d are
taken from the brain regions, indicated thetsmall rectangle i and c respectivelyThe
proportion of P Dé&xprdvded Cre wab 9286 + tl.B%&d-expession of
these mMRNA transcripts was confirmed by double fluorescent in situ iaghiad (e).
Arrows indicate the doublabelledcells.
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For these tracing studiespimozygais P D G F ®réER? mice were crossed to
homozygousRosa26YFP reporter miceo generate doubleeterozygou$® D G F-R U
creERYR26 YFP offspring Gee2.7.]). Due to limitations in genotypinghat
prevent distinctiorbetweenmice that are homozygous versus heterozygous for the
PDGFRaCreER? BAC transgene, the efficiency of recombination in

P D G F:Rdth/R26YFP could not be directly compared withD G F :Rei/R26YFP
mice. However PDGFRaCreER%R26 YFP double heterozygousansgenic mice
from the abovemating were mated with homozygousP D G F RIE@ER? mice and
therof f spring were genotyped for &2f.ressio
Of the mice that wer@ositive for R26YFP, it was expected th&0% should be

P D G F:Rd¥R26' YFP and~50% wereP D G F :RdR26 YFP. Tamoxifen(TM)

was administered to offspring of mixed littes6 P D G F :Rdland P D G F :Rduh

and knownP D G F :RdBR26 YFP transgenic micein young adulthood(P45)
Tamoxifen inducesnuclear translocation of CreERand promots Cremediated
recombination, which in turn leads to YFP expres¢s®me2.7.1.3. For both groups

of mice, bain tissue was collected 7 days ptanhoxifen (P45 +7) and was
immunolabelled with antibodies against YFP aPBGFRa (Fig. 3.4ab). The
percentage ofPDGFRa+ cells that were YFP+in the corpus callosunwas
determired for 5P D G F:ReifhoniR26 YFP mice and 4P D G F :Re#R26 YFP
mice. For the P D G F:RéR26 YFP group, ~45% of PDGFRar cells were
observed to expressFP, i.e. £% recombinatior(Fig. 3.49. If the efficiency of
recombination was increased for homozygPIEGFRaCreER? mice compared to
heterozygoteswe would expectto seea i ncrease in the propo

cells labeled in some mice, which would increase the variability within the group.
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DAPI|D  YFP DAP! f#
P45 +7d CC P45 +7d Ctx

70 -
60
50 A
40 A
30 A

20 A

% Ra+ cells labelled

Rahet/hom Rahet R26YFP
R26YFP

Figure 3.4 Recombination efficiency in the PDGFRaeER%R26YFP transgenic mice.
PDGFRaCreER%R26YFP mice were crossl with homozygouPDGFRaCreER? and
their offspring were administeredTM at P45 Brain sections from P45 +7d mice was
examined in the corpus callosum (a) and cortex (b) byublo fluorescent
immunohistochemistry with antibodiegyainst YFP and PDGFRa The proportion of
PDGFRa+/YFP+ cells in the total PDGFRa+ cell population in the corpus callosum was
gquantified. ~50% OLPs were YFP-labelled with no statistically signifant difference
between PDGFR&eIR26 YFP mice and PDGFRhet/homR26'YFP mice (t test; P=0.19;

¢). However, both the mean and standard deviation in the hom/het mice were higher that in
uniformly het mice, suggesting that generating homozy@®iSFRaCreERYR26 YFP
mice might be useful to increase recombination effigiéhrequired in future studieshite

arrows and arrowheads YBR oPD GFFFRRUH RDEG HRU + easnpde ¢
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We detected no overall significant change @ated t test; P=0.19). However,
within the group the highedt¢vel of recombination deicted(highest proportion of
YFP-labeled OLPs)n an individual mouse was 68%. This experiment suggests that
generatingP D G F :Rdih/R26YFP mice might be able to increase recombination
from ~45% to~70% for future studies However, in the studies described in this
Thesis | used®DGFRaCreER%R26YFP double heterozygous transgenic mtoe

keep the breeding strategy simple

3.2.3 Adult OLPsgive rise to myelinating oligodendrocytes in the postnatal brain

In experiments congtted by Leanne Riversarnoxifen was administered to adult
(P45)P D G F RreER?R26 YFP transgenic mice in order tiabel andfollow the

fates of adulborn OLPs. Mice were sacwBd at several timpoints post
tamoxifen andtissue sectionsmmunostained to dete®DGFRJ and YFP. A
accumulation ofPDGFR}YFP+ cells was observedver time (Fig. 35). This
accumulation was noted to be much faster in the corpus callosum than in the motor
cortex Fig. 35). These datasuggestd that PDGFR}* OLPswere differentiating

and turning of fdufDBetiRécowse pfthe exgeriinemt

When | administerectamoxifen tomore mature®PDGFRaCreER?/R26-YFP mice

(P60 and examined brain sections at various timepoints thereafter by
immunostainingfor YFP and FFD.G6aRAY.3.7a), | also observeda

declinein the proportiono f YFP+ cel | s {abelledin thheecorpus PDGF R
callosumwith time (Fig. 36c). This was also detected in thaotor cortex Fig.

3.7¢). To determine the identity of the differentiated OLPiapelledbrain section

from P60PDGFRaCreER%R26-YFP mice for YFP and CC(Fig.3.6b; Fig.3.7b).
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Figure 3.5Tracing studies of OLPs in early adulthoddvl was administered tBDGFRa
CreER?/R26 YFP transgenic mice at B4The brains werénmunolabelled with antibodies
againstYFP and PDGFRa The number of differentiate®DGFRanegativeé YFP+ cells

was counted in the corpus callosum and cortex at 5, 14, 28 and 90 days mmsfaamThe

numbersof YFP+PDGFRanegativecells increases with time (cellsiimn  a 14em sect
n=4) in both brain regions. (Rivers et al., 200@&ta from Leanne E Rivérs
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Figure 3.6 Oligodendrogenesis by adtibrn OLPs in the corpus callosunitM was
administered to PDGFRE&reER?R26YFP transgenic mice at@®. Bain sections were

i mmunol abell ed with antibodies against YFP |
(d; red). White arowheads show doublgosi ti ve YFP+/ PDGFRU+ or Y
and white arrows singtpositive YFP cells. The proportisnof OLPs that have
differentiated versus the proportion of OLPs that agmd at the progenitor stage were

plotted as percentageof Y P+/ CC1+ and YFP +kespdtBdyRdntthec el | s
total number of YFP cells present in the corpus callosum (e).
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