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Summary / Zusammengaung

1.1. Summary

Canavan diseas(CD) is a rare leukodystropbgused bylossof-function mutations in the
gene encoding aspartoacylase (ASPA), an oligodendreaytehed enzyme. It is characterised by the
accumulation othe ASP/Asubstrate Nacetylaspartate (NAA) in braiblood and urine, leading to a
spongiform vacuolisation of the brain, severe motoric and cognitive impairsn@mtl premature
death. To date, no therapy is available due to the lack of a-tyamsfer system allowing transgene
expression in oligodendroog$ (OLs) and the restoration of the missing enzyme. Hence, the aim of
this study was to establish a novel gemnansfer system and its preclinical evaluation in a CD animal
model.

In the first part of this thesjsa novelASPA mouse mutant was generated. geo cassette
(including the genes encodinggalactosidase andeomycin) flanked by frt sites was inserted into
intron 1 of the intactaspa gene. Additionally, exon 2 was flanked by loxP sites for optional
conditional déetion of the targeted locus. ThesultingASPAdeficientaspa®“*“mouse wagound
to be an accurate model of CD and an important tool to identify novel aspects of its complex
pathology. Homozygous mutants shesv a CDlike histopathology, neurologitaimpairment,
behavioural deficits as well as a reduced body weight. Additionally, MRI data revealed changes in
brain metabolite composition.

Recombinant adenassociated viral (rAAV) vectors have become a versatile tool for gene
transfer to the central arvous system because they are efficient, #ioric and replicatiordeficient.
Based orthe natural neurotropismof AAV vectorsAAVbased gene delivery has entered the clinics
for the treatment of neurodegenerative diseases. However, the lack of AAV rgeetith
oligodendroglial tropism has precluded gene therapy for leukodystrophies. In the second part of this
work, it was shown thatthe transduction profile of established AAV serotypes can be targeted
towards OLs in a transcriptional approach, using ¢ligodendrocytespecificmyelin basic protein
(MBP) promoter to drive transgene expressiorOLs

In the last part of this work, the therapeutic efficacy of Aiediatedaspagene transfer to
OLs of juvenilaspa®“*““mice was evaluated. AAdspa injections into multiple sites of the brain
parenchyma resulted in transduction of OLs in the grey and white matter throughout the brain.
Histological abnormalitiei the brain of ASPAeficient micewere ameliorated and accopanied by
a reduction of NAA levels. Furthermore, the treatmeasulted in normalisation obody weight,
motor function andnestbuildingbehaviour These data provide a proof-conceptfor a successful
gene therapy of Canavanisgase. This might pavehd way towards translation into clirat

applicationand serve as the basis for the genetic treatment of other leukodystrophies.
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1.2. Zusammenfassung

a2Nbdza /Iyl @y o6/50 AadG SAyS aSt-a-binetd 2-y & dz] 2
Mutation im aspaGen entsteht. Dieses Gen kodiert fir das ABR#Aein, das in Oligodendrozyten
angereichert ist. Kennzeichnend f@Dist die Akkumulation des ASFAIbstrats NAcetylaspartat
(NAA) im Gehirn, Blut und Urin. Difggrt bei CDPatientenzu einer spongiformen Vakuolisierung
des Gehirns, zu schweren motorischen und kognitiven Defiziten sowie zum ToBereichen des
Erwachsenenalters. Bisher gibt es keine kurative Therapieméglichkeit, da ein virales
Gentransfersystems fehltyelcheses eamdglicht, Transgene in Oligodendrozyten zu exprimieren und
dadurchdas fehlende Enzym zu ersetzédas Ziel dieser Arbeit war die Etablierung eines solchen
Gentransfersystems und dessen praklinische Evaluierung in eindviaG&nodell.

Im ersten Teil dier Arbeit wurde zunadchst ein neues ASIAzientes Mausmodell
hergestellt. Dazu wurde eineon frt-Sequenzen flankierte 3 &2 & & S (i i SGalakiosidaseTUMNINI |
Neomycin kodiert, in das Intron 1 demspaGens eingeflgt. AulRerdem wurde zur optionalen
konditionalen Deletion das Exon 2 despaGens mit loxFStellen flankiert.Es konnte gezeigt
werden, dass dieseblausnodell das klinische Bild der Krankheit widerspiegelt und als wichtiges
Instrument zur Aufklarung der komplexen Pathologie dienen kann. Hymote aspa®“*““Mause
zeigen eine Ciypische Histopathologie, neurologische Stérungen, motorische Defizite sowie ein
verringertes  Korpergewicht.  AulBerdem zeigen MR™aten Veranderungen in  der
Metabolitzusammensetzundes Gehirns.

Rekombinate adencassoziierte virale (rAAWektoren habensich zu einem vielseitigen
Werkzeug fur den Gentransfer in daentrale Nervensysterantwickelt, da sie effizient, nicHbxisch
und replikationsdefizient sind. Aufgrund ihres inherenten Neurotropismus werden sig#dkliaisch
in der Behandlung neurodegenerativer Erkrankungen eingesetzt. Allerdings ist die Verwendung der
Vektoren zur Therapie von Leukodystrophien bisher nicht mdglidh, Vektoren mit
oligodendroglialem Tropismus fehlen. Im zweiten Teil dieser Akogihte gezeigt werden, dass das
Transduktionsprofil schon etablierter AAXéktoren zugunsten von Oligodendrozyten verschoben
werden kann. Dies wurde durch die Verwendung des Mymsische-ProteinPromotors (MBP
Promotas) erreicht, der auf transkriptiteller Ebene die Expression von Transgenen in
Oligodendrozyten ermdglicht.

Im letzten Teil der Arbeit wurde die therapeutische Effizienz des-vefvlittelten aspa
Gentransfers in  Oligodendrozyterjunger, ASPAlefizienter Mause untersucht. Multiple,
parenclymale AAVaspa Injektionen resultierten in einer Transduktion von Oligodendrozyten

sowohl in der weil3en, als auch in der grauen Substanz im gesamten (&ieisnflihrtezu einer

3
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Verringerung derNAAKonzentrationim Gehirnder behandelten Tiereund zu einer deutlichen
Abnahme der histologischen Schaden des GehirnsuBerdem fuhrte die Behandlungur
Normalisierung des Kdpergewichtad zurVerbesserung motorischérahigkeiten.

5A8a8$s I NB SA i &0 St f-di-concRotrStidie  furS Adig S erfolgrielddl2 2 F
gentherapeutische Behandlung von Morbus Canavan AlaRerdem konnen diese Ergebnigien
Weg in die klinische Anwendung ebnen undls Ausgangspunkt fur die Entkiung neuer

Therapiestrategieffir weitere Leukodystrophien dienen.
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General Introduction

2. Introduction on leukodystrophies and gene
therapy in the CNS

2.1. Cell types of the central nervous system

In the course of evolutionhigher eularyotes were forced toadapt to ever growing
challenges resultingn an increase of size and complexity of the nervous systm. verebrate
nervous system is orgamid in the central nervous system (CN8jnprisingthe brain and the spinal
cord, and theremaining part of the nervous system, tiperipheral nervous system (PN&hich is
subdivided into somatic and autononfiiNS

Our brain constitutes only ~2% of the boggight, butconsumes-20% of total body oxygen
and ~25% of glucog&HERWOORL al. 2006), showing the vast activity and fundamental importance
of this organ. Beyond thathe human brain containbillions of cells, each with distinct fes, and
forms more than 100 tillion (10*) synapsesdemonstratingthe complexity of this orgarCell types
are classified ito neurors and glial cells andhe latter are further subdivided into macroglia
(astrocytes analigodendrocytes) and microglia.

Glial cells were discovered the 19" century by Rudolph VirchoWWiRcHOW1846), who
erroneously considered them to be “brain glue” (Greghia = glue),providinga scaffdd to support
neuronal function. Howeverthe work of the last twenty years indicat more versatile role for
these cells and thedysfunctionin diseaséhighlightsthe fundamental importance of glial cells in the

maintenane of thebrain cell network.
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Oligodendrocyte
wraps myelin around
multiple axons

tige /l:"qslsyndplia
erminal

M Microglia

Blood vessel

Astrocyte end-feet
wrap around the
blood vessel

Figure 2.1 The lrain cell network.

Aside from neurons, the brain contains different types of glial cells. Oligodendrocytes wrap up axons with myelin to fasten
signal propagation. Astrocytes ensheath synapses and assist in signal transmission as well as in the exchange of factors with
the blood system and microglia are the resident immune cells of the brain (adapted/fuarenand B\RRE2009)).

2.1.1. Neurons

The human brain contains aboutl00 billion (10') neurons, or nerve cellgrocessing and
forwarding information via electric or chemical signalingeurons are classifiediteer by their
connections and inputspy the neurotransmitters they user by their electrophysiological
properties. The functional classification subdivides neurons into efferent neurons, also called sensory
neurons conveyingstimuli such as light, touch and sound from the orgemghe CNS, andferent
neurons, also refegd to as motor neurongransfering information from the CNS tohe effector
cell such as musclgland and organ cells.

Although neurons show a broad variety in shape, the cells can be divided into three parts:
The perikaryon or soma, and the axon and dendrites extending from the soma. Desdare

multiple fine filamentsforming the dendritic arbor, receivenost of the synaptic inpuand can be
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modulated in number and structure in response to neuronal activity. The cell body is the compact
part of the nerve cell and contains the nucleas well asmajor cytoplasmatic organelles.
Aggregations of cell bodies form the grey mattertioé brain, as they appear grey on freshly cut
brain sections.In contrast, myelirrich regions appear white due to the high ammb of lipidsin
myelin and form he white matter. When incoming signals are received by the neuttoey are
processed, integrated and transferred to the axon, whardion potentials are formed anthe
electrical signails transmitted to the axon terminals and via synapses to other cAksn length can
vary from less than a millimetre to more than a meti@ motor neuronsprojecting into the
extremities.

Neuronal communication depends on both electrical and chensigglaling With exception
of electrical synapsespeurons use diffeent kinds of neurotransmitters binding to chemical
receptorsto transmit information Based on the nature of the neurotransmitteneise interactions

can either benhibitory, exctatory or modulating

2.1.2. Microglia

Micoglial cells have a variety of functions in CNS, mainly associated with tissue homeostastis
and immune response, as they are the resident macrophagemibrain. They secreteytokines and
growth factors and are involved in CNS development, gliogerasil angiogenesis. Inflammatory
processes, viral infections and neurodegei®n are capable of inducingeactive'microglia. One of
the main characteristics of activated microglia is the change in morphology upon activation from a
bushy appearance irhe healthy adult CNS tawds an amoeboid morphology in thiisease state.
During phagocytosis they engulf cellular debris and apoptotic cells and also viruses and bacteria after
infection. Furthermore, microglia activation resallin an upregulation of theeaetion of cytotoxic
and/or inflammatory mediators and in antigen presentation, as for example in migoglia

activation induces -Tell responséOLsoNet al. 2007).

2.1.3. Astrocytes

Although astrocytes have been named after their star shaped morphology, their form varies
widely. Histologically they are identified by staining the intermediate filaments composed of glial
fibrillary acidic protein (GFAP) andsdd#ied into protoplasmatic astrocytes, which are predominantly

found in the grey matterand fibrous astrocytem the white matter.
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Embryonically, astrocytes derive froradial glid cells, whichprovide structural support in
patterning and neuronahigration Therefore radial gliaplay a crucial role in developmeandserve
as precursors during neurogenesis in adulthgbidcToret al. 2001). Astrocytesexpress adhesion
molecules and extracellular matrix proteins such as cell adhesion mole@tueds), fibronetin,
laminin and growth factors and collaborate in forming the neural netwék hey are involved in
the regulation of ion concentratiorthey express potassium channels, which are needed to balance
the extracellular milieu for synaptic transmission. Further functions include the building and
maintenance of the bloodbrain-barrier and the promotion of myelination by theecretion of
leukemia inhibitory factor (LIF) in response to ATP released by firing neuiisAsAsHet al. 2006).
Astrocytes modulate and control syptic transmission by the uptake of neurotransmitethe
release of so calledjliotransmitters” upon activation of-@rotein coupled receptors (GPCRs) émel
elevation of C&-concentration by releasing C& from stores in the endoplasmatic reticulum
(ANTELL@nd \WOLTERRZ009. Furthermore, astrocyteglay a crucial role in detoxification of the CNS
They are thought to be inWeed inthe clearing of amyloid 6! i 00X GKS LINRPGSAY GKI
plagues in Alzheimer's disea$@/yssCorAvet al. 2003. After brain injury, viral infections, or in
response to neuronal degeneration and inflammatory demyelinating diseases, astrocytes can
become hypertrophic and may proliferatieading to aso called reactive gliosis(ENGand GHIRNIKAR
1994). This is accompaniedly structural changes such as the upregulation of intermediate filament
proteins GFARvimentin and the reexpression of nestifPEKNYand NLssOX005). In addition, there
are functional changekading to theupregulation of proeolytic enzymes such asmthepsinesand
calpainto degade myelinproteinsin demyelinating diseasd&>DLESTOBNd MUCKEL993 SHIELD®t
al. 1999.

2.1.4. Oligodendrocytes

As communication from and to the extremities and within the brain depends on rapid signal
propagation, the conduction velocity in axonsaisrudal factor.The increase of conduction velocity
is either achievedy the enlargement of the axon diameter, & example in the case of the squid
giant axon, or by the insulation of the axenth large sheets of membranesthe myelin sheath.
Both mechanisms lead to an increase in conduction velocity making it possible to transfer
information over long distanceand are employed in the nervous system of many taxa, both
vertebrate and invertebratéHARTLINEND LMAN2007).

In the mammalianCNS oligodendrytes are the myelinating cellnd, in contrast to PNS

where Schwann cells are the myelinating cells, oligodendrocytes can wrapltiple axons.They

9
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derive from oligodendrocyte precursors (OPfsin the neuroepithelial cells of the ventriculand
subventricularzone (DOETSsCIet al. 1997). Theirnumber increasgfor six postnatal weeks in rodents
(BARRESaNd RAFF 1994 and is regulatedby apoptosisin the maturating brain. OPCs migrate
extensively throughout the brai(BvaLLet al. 1987), settle in the future white matter tractdecome
postmitotic and differentiate driven byactors from neurons as well as astrocytes. Each stage of
oligodendrocyte maturationis characteried by the expression of different transcriptidactors,
proteins and lipidsDuring myelination oligodendrocytes build a large sheet of plasma membrane,
which gets spirally wrapped around the axdrong myelin segmes are interspersed witby the so
called hodes of Ranviet, where sodium channels are clustered to facilitate the saltatonpulse
propagation of action potentiald-urthermore, oligodendrocytes are involved in tdevelopment

and the regulation of the axonal calib@nd the inhibition ard regeneration of axonal growth
(BAUMANNand RHAM-DINH 2001). Independentof myelin formation oligodendrocytesontribute to
axonal integrity by trophic suppo(NAVE2010. Additionally, the abnormal expression afyelin- and
oligodendrocyterelated genesin schizophreniaand bipolar disorder suggestsoligodendrocyte
dysfunction inthese diseasefAvisand FAROUTUNIAROO3 TKACHEet al. 2003). Most importantly,
oligodendrocyte dysfunction leads to severe-admd dysmyelininating diseases such as multiple
sclerosis or leukodstrophies, highlightinghe pivotal role of oligodendrocytes ithe maintenance of

CNSomeostasis

2.2. Leukodystrophies

The word leukodystrophy” is of Greek origin (leukqswhite, dys¢ impaired, trophec
nutrition) and terms a group of mostlgereditary neurodgenerative disorders characteeid by
defects in myelin sheatformation or maintenance (dédysmyelination) in the CNS and often also in
peripheral nerves. The molecular basis of these diseases are genetic mutations in thefarylhig
cells, the oligodendrocytes, or failure in myelination secondary to neuronal or astroglial dysfunctions.
This leads to a breakdown of the oligodendroegiuron interaction and subsequently to a
disruption of information processinfikumMARet a. 2006). By now, more than 20 diseases have been
identified as leukodystrophies andre classified by their affected cell organelle or histological

characteristics. Tabledummarigs differenttypes of leukodystrophies and their causes and effects.

10
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Table 2.1: Overview on leukodystrophies.

Disease Gene affected Cellular defect

X-linked ABCD1 Peroxisomal disease,

Adrenoleukodystrophy reduced -oxidation of VLCFA, VLCFA

(X-ALD) accumulation

Metachromatic Aryl sulfatase AARSA) Lysosomal disease,

leukodystrophy (MLD) Accumulation of sulfatides in brain and
kidney

Globad cell leukodystrophy Galactocerebrosidase Lysosomal disease,

(Krabbe dsease) (GALC) Accumulation of galactocerebrosid

Canavan disease (CD) Aspartoacylase (ASPA)  N-acetylaspartate (NAA) accumulation;
impaired lipid synthesis

PelizaeusMerzbacher Proteolipid protein (PLP) Unfolded protein response

Disease (PMD)
Spastic Paraplegia Type 2 Proteolipid protein (PLP) Protein turnover, protein mistrafficking

2.2.1. Canavandisease (CD)

Canavan diseass an autosoral recessive disorder caused lmgsof-function mutatiors in

the gene encoding aspartoacylase (ASPA). It was described based on histological findings by Myrtelle

M. Canavan in 193{CANAVAN1931) and further characterisd by van Bogaert and Bertrarfsfan
BoGAERTand BERTRANIDL949), but it took nearly 60 years to find the molecular cause for CD
(HAGENFELDat al. 1987, MATALONet al.1988).

The single gene mutation has pleiotropic effects. Histopathologiudinfjs are a spongiform
vacuolisition of the brain, dilated ventricles and dysmyelination. The number of protoplasmatic
astrocytes increases and also their mitochondria were observed to be abnormally elongated with
distorted cristae, suggesting an impaired energy metabo(i&DacHlet al. 1973 ADACHIet al. 1972
KumMAR et al. 2006). Due to the lack of aspartoacylase its substratachtyt-aspartate (NAA)a
major osmolyte of the brainaccumulatesand leadsto water accumulation(BASLOW1999h. These
findings on cellular level lead to developmental delay, mental retardation, macrocephaly, hypotonia
and later spasticityoptic atrophy and seizures in CD patieMnTALONNd MCHALSMATALON200Q
SURENDRARL al. 20031h).

Besides gertec testing the clinical diagnosis includes measuring NAA levels in blood and
urine. NAA levels in blood and cerebrospinal fluid are elevated abdolid3and urinary levels are
increased up to 50 times compared to normal ley&3RENDRANRL al. 2003h. NAA levels are also
increased in the amniotic fluid and allow prenatal testi6@gmputedtomographyas well as magnetic

resonance imaging (MRI) of the brain of CD patients reveal diffuse white matter degeneration

11



General Introduction

(BrRisMAFRet al. 1990) and an elevated NAA peak is found in nuclear magnetic resonance spectroscopy
(WITTSACRL al. 1996).

There is a broad variatn in the clinical course of CD and the different forms @essified
depending on the onset of the diseageo a congenitl, infantile and juvenile formAlthough CD
patients have a drastically reduced lifespan and usually die before the age of ten, some patients,
however, reach the second and some even the third decade ofMifsALoNand MCHALSVIATALON
1999.

2.2.2. The enzyme: Aspartoacylase (ASPA)

The human aspartoacylase geneaw cloned in 1993 and is localised on the short arm of
chromosome 17 (17p18er) (KauLet al. 1994 KauLet al. 1993. The gne spans 30 kb and consists of
five introns and six exons. The cDbnprisesl,435 bp with 158 bp 5 and 316 bp 3" untranslated
regions and codes for a prote{EC3.5.1.15)ith 313 aminoacids (312 aminoacids in rat and mouse)
with a predicted molecular weight of 36 kfidauLet al. 1994). The humanaspacoding segence
crosshybridies with genomic DNA from yeast, chicken, rabbit, cow, dogjsmorat, and monkey
suggesting that ASPA is highly conserved during evol(Krri et al. 1994 KauLet al. 1991). Studies
on the structure of ASPA revealed that recombinant ASPA forms dimeitso (BITToet al. 2007 LE
GoqQet al. 2006, however, the active form of the native protein is a mononfldeRSHFIELEt al.
2006). ASPA belongs to the zinarboxypeptidase familiBiTToet al. 2007, HERG/et al. 2006 LECOQ
et al. 2006 MAKAROVANd GRISHINL999).

Although CD is paethnic, it is more prevalent among Ashkenazi Jews of Eastern European
origin and in this group two predominant gene mutations have been identified, wdoobunt for
96% of the mutation in this populatiofikRONNet al. 1995. The missense mutation E285A leads to a
loss of the hydrogen bonding network at the active site and the nonsense mutation Y231X leads to a
truncated protein, which is likely to be degradedvivo(BiTToet al.2007).

Histologically,the most abundant expression is observed in white mattercts and the
thalamus Oncellular level ASPA expression is restdcte oligodendrocyte§BHAKOOet al. 2001,
KIRMANI et al. 2003 KLuGMANN et al. 2003. However, there is onestudy reporting the
immunostaining of a small number of large reticular and motor neurons in the btam and spinal
cord of rats and of microgliawhich were faintly to moderately staine@ViAbDHAVARA®t al. 2004).

The subcellular locabision, however, is still a matter of debate. Early studiaggestedhat ASPA is
an integral component of the myelin sheath where it is idelaibatedto produce acetyl groups from

NAA forthe synthesis of myelin lipid§CHAKRABORT®t al. 2001). Later studies revealed ASPA
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immunoreactivity in both cytoplasm and nucleus of oligodendrocyidsRsSHFIELBt al. 2006
KLUGMANNet al. 2003, but all studies lack consistency in the techniqueed pretreatment of the
samples and antibodies used for the determination of ASPA expression. Another study combining
immunoblot, proteomic and biochemical approaches demonstrated the bimodal occurrence of ASPA
in the cytosol as well as in the myelin of the brélaNget al.2007).

In wildtype mice, ASPA expression coincides with oligodendrocyte maturation and
myelinogenesigBHAKOCet al. 2001, KLUGMANNet al. 2003, but recent studies showing that ASPA is
already expressed as early as E12.5 raised the question of the developmental efféissprbtein
in the brain(KuMARet al. 2009. In the absence of ASPA immature oligodendrocgiegarticularly
in the white matter and, simultaneousla massive increase in the number of undifferentiated neural
stem/progenitor cellss observed suggesting attempt to repair the damageA study by Kumar and
co-workers revealed that neural progenitors have an increased proliferation rate due to aflosi
cycle arres{KuMARet al.2009. Hence, there is a concurrent genesis of oligodendrocyte progenitors
and apoptosis of immature oligoderalrytes Furthermorejt was speculated that ASPA is involved in
chromatin remodeling due to its function as a deacetyldsdeed, asecond study by Mattan and
colleagues (MATTAN et al. 2010 showed an increased level of acetylated histone H3 in
oligodendrocyte®f ASPAdeficient micesubsequently leading to a moresghersed chromatin, which
is an indicationof progenitorlike cells. Theséindings suggesthe involvement of ASP#k early
postnatal development affectingligodendrayte maturation and myelinatiorand are further
supported bystudy reporting increased postnatal mortality ASPAknockout miceSURENDRAEL al.
2005Dh.

2.2.3. The substrate: N -acetyl -L-aspartate (NAA)

NAAis among the most abundant free amino aid the brain and was first isolated from
cat and rat brain(TALLAN1957 TALLANet al. 1956). It is an amino acid derivate with an acetylated

amino group, carrying two nega# charges at physiological pH.

0 (0] © O
o] 0 o} O
/LI M /V\I Y
—_— +
0O H 0 NH3+ 0

N-acetyl-L-aspartate L-aspartate acetale

Figure 22: The chemical structure of NAA
The cleavage intaspartate and acetate is catagd by ASPA.
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NAA localiation anddistribution

Although the highest amounts of NAA were found in the brains of mammals and birds,
amphibians and fish caéain NAA as well. Furthermore;, is not restricted to the CNS, but was
observed inthe PNS and the vertebrate eye, yet in very low amsyBasLowand YWMADA1997,
MivakEet al. 1981, NADLERand OPER1972. Early studiesshowed, that inthe CNS NAA is
predominantly found in neuronfNADLERand COOPERL972). However, more recent studiegvealed
that oligodendrocyte progenitors, and probably mature oligodendrocytescontain NAAas well
(BHAKOGand FEARCE2000, URENJAIt al. 1992). The establishment of specific antibodegainst NAA
enabled the @termination of cellular local&ion (MOFFET®t al. 1991 SMMONSet al. 1991). Thus,
NAA was present in most neuronal cellppdations, yet in varying concentration§MOFFETTaNd
NAMBOODIRL995 URENJAKet al. 1992). Due to its hif concentations in the brainand its well
characteried MRI profilgMICHAELIst al. 1993), it is used as a surrogate marker for the rionasive

determination of neuronal density and integrity.

NAA metabolism

The NAA metabolic clecis remarkably compartmentaéid and involves neurons, astrocytes
and digodendrocytes. NAA is synthesisfrom acetylcoenzyme A (AcCoA) and aspartate in the
mitochondria of neurons by acetyl CoA/aspartateadetyltransferase 8L (ANAT, Nat8L, EC2.3.1.17)
(WiaMEet al. 2010 in an oxygen and ABRdependent mannefPATELand CARKLI979. Probably, NAA
is produced in microsomes as wdllu et al. 2004). Intracellular NAA levels maintain at a
concentration of 20 mM with an intracellular/extracellular gradient of >ZB&sLow2010. Upon
stimulation, NAA is released to the extracellular fluid (ECF), taken gigndendrocytes, where
NAA is cleaved into asfgate and acetate. The lattemay serve as acetate source for myelin lipid
synthesis, while aspartate is recycled in neurons.

Another source for NAA is the dipeptideadetylaspartylglutamate (NAAGLike NAA, NAAG
is synthesied in neurors from NAA and glutameatcatalyed by NAAG synthasBlAAGSEC.2.3.1.1)
(BECKEFet al. 2010 and the cellular concentration is maintained at 1 m{BaAsLow2010. After
release into the ECF, NAAG can be cleaved by NAAG peptidase (glutamate carboxypegattdse I,
EC 3.4.17.21), which is located on the surface of astrocyibereas NAA is further metabolised in
oligodendrocytes, glutaate is taken up by astrocytesnd converted into glutamine prior tthe
transport back to neurongBasLow2010. Taken together, the NAA system ties up the intercellular
communication between neurons, astrocytes and oligodendrocytes and is therefore termed “the

operating system” of the braifBasLow2010).
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Figure 2.3 Schematic representation of NAA metabolism.

See text for details. NAA, -a&tetytL-aspartate; NAAG, ddcetylaspartylglutamate; ANATacetyl CoA/aspartate N
acetyltransferase; NAAGS, -adetylaspartylglutamate synthase; GMC glutamate carboxypeptidase Il; ASPA,
aspartoacylas.

NAA functions

Osmoregulation

Unlike glial cells,eurons do not express aquaporins and their membrane seems to be largely
water impermeable due to the fact that large part of their axons are insulated by myelbREWSt
al. 2007 BUFFoOLR010. Therefore, neuroniave established other mechanisms to regultteir
osmolarityby cotransporting water against the gradient and the-tansporters have subsequently
been named “moleculavater-pump” (BASLOWL9993 BAsLOW2002). The export of water is coupled
to the release of NAA leading to the-tansport ofat least 32 molecules of water per molecule NAA
(BAsLow2010. It was proposed for CD that excessive NAA levels lead incagase in osmotic
hydrostatic pressure and initiation of the demyelination proc@sLovwand GQJILFOYLR009).
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Acetate source for myelin lipids:

The incorporation of the acetate moiety of NAA in brain lipids was already suggested in the
1960s(D'AbAMOEt al. 1968 D'AbAMoand WMTSU1966 but confirmed firstin 1991 byBurri and ce
workers Theycould show that acetate from NAA was incorporated in brain lipids particularly during
early postnatal stages coarrent with myelination(Burriet al. 1991). Acetyl groups from NAA can
be traced to myelin lipids as demonstrated by Chakrabadrtythe optic system of the rat
(OHAKRABOR®t al. 2001). Furthermore, studies on aASPA«o mouse revealed dramatically lowered
free-acetate levels and myelin lipid synthesis supporting the hypothesis of NAA being an important
source of brain acetattMADHAVARA@L al. 2005 NAMBOODIRet al. 2006). According to these findings
hypomyelination in CD is not surprising, but as acetate also be transported from other organs

into the brain(BALLARIL.972 DEELCHANet al.2009) it may not be the sole cause of CD.

Neurotransmitter/ neuromodulator:

NAA is known to induce seizures after intracerebroventricular administration into rats,
probably due to the overexcitation of glutamate recept@gfgiMITSUet al. 2000 KITADAet al. 200Q
YaNet al. 2003. Furthermore, excess levels of NAA can promote oxidative stress by stimulating lipid
peroxidation, protein oxidation and by decreasing remzymatic antioxidant defenses in rat brain
(PeEDERZOLI#t al. 2007 PeDERzOLIet al. 2009. Additionally, excess lele of NAAcan elevate
hydrogen peroxide levelPEDERzOLIAt al. 20108 and induce theinducible nitric oxide synthase
(iNOS) to produce nitric oxid@JRENDRARO1Q. In contrast, NAAG acts as a neurotransmitter en N
methytD-aspartate (NMDA) rexptors and the metabotropic glutamate receptor mGHIRThe
activation of mGluRat the presynapse inhibits the release of excitatory neurotransmitters such as
glutamate, and the activation on glial cells stimulates the release of neuroprotective grovitinsfac
from these cells(NEALEet al. 2000, NEALEet al. 2005. Taken together, these data suggest a
neuroprotective role for NAAG. In CNAA as well as NAAG levels are increag@dwczyrand
GRADOWSK2003), indicating an attempt to balance the neurotoxic effects of NAA.

In addition, the expression of theNAA synthesisinggnzyme nat8Lcan be induced by
methamphetamine treatmen{ARIYANNURt al. 2010 NiwA et al. 2007) and the upregulatiorof this
enzyme in the nucleus accumbens in mice suggestsnt@vement of NAA in reward circuits and

the reinforcement of addictive drugs.
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2.2.4. Animal models of CD

Different mouse and rat models are available to study CD, which exhibit most characteristics

of the human disease regarding biochemical and histological abnormalities.

Tremor Rattm/tm):

A natural occurring ASPA null mutant, termed trenfom) rat, was identified to carry a
genomic deletion spanning the entiraspa gene locus This mutantshows the histological
abnormalities and biochemical characteristics of @RTADAet al. 2000 WANG et al. 2009.
Furthermore, theseaats suffer from epileptic seizures beginning aB7#veeks of agéS=ErRikawand
YAMADA1986), and the heterozygousn/+ mutants show the same type of epilepsyt with a later
onset (HGASHIGUCHat al. 1991). Although tremor rats have been used to study CD and develop
therapeutic interventions deductions from this mutanare hampered by the fact that the tremor

mutation encompasses a chromosomal aberratiomagaand at least two more gene loci.

ASPAknockout (ko)mouse:

The murineaspagene has been targeted to generate a 10 bp deletion in exonSV129 ES
cellsleading to a tuncated ASP/Arotein (MATALONet al. 2000. Although this mouse showed 3.4%
residual enzyme activity in the braiih,is most severely affected,ith an early onset phenotype and
premature death at 2 months. Expectedly, these mice exhibit neurological abnormalities, motor
deficits, metabolic changes including reduction of acetate, glutamate alAdevels and a strong
vacuolistion in the WM andsome GM areas of the brain andwroughout the spinal cord
(MADHAVARA®@t al. 2005 MATALONet al. 2000, SURENDRANt al. 20053 SURENDRANL al. 2004k
SURENDRARTL al.20033. Interestingly, in this mouse neither NAAG nor glutamate carboxypeptidase I
levels are alteredSURENDRARL al. 20049. To generate the 8PAko mouse the allele was targeted
with the neogene as a selection marker driven by the strggy promoter that has been suggested
to interfere with the activity of genes adjacent taspa (OLsONet al. 1996§. Hence, the seare
phenotype of the ASRKRo mouse was suggested to be caused by multiple gene efféris<set al.
2008.

aspd™":

Recently, another mouse model generated in &hethyl-N-nitrosourea ENU-based
mutagenesis approach was identified as a functional ASPA null m(iiemkaet al. 2008. This
mouse is on the C57BL/6J background acatries a nonsensmutation (Q193X) leadingotthe

truncation of ASPA at D19%/hile mRNA levels were reduced to 6086 ASPA proteinncluding the
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truncated versionwas detectable. These mice are less seveadigcted and survive >1 year (M.
Traka, pers. communication) but show the patholobisgns of CD including vacuali®on and
increased NAA levelslowever, they show less vacualion in WM tracts of brain and spinal cord,
but increased levels in GM areas compared to A Ako mouse. Despite the fact that sostnatal
day (PP70 many axonshowa rediced myelin sheath thickness;n@onth-old animals still exhibited
axons with a ormal myelin sheath suggestingmyelination effors and contradicting the hypothesis
that ASPA’s biosynthetic role in supplying acetate through Nydkolysis is critical for myelin

maintenanceTRAK et al.2008)

Taken together, there is a broad variation thre severity of the phenotype among these
animals, which could reflecthe course of thehuman diseaseput are difficult to reconcile.
Furthermore,a genetic dissection of the role of ASPA in different cell types and tissues is precluded

as conditional mutagenesis isquired to address this aspect.

2.3. Gene therapy in the central nervous system

Gene therapy was originally defined as treatment to correct genetically linked disorders by
swapping a nosiunctional gene for a functional cop§fRIEDMANNand FOBLIN1972). Today,gene-
based therapeuticseire broadly definedas the intraluction of nucleic acids into cellssing a vector
with the intention of altering gene expression to prevent, halt or reverse a pathological prieess
2011). Thisincludes gene addition, gene correction/alteration and gene knockdown or a combination
of these.While convenional pharmaceutical interventions are based on the repeated application of
adrug, gene therapy aims to ultimately correct dysfunctions.

The modification of the target cell can either be achievrdvivg where the vector is
administered directly to thénostor ex vivousing autologous cells derivéidbm a patient. These cells
are manipulatedex vivoand then transplantedback into the patient.Delivery of DNA can be
achieved by either no#iral or viral gene transfer methods. Then-viral strategy ircludesliposomal
or nanoparticlebased DNAdelivery as well ag vivo electroporation and offersseveral potential
advantagesThese vectors are easy to produtieey do not contain viral cdaminants nor do they
stimulate any preexisting antigerdependen immunity, and there is no size limit on the amount of
DNA that they can delivgkay2011). However, the use of nowiral vectors foiin vivogene transfer
remains relatively sparsespecialy in the CN8lue to low tansfectionefficiency(LEONEet al. 2000).

Most viral vectors are derived from common humaital pathogens and are naturally abto

18



General Introduction

transduce mammalian cells.h@ usage ofthese vectors lead to sustained and higlevel gene
expressionand therefore shows great promise inboth basic research as well as therapeutic
applications.

Currently, more than ten vector typesare in use (DAviIDSONand BREAKEFIELBOO3J). This
includes simple capsid virions such as adenovirus and adssaciated virus, and enveloped virions
like retrovirus, lentivirus or herpesimplex virus, which all differ by their genetic material encased
(DNA/RNA), size, maximum packagiagacity,target cell specificity (tropism) and their affinity to

integrate into the host cell genome.
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Figure 24: Gene therapyusingviral vectors.

(A) A normal life cycle of a virus starts witeceptor binding and internaligion of the virus,viral uncoating ad the
transport of viral DNANto the nucleus. The expression of viral genes $eadthe production of capsid proteins and
enzymes for te replication of viral genomegpfter the assembly, new virions are released and start a new infectimis.c

(B) In recombinant vectors, viral genes are replaced by a gene of interest (green), and the proteins of interest, but no viral
proteins are producedThe figure was redesigned based(&ucMANN007).

An ideal gene therapy vector for the CNS should métetiollowing characteristic6KLUGMANN2007,
Somiaand \ERMA2000):

1 Infectionof non-dividing cells as most brain cells are postotic;

1 Allowing for site-specific integration or episomal persistence, to avoid mutations in
the host cell genome or position effects;

1 Large packaging size capacity to enable thedfiemof large genetimaterial

9 Tissueor celktype specificity to minimis side effects due to off target transduction

1 Nonimmunogenicityto avoid a neutraing response after repeated applicatiamd

inflammatory reactions
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1 Sustained and regulated tragene expression fgotential life-long gene expression;

1 Simple and coseffective production of highiter vector stocks.

There is no vector availabimeeting all criteria, but adeneassociated viral vectors are the most

promising so far.

2.3.1. Wild type adeno-associated virus (WtAAV)

Adencassociated viruses (AAV) were first found as a contamination in an adenovirus
preparation and named according(ATCcHISONet al. 1965. They are classified into the famibf
Parvoviridaeand the genus Dependoviru8s he name indicateghe lytic cycleof this virusrequires
the coinfectionwith a helpervirus, such as adenovirus drerpessimplexvirus. All AAV serotypes
contain a singlestranded DNA genomefd.7 kb, which is packed inm icosahedral noenveloped
capsid ofapproximately 25 nm in diametefhewtAAVgenome consists of two operading frames
(ORF) flanked bgalindromic hairpin structures, thimverted terminal repeats (ITR). The 3’ QB
encodes forfour proteins (Rep78, Rep 68, Rep52, Rep40), that are involved in replication,
transcriptional controland sitespecific integration. The 8DRFcap encodes the viral structural
proteins VP1, VP2 and VP3, whiclild up the capsid containing @@pies of these proteins iaratio
ranging from 1:1:1@ZoLOTUKHIRt al. 2002 to 1:1:18(WU et al. 2006 and with a molecular mass of
87 kDa, 72 kDa and 62 kDa, resjively.

AAV biology is best tudied on AAV serotype 2 (AAV@$ this was the first AAV genome
cloned into a bacterial plasmidSamuLskiet al. 1982. Viral entry is mediated by cell surface
glycosanmogdycan or sialic acid receptors and subsequentratéons with cereceptors.AAV2 virus
internalisation depends on the bindingp heparan sulfate proteoglyca(HSPG)SUMMERFORR@Nd
SMULSKI1998 and until now, five caeceptors have been identified. Fibroblast growth factor
receptor 1 (FGFR) (QINGet al. 1999, hepatocyte growth factor receptor (HGRRASHIWAKURat al.
2005 and laminin receptas, e.g.hj sk 8 ; integring are thought to enhance virusell contact and
are likely to facilitate cell entrfAKACHEet al. 2006 SUMMERFORRBL al. 1999. Upon eceptor binding,
virions ae internalied by receptoimediated endocytosi¢BARTLET®t al. 2000. Mechanisms of
endosomalrelease and viral unating are still a matter debate and may be cell type specéimd
studies ofthe nuclear impat of viral DNA are contradictorgs well Sonntaget al. (SONNTAGet al.
2006 could completely block AAV2 infectitwy injecting capsigpecific antibodies into the nucleus
suggesting that viral uncoating takes planehe nucleus. However, Land colleaguesould show,

that the nuclear entry of viral capsids is a rare event, only achieved withtikegtvirus and further
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enhanced by adenomis cainfection (BUNINGet al. 2008 Luxet al.2005). Inside the nucleughe next
steps dependn the existence of helpeviruses.In the presencef such AAV enters the lytic cycle,
instantly starting gene expression, replication and packagiimgthe absence of helper viruses AAV
enters a latent cycle where it persishostly episomain circubr intermediates or concatamedtion
through intermolecularrecombination (DUAN et al. 1998 YANGet al. 1999. Less frequently AAV

integrates sitespecifi@lly into a locus on chromosome (q13.3qter; AASV1{KoTINet al. 1992.

2.3.2. AAV Serotypes

Within the DependoviridaédAVs are formally grouped into serotypdsserotypeis a newly
isolated virus, which does not efeeitly crossreact with neutrali;ng sera specific for all other
existing and characteed serotypegWu et al. 2006). By this definition only AAVA and AAV® can
be classified as individual serotypeBurthermoe, AAV cap sequences were anatysfor
phylogenetic relationships by using a variety of computational approaches and then grouped into
clades(Gaoet al.2004).

AAV14 and AAV6 were isolated as contaminants from adenoviral stocks and AAV5 from a
human condylmatous wart andn the las decade over 100 new AAV variants have been found in
human and norhuman primate tissues via P@Rsed DNA isolatiofGAo et al. 2002 MoORiet al.

2004 scHMIDTet al. 2006). In addition, AAV genomes have also been isolated from other species such
as horse, cow, chicken, snake, lizard and gBavine, avian and caprine AAVs halecadybeen
used in gene transfer studies (reviewe@ifu et al. 2006)).

With regard to the application of AAVs agiene transfer shuttle in humanthe advantage
of these novel vectors is the lack of nealiing antibodies against them, whidatould reduce or
impair AAvmediated gene transfelt has beerestimated that depending on age and ethnic group,
between 50% and 95% of the human population is seropositive for ABYW@NGet al. 2008), which
is a consequence of respiratory infection during childho®ARRINGTONaNd HERzOG2006).
Moreover, eadministration of AA¥in a patient lacking neutrailigy antibodies can elicit an antibody
response which can hamper further applicatioidaLBER®t al. 2000. However, fortCNSapplication
pre-existing immunity may not cause major problems, since thenbimigenerally regarded as an

immune-privileged organ.

2.3.3. Recombinant AAV

In recombinant AAV (rAAYgp andcapopen reading framesdRFshave been replaced with

an expression cassetteontaininga transgene of interest (GOIHowever, he only remainingcis
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elements of the wtAA\are the ITRs, which are crucial for genome replicatind packaging into

capsids, whileepandcapgenescan be provided itrans.

rAAV production and purification

For helpervirus free AAV production thgetandardtechniqueis the transient cdransfecion
of human embryonic kidney cells 293 (HEK293) with the rAAVIvplatsmid encoding the GOI, the
AAV helper plasmid containimgp andcapgenes, but no ITRs, and opkasmidproviding adenoviral
helper functions (E2A, E4, VA, with E1 encoded inHE&293 cell genome.ommonly used is
crosspackaging strategyalso called vector pseudotypingere cap genes from different serotypes
and AAVZep genesare cloned into one plasmid. This strategy makes it possible to compare the role
of serotypespecfic virion shells on vector transductiowithout the influence of the ITRs on
transgene expressiofRABINOWITZL al. 2002). Vector purificationdependson the AAV serotype.
Takingadvantage of the fact that ARbinds to HSPG on the extracellular surface,gbrstype can
be purified via hepariaffinity chromatographyAs yet,other serotypes ar&commonly purified by
ultracentrifugation of eesium chloride density or iodixanol giiants followed by iorexchange
chromatography(ZoLoTUKHIgt al. 2002).

In the last years progress has been made regarttiegup-scaling otthe production praess
to generate highly potent, clinicgirade purity vector stockd-or this purpose,suspensiorgrown
baby hamster kidney cells (sBHK) areinfected with two recombinant herpesimplex viruss
(rHSV) one encoding the transgene flanked by AAV2 ITRs and one harbouring tlep2axid capX
genes (where X is any rAAV serotyfEHoMASet al. 2009. Another strategy, compatible with
current good manufacturing practicencludes theco-infection of insect cells (Sf)ith baculoviruses
containing rep, cap and the transgenevector and subsequenpurification from up to 200 litre
bioreactors(CeccHINet al.2011).

Progress has also been made to overcome the major drawback\$:Ahe small packaging
capacity. Wu and cavorkers couldshowthat packaged AAV vector genomes neesiceeded 5.2 kb
in length irrespective of the size of the plaspeidcoded vectorPackaged vector genomes derived
from plasmidencoded vectors exceedirigkb were heterogeneous in length and truncated on the 5'
end (Wu et al. 2010. In a so called “transplicingapproach gene expression can be reconstituted
from two independent rAAV vectors, each encoding unique,-oxgrlapping halves of a transgene.
This process redres intermolecular concataerisation and subsequent spiitg between
independent vector{DUAN et al. 2001 DuAN et al. 2000. However, the major drawback of this

method arethe poor efficiency andeliability.
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2.3.4. Engineering AAV vectors

Despite the discovery of many new AAV serotypes dred study of their tropismsome
organs or cell types argtill more prone to AAV infectiothan others. To overcome this limitatipn
there is a need for engineering custesiesigned AAV capsids and hybrid vectors to egghe range

of AAV applicatiosito celktypes refractory to the infection with known serotypes, such as glial cells.

The follaving section describes strategies to design rA&@stors with novel properties.

pseudopackaging of rAAV mosaic rAAV

X RN
e.g.: ) e.g.:
AAV-8 capsid TIWIT
AAV2 ITR =5 / AAV-2 capsid
transgene Y AAV-2 ITR
transgene
chimeric rAAV (re-)targeted raAAV
e.g.:
AAV-2 capsid ©8- )
AAV-3 domains AAV-2 capsid
AAV-2ITR o
transgene AAV-2 ITR
transgene

Figure2.5: Overview on engineeredAVvectors.

In pseudopacked vectorsansgenes are flankeloly identical ITRg.g. by AAVRTR)and packaged into different serotypes

in orderto faciitate the comparisorvector transduction without the influence of the ITRs on transgene expression. The
capsid of mosaic vectors is composed of a mixture of different AAV serotypes capsids conit@nprgperties of the
parental serotypesin chimeric vectors, capsid domains or short stretches of amino acids are exchanged. The capsids of
targeting vectors have been modified by insertion of a peptide ligand to the capsid s(friamgBuninGet al. 2008)).

Mosaic vectors

A mosaic virion can be defined as the capsid structure composed of a mixture of capsid
subunits from different serotyps (WU et al. 2006. These vectors can be generated by- co
transfecting a mixture of helper constructs encoditapsid genes frondifferent serotypes either
wildtype or already mutated. Theoretilty, the generated virions should be composedairatio that
reflects the input amount of the helper plasmids used, but in practiogh viral preparations consist

of virions with a noruniform capsid compositio(BUNINGet al. 2008. Futhermore, each batch can
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contain a nondentical ratio of helper plasmidanaking this approach difficult to standardés
However, he main advantage of this techniquetig ability to synergistically combine qualities of
the respective parental serotypesience, most mosaic AAVX vectors (where X is any AAV
serotype) inherit the heparibinding capability of AAV2, which can beed for purification.
Moreover,these viruses can gain new features distinct from their parental \depending on the
input ratio of the correspondindpelper plasmidqRaBINOWITZt al. 2004). A study byRichichi and
colleaguesdiemonstratedthat mosaic AAV1/2 show a more widespread transgene expression in the

hippocampus compared to AABne (RCHICHet al.2004).

Chimeric AAV vectors

Chimeric vectors usually contain capsid proteins that have been modified by domain or
amino acid swapping between different serotyp®gu et al. 2006. Domain swapping involves the
transfer ofspecific capsid domains such as surface lampspecific residues from one serotype to
another.In a marker rescue experiment Bowles and colleagudsarsfected AAV2 genomes with a
non-functional cap mutation and AAVZap sequences. Chimeric Vectors generated via homologous
recombination of the virs genomes could rescue the norecting and norheparin binding
phenotype of this vector. Theesulting mixed population of viragenomes can be amplified via
polymerase chain reactioffPCR subclonedand individual clones can then be assessed for biok
properties (BowLESet al. 2003. Hence, his approach can conbute to gain further insights in
structure-function relationships and help with the determination of regions responsible for tissue

tropism.

Receptor targeting via chemical and genetic engineering

To target AAVs towards cell type specific receptors twategies fave been developed: a
non-genetic (indirect) and a genetic (direct) targeting approg@niNGet al. 2008). The norgenetic
strategy includes the linkagef AAV capsid structures on the one hand and cell type specific
receptors on the ther with bispecific antibodiesThis can be comemented with a genetic
approach. Thereforea peptide ligandfor a cell type specific receptas commonlyfusedto the N
terminus of eiher VP1 or VP2 anddditionally, domainsdeterminingthe natural receptor bindng
can be mutated to ensure selective targeting.

Recent workincludes combinatorial engineered capsids. Via erpone PCR or DNA
shuffling, where capsid genomes from different serotypes are randomly fragmented and rearranged,
capsid librariesre generated Advances in higthroughput screening and selection makepossible

to characterie the resulting clonedor their biological properties and screen for AAVs infecting yet
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non-permissive celtypes. A study by Koerbeand coworkers implementeda direct evolution
approach to engineer a novel AAV vector capable of effilsiatdlivering genego astrocytes and
potentially other glial cell{KoErRBEFRet al. 2009. They identifiednew vectors with an enhanced
infection rate of astrocytes upon injection into the rat striatum (levels up to 16% of the total
transduced cell population) and Miuller glia within the rat retina. In a similar stimhyg and
colleagues created an AAV vector with enhanced delivery efficienegtfanouse and humaneural

stems cells (NSOggludingadult NSC§IANGet al. 2011).

Promoter targeting

The natural tropism of AVs in the CNS leads to a predominant infection of neural and
epithelial cells and is opposing the urgent need for AAVs targeting glialTdescan be achieved by
replacing thecommonly used strong, small and ubiquitous promoters Gktomegalovirus (CMV)
promoter, chickerbeta-actin (CBA) promotenpr variants of both with cell type specific promoters.
As gene transfewith newly identified serotypesike AAV8in combination with the strong hybrid
cytomegalovirus/chickeni -actin (CAG)promoter can lead to neurotogi overexpression of
transgeneqGao et al. 2002 KLEINet al. 2006), the choice of a cell type specific promoter cdsoa
preventtransgene overdose

First attempts to target astrocytes by usin22 kbrat GFAPpromoter in an AAV2 vector
resulted in a limited (only up to 5% of glia showed transgene expression) andxatusive (also
neurons showed transgene expression) transductprofile (XU et al. 2001). Furher studies,
combining serotypeknown for a more widespread transduction pattesach as AAV8 and rh4®d
the human 22 kbGFAP promoter could improve the transduction pattern, but exHibied residual
transgene expression in other cell typgaswLoRet al.2009).

With regard to gene therapy for demyelitiag disorders such as Canawdisease or multiple
sclerosis, there is a need férAV vectors that target oligodendrocytes. First studigth a 1.9 kb
fragment of the murinemyelin basic protein (MBP) promotéGow et al. 1992 could show the
possibilityof transgene expression in oligodendrocyitewitroandin vivq but this approach failed to
a generate longasting and widespread transductiq@{ENet al. 1998 QHENet al. 1999. Another
attempt with a 1.35 kb fragment of the murine MBP promopaicked into AAV8 and rh43 resulted in
a more robust transgene expressjoret notoligodendroglia exclusivBawLoret al. 2009).

Eukarydic promoters consist of largeisacting elements to regulate celpe specific gee
expression and one of the main drawbacks of the AAV vector system is the rather small packaging

capacity. Hence, compromises have to be made to generate a specific transduction pattern on the
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one handand not exceed the packaging limit on the other hahdherefore might not be possible to

generate cell type specific transduction by using only parts of promoter/enhancer regions.

2.3.5. AAV cell tropism

Tropism is the specificity of a virus for a distinct host tissue. This is achieved by the
interaction ofthe viral surfacewith cell surface structures and receptokf&ariances in the amino acid
composition of the capsid lead to differences in the affindwards distinct cell surface receptors.
Hence, it was hypotlhssed that different serotypes would target different cell types in the CNS
(BURGERet al. 2009. Until now, different receptors and eeceptors have been proposddr each
serotype (reviewed (BUNINGet al. 2008). For AAV2 and also AAV3 heparan sulfate proteoglycan
(HSPG) is the primary recep{@.ACKBRNet al.2006 SUMMERFORAND SMULSKL998> ! | + n- dza S a
2308 AY1 SR aAlfA0 I OrRRElinked ddichci@a ubpet ABOPHAIthaBgh b
the crosspackaging strategy has been applied to studytth@sduction efficienciesf rAA\s, studies
are often difficult to interpret due to the variations in vector titers and doses, promoters,
transgenes or purification method¥Vu et al. 2006). In a number of studiethe delivery of AAV1, 5,

7, 8 and Yesulted in a more widespread transduction than achieved with A@QZERLE®t al. 2008
CeEARLEANd WOLFE2006 KLEINet al. 2006 TAYMANSet al. 2007) and that was even surpassed by
newly identified AAV variants such as cy5, rh20 and (b3&LoRet al. 2009. A study by Klein and
colleages(KLEINet al. 20080 investigated he effect of the purification method on the tropism of
AAVs by injecting AAV8 expressing GFPeither purified by Cs€l or iodixanolgradient
ultracentrifugation into adult rats. An astroglial transduction pattern was observed after the injection
of the CsCpurified vector, while the iodixangdurified vector led to the transduction of neurons.

the same study they compared the cytomegalovirus promoter with the hybrid
cytomegalovirukchicken i -actin promoter and found the latterto yield a stronger transgene
expressionTheage of the animals treated and the application route edsoinfluence the tropism.
Gene delivery can eithéarget widespread transgene expression (global), for example in Alzheimer’s
disease, where the whole brainaffected, or the transduction of specific brain areas (focal), such as
the dopaminergic neurons in the substantia nigra in Parkinson’s disease. Furthermore, viral vectors
can be delivered into the brain tissue (intraparenchymal), resultingin a morefocal gene delivery,

or into the ventriclesof neonatal animals(intracerebroventricular, i.c.y. yielding atransgene
expression throughout the braifBROEKMANet al. 2007, PLPELet al. 2009. The difference in

transduction profile after intravenous injection of AAV9, which bypatisedbloodbrain barrier anl
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efficiently targets CNS cells neonatal and adult micevas investigated by Foust and-emrkers
(FousTet al. 2009. Neonatal injections led to a widespread transduction of dorsal root ganglia,
motor neurons and neurons throughout the brain, while injections into adult mice resulted in a
robust transduction ofastrocytes and only limited neuronal transductioRinally, the tertiary
structure of the harboured DNA can alter the AAV capsid structtimes leading to tropism
influenced by the vector genon®AsTAKO®t al.2002).

This section showsvthat the change ofparameters can result irdramatic changes of
transduction efficiencyand transductiorprofiles. Hencedetermination ofthe best conditiondor a

specific therapeutic interventioregarding efficiency as well as specificita {givotd task.

2.3.6. rAAV as a tool for gene transfer into the CNS

Since it has been showthat safe and efficient gene traresf to the CNS can be achieved
using AAV¢KaPLITRt al. 1994), the usage of AAVs in clinical as well as pliaical studieemerged
rapidly. Transgene expression can persistait9 monttsin the rat brain(PEELand KEIN2000) and
for more than 3years in the primate braifDAADIet al. 2006). This and the inherent safety profiles
makes AAV a logical choice for sustained gene therapy in theToMfate, AAVs have been used in
clinical studies foCD(JANSONet al. 20023 MdPHEEet al. 2006 Parkinson’s disead€HRISTINEL al.
2009 KapLITTet al. 2007 LEwiTTet al. 2011) and Alzheime€is disease(TuszyNsSKZ007). Preclinical
studies involve amyotrophic lateral sclerosis (AL$untingtoris disease, epilepsy and

leukodystrophies (reviewed ifBiFFiet al. 20113 MANDELet al. 2006)).

2.3.7. CD therapy

CD is a rare démse, but thdossof-function mutation and its pathology restricted to the CNS
makes it a prototype for a gene replacement strategy, aiming to be a garagatment, in contrast
to other symptomatic and palliative therapies. The pioneering studies by During, Lauhe a
colleagues were the first gene therapy attempt worldwide for a-naalignant CNS disea$BURNG
1996 LEONEet al. 2000 LEONEet al. 1999. A recombinantaspa plasmid in a nosviral liposome
delivery system was administered intracerebroventricular first to @D patients and in followp
studies with improved vectors and delivery protocols to moedignts. The delivery system was
tested to be safe, but clinid changes were transient and not pronounced due to inadequacies of the
delivery systen{JaNsONet al. 20023. The lack of efficient gene transfesing liposomes led to the

implementation of AAV2 as a vector and this trial represented the first clinical use of AAV in the
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human brain and the firsapplicationof viral gene transfer for a neurodegenerative dise@BeISON
et al. 20023. The rationale for the usage of a neurotropic vector, alifio ASPA is an
oligodendrocyteenrichedenzyme, is based oé hypothesis that excess NAA has neuxat@ffects
and the degradatiomt the origin of its synthesis can ameliorate CD symptarfastor administration
was well tolerated(MdPHEEet al. 2006 but no results presenting the clinical outcome have been
published yet.

Several years after clinical trials startedice and rat models of [ became availabléor
preclinical studies. Seki armb-workers could ameliorate abseadike seizures and tonic convulsions
in the tremor ratusing an adenoviral vectofSEkiet al. 2002 SEkiet al. 2004). Matalon and
colleagues injected a hASIEAP fusion anstruct packaged into AAV2 intthe striatum and
thalamus of 3month-old ASPAo mice. They demonstrated a reduction gécuoligition at the sites
of injection but did not provide information on the efficiency of transgene expression, neurological
findings and the effect on motor function®ATALONet al. 2003. A preelinical study with the AAV2
vector used in the 2002 clinical studiansonet al. 20023 was performed on aged (3@eekold)
tremor rats which resulted in elevated aspartoacylase bioactivity compared to untreated mutant
animals and elicited a decreasevihole-brain NAA level@MdPHEEet al. 20059. Further studies were
performed with a more effient AAV1/2 vector system in juvenited/tm (KLUGMANNet al. 2M5).
ASPA protein and enzyme activity were restored, NAA levels redcamédhe seizure phenotype
rescued. However, histology and motor functions remained unchanged suggestingN#at
mediated neuronal hyperexcitation but not oligodendrocyte dysfunction can be compensated by
neuronal ASPA expressiand that the time point 6the treatment is crucial.

Taken together, ectopic neuronal overexpression of ASPA does not reverse CD pathology.
Most importantly, none of the studies so far has shown any significant improvements of the motor

deficits indicating the urgent need for acter restoring ASPA expression atsite of action

In addition to gene therapy,here are different palliative, symptomatic owumative CD
treatment strategies, but to datewone of them amelioraté all clinical signsHence, a curative
treatment is still missing andtis sectionis intended togive an overview on current clinical and pre

clinical approache treat CD.

Acetate substitution

Based on the hypothesihat NAAderived acetate plays a pivotal role in myelination, the
supplementation ofacetate should ameliorate clinicagas of CD. In a pilot stugglyceryltriacetate
(GTA) was administered as food additive to C57BL/6 fMeaHEWet al. 2005). As a resulbrain

28



General Introduction

acetate levels ioreased, suggesting further prénical studies. Indeed, the administration of GTA to
tremor rats starting at P7 led to an improved motor phenotype, increased myelin galactocerebrosid
content and reduced brairacuoligtion (ARUNet al. 2010. However, two clinical trials, one with low
and one with high doses of GTA, demonstrated that this treatment is well tolerated, but wigmyut

effects on the CD phenotyd®ADHAVARA®EL al. 2009 FEGElet al.2011).

Reduction of NAA

Asincreased levels dlAAmay contribute to the induction of seizures, osmotic imbalances
and cause oxidative stresghe reduction of NAA is a pivotal aim in CD treatment. Baslow and
colleaguesiemonstrated in the tremor rathat repeatedi.p. injections of LiCl resulted in a reduction
of about 13% of NAA brain levgBasLow20032). In a first clinical trial and a folleup study with a
larger cohort lithium citrate was administered td(patients and shown to be saf@ssADet al.
2010 JINsonet al. 2005). They demonstrated a drop in NAA levels, although a statistically significant
reduction was only achieved ingtbasal ganglia, and probably mild improvements inrttyelination
in the frontal white matter. However, motor functions remained unchanged.

Elevated NAA can also cause oxidative sfregsich can possibly be prevented by the
administration of antioxidarg (PEDERzOLEL al. 20103 PEDERZOLEL al. 2007, PEDERZOLEL al. 2009,
SURENDRARO10. A study by Pederzollind coworkes demonstratedhat the brain ofrats showed
less signs of oxidativersssafter NAA treatmentvhen the animals wergre-treated with lipoic acid
(PeDERZOLEL al.20108. Hence the administration of antioxidants may have beneficial effects on CD

patients.

Enzyme replacement

Enzyme replacement strategies have been applied to many metabolic disorders and recently
a pilot study paved the way for this treatment in (ZANOet al. 2011). Purified ASPA protein was
PEGylated (polyethylenglycol, PEGH¢ézrease immunogenicity and administered to A&BAice.
It was demonstratedhat the modified ASPAroteinwas able to traverséhe blood-brain-barrier and
caused a significant increase in enzyme activity in the brain as well as a decrease of NARdevels.

further studies have to reveal the efficiency of this treatment.

Transplantdion of neural progenitor cells:
CD is accompanied with oligodendrocyte I¢ggsmARet al. 2009 and anincrease in the
number of undifferentiated neural stem/progenitor cells (NP&®) indication of repair mechanisn

Hence, the implantation of NPCs may enhance these atterGoiendran and cavorkers implanted
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neural progenitor cells (NPCs) in both juvenile and adult ASP#ice and demonstrated that these
cells survive, migrate and differentiate into oligodendrasyand fibrous astrocytqSJRENDRAE al.

20049. Thus, they providafirst step towards a cell therapy for CD.
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2.4. Aim and outline of this thesis

To date, none of the current Clbeatments has amelioraed all pathological signs of CD
including histology and biochemicabraormalities as well as locomataleficits pointing out the
urgent need fomew treatment strategies Hence, the aim of this study was to establish a novel gene
transfer system and its preclinical evaluation in a Cithahinodel.

Animal models of human diseases are an important prerequisite to develop effective
therapies. Hencean engineered mouse model 8iSPAdeficiencyexpressing the bacteridcZgene
under the control of theaspapromoter had to be establishedand validated as a new GBodelin
the first experimental part of this thesi€hapter 3. Furthermore,this mouseine wasused togain
new insights at CD pathophysiology and ASPA expreasidrservedas a tool for preclinicaspa
gene transferThegoal of the second parChapter 4 wasto identify novel AAWbased vectors that
are capable of transducing oligodendrocytes to allow gene transfer into these Tedesefore two
strategieswere applied: Firstlyjn a transcriptional approach a reporteege (EGFP) wadoned
under the control of different (ubiquitous and céjipe specific) promoters to addres$ise question
whether promoter targeting is sufficient to +arget the natural AAV neurotropisngecondly, in a
transductional approachthese expession cassettes werpackaged adlifferent serotypes The
tropisms and efficaciesf thesevectorswere evaluatedin vitro and in vivoin order to identify the
most efficient combination of promoter and serotyde.the last part Chapter 5, the reportergene
was then replaced by humamspacDNAand injected into the brain of the newly established CD
mouse model to restore ASPA function in oligodendrocytherdpeutic efficiency was evaluated by

biochemical, histtmgical and behavioural analysis
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AspartoacylaséacZ knockin mice: An engineered model of Canaisease

3. Aspartoacylase -lacZ knockin mice: An engineered model

of Canavan disease

Canavan disease (CD) is a recessive leukodystrophy caused-bif¢flosgion mutations in the gene
encoding aspartoacylase (ASPA), an oligodendremmyttiched enzyme that catalyses hydrolysis ef N
acetylaspartate (NAA) to acetate and aspartate. The negical phenotypes of different rodent
models of CD vary considerably. This study reports on a novel targes#tAmouse mutant
expressing the bacteriab-galactosidase(lacd gene under the control of thespa regulatory
elements. XGal staining in known ASPA expression domains confirms the integrity of the modified
locus in heterozygous aspa lakockin spa®“*) mice. In addition, abundant ASPA expression was
detected in Schwann cells. Homozygoaspd®“'®) mutants are ASPdeficient, show Chike
histopathology and moderate neurological impairment with behavioural deficits that are more
pronounced in aspa®?* males than females. Nemvasive ultrahighfield proton magnetic
resonance spectroscopgvealed increased levels of NAA, migositol and taurine in thespa®?'2*

brain. Spongy degeneration was prominent in hippocampus, thalamus, brain stem, and cerebellum,
whereas white matter of optic nerve and corpus callosum was spared. Intracathdaolisation in
astrocytes coincides with axonal swellings in cerebellum and brain steasp“'“*“ mutants
indicating that astroglia may act as an osmolyte buffer in the A&fidient CNSIn summary, the
aspad®* mouse is an accurate model of @Rd an important tool to identify novel aspects of its
complex pathology.

3.1. Introduction

Aspartoacylase (ASPA) deacetylatescltylaspartate (NAA) to produce acetate and L
aspartate. This enzyme is a marker of mature oligodendrodf@esAset al. 2006 KLUGMANNet al.
2003 MADHAVARACet al. 2004 and mutations of theaspa gene cause the fatal recessive
leukodystrophy Canavan disease (GI)NAVANL931; KauLet al. 1993. Patients suffer from mental
retardation, hypotonia,seizures and deatlusually before the age of ten. Pathological changes
include strongly elevated NAA levels in blood and urinbgodendrocyte death and a progressive
CNS vacuolisatiofMATALONet al. 1995. The underlying mechanisms of these multifaceted
abnormalities are not understood and it is not clear to what extent the deficiency of ASPA in cell
types other than oligodendroglia contributes to the development of clinical signs observed in CD. The
monogenic nature of CD, and the lack of an effective treatment have provided the rationaie for

vivo gene transfer into the CNS of patients and A8Eficient animals(KLUGMANNand LEICHTLEIN
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2006. While these animal models generally reprise the pathological hallmarks observedtime¢D,
show substantial differences in disease severity and longéliitaDAet al. 2000 MATALONet al.
2000 TrAK.et al.2008). The vast majority of clinical cases can be assigned to the relatively moderate
infantile form of CD suggesting that an accurate animal model is expected to display a mild disease
severity. Moreover, the identification of all ASPA expression domains is essential to gain a
comprehensive picture of the complex CD pathology and design effehtivapies.

The present study describes an engineered mouse line expressing the baletezigene
under the control of theaspapromoter. Homozygous ladzockin aspd®“®j mutants are ASRA

deficient and show distinct abnormalities reminiscent of CD.

3.2. Materials and Methods

3.2.1. Generation of aspalaZ mutant mice

Using lomologous recombination in C57BLembryonic stem (ES) cells, thgeo cassette
(including the genes encodinggalactosidase andaomycin)flanked by frt sitesvas introduced into
intron 1 of theaspagene by the European Mouse Mutagenesis Consortium (EUCOMM). In addition,
the critical exon 2 was flanked by loxP sites. An automated-thiglughput approach and
genotyping by longange PCR (for technical see httpww.eucomm.org/) led to the identification
of two independent aspdacZ C57B& ES cell clones(Aspa clone EPDO0038 4 C09 and
EPDO0038_4 HO%howing homologous targeting. Both clones were injected B¥d_EBc blastocysts
and chimeric males were bred to €BL6J females to produce germ line transmission. The-C09
derived line was used for further experiments. Heterozygasp#““") offspring intercrossed to
obtain homozygous mutant miceagpa®“® on the C57BL/6J backroundspd’ mice were
generatal via Flpmediated recombination and deletion of the Bgeo cassette after crosmspg™*"

animals with Flgleleter mice(RODRIGUEgt al. 2000).

3.2.2. Culture of embryonic stem cells

Tissue culture dishes were purchased from NUNC (Langenselbold, GerBianyg plastic

tubes (50 ml and 15 ml) were purchased from Greif8@lingen, Germany). All cell culture reagents
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were purchased from LIFE Technologies GIBCO (Darmstadt, Germaolyktéted otherwise. Fetal
calf serum (FCS) was purchased from PAA (Colbe, Germany), DMS@drbiRoth (Karlsruhe,
Germany) Y R YA ( 2 Y énieicaptoéthanolyfr@m Sigma Aldrich (Munich, Germany).

3.2.2.1. Preparation of embryonic mouse fibroblast (MEF) feeder cells

In order to maintain their undifferentiated and totipotent status, embryonic stem cells (ESCs)
need the presence ofactors that inhibit differentiation. Early experiments showed that primary
embryonic mouse fibroblasts constitute a very good source of these fa{sreLE¥t al. 1984).
Primary embryonic fibroblast cells were obtained from mice embryos at embryonic dag. Ivhe
pregnant mouse was sacrificed and embryos were isolated from the uterus. Embryos without any
extraembryonal tissue were transferred to a petri dish containing sterile PBSda@@Md* free) and
heads, inner organs and limbs were removed. Carcasses were washed three times in 35 ml of sterile
PBS. After the PBS washes/ Barcasses were pooled and qujckhinced on ice with a sterile
scalpel, 5 ml PBS was added and homogenised by passing through a syringe equipped ‘28z 20
needle). 25ml 0.5% trypsin/AmM EDTA (LIFE Technologies GIBCO, Darmstadt, Germany)
supplemented with 206-g/ml of DNase IRocle Applied Science, Mannheim, Germamas added
and incubated at 37°C for 10 minutes. A tefforsh was sterilised for 30 minutes in boiling Ampuwa
water (Fresenius Medical Care, Bad Homburg, Germany). After cooling to room temperature and
sequential washing in PBS and trypsin/EDTA solution, the mesh was placed into a 250 ml Erlenmeyer
flask. Aftertrypsin incubation, the minced embryos were pressed with a sterile 5 ml syringe plunger
through the mesh, which was afterwards washed with trypsin/EDTA. The reaction was stopped by
adding complete MEF feeder medium (MEF feeder medium: Dulbecco’s Moddigds Medium
(DMEM, with glutamax, high glucose, GIBCO, Germany), supplemented withCH061 mM non
essential amineacids (10 mM stock), 1 mM sodium pyruvate (100 mM stock), 100 U/ml penicillin and
100 U/ml streptomycin (10000 U/ml penicillin/streptartin stock solution)). Cetlumps were
allowed to sediment for 1 min and the supernatant was centrifuged at 180 rcf for 10 min. The cell
pellet was resuspended in 10 ml of complete medium. Cells were plated at the density of®5 x 10
cells/dish (~one embn/dish) onto 15 cm cell culture dishes containing 20 ml of complete MEF
feeder medium. After overnight culture at 37°C, 5% (@Il culture incubator: Haereus, Germany),
the medium was replaced with fresh medium. Afte8 2lays, when the cells formed ardtuent
monolayer, they were washed twice in PB#l d&rypsinised in 0.5% trypsib/mM EDTA for 5 miat
37°C. Cells were then centrifuged at 180 rcf and replated at a dilution of 1:5 and further incubated.
After another 23 days, the cells were confluenthe cells were trypsinised as described above and
resuspended at a concentration of 20 x 16 cells/ml. Cell suspensions were pipetted in 0.5 ml

aliquots into 2 mifreezing vials (Nalgene, Germany). The content of each vial was mixed with 0.5 ml
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of icechilled 2x concentrated freezing medium (2x freezing medium: 6 ml of complete MEF feeder
medium supplemented with 2 ml of FCS and 2 ml of DMSO). Cells were fro&8f@tand then
stored in liquid nitrogen.

MEF feeder cells were a produced by the groupudfWaisman, 1. Medical Clinic, University

Medical Centre, Mainz, Germany.

3.2.2.2. MEF cell culture

One aliguot of MEF passage 0 (EFQ) was thawed in a 37°C water bath, transferred to a tube
containing 10 ml of prevarmed MEF feeder medium and pelleted by cengition at 180 rcf in a
benchtop centrifuge for 4 min. Cells are resuspended in a final volume of 80 ml, split onto 4 plates
(15 cm diameter) and cultured at 37°C with 10% @@ humidified incubator (Sanyo, Wood Dale IL,
USA). The cell culture medium ¢hanged on the next day.t&f 3-5 days, when the cells were
confluent, theywere washedtwice with PBS and trypsinised for 4 min with 1x Trypsin supplemented
with 1% chicken serum. After stopping the reaction with 5 ml MEF medium per plate the cell
susgensionwaspelleted, resuspended in MEF medium and plated in a 1:4 dilution. Thesevateps
repeated once to obtain 64 plates out of one vial EFO.

To freeze MEF the celigereresuspendn 0.5 ml MEF feeder madn per 15 cm culture dish,
then puton iceand 0.5 ml ice cold 2x freezing medium (4 ml MEF feeder medium + 4 ml FCS + 2 ml|
DMSO)was added drogwisewhilst shaking the tubel mlof cell suspension was transferred to each
vial and the cells were frozan a precooled isopropanol cryoboto -80°C After 24 h the cells are

transferred to liquid nitrogen for longer storage.

3.2.2.3. Mitotically inactivation of MEF with Mitomycin

In order to block cell proliferation, MEFs were mitotically inactivated with mitomycin c.
Therefore, the medium on confluent MEEIlls was replaced with 10 ml inactivation medium (MEF
feeder medium + 10 pg/ml mitomycin ¢ dissolved in DMSO) and incubated4dr at 37°C. Cells
were then washed twice in PBS, trypsinised as above, counted and plated at a concentration of 3.5 x
10° cells/10 cm culture dish or frozen at a concentration of 4 X ddlis/vial in freezing medium. To
prepare feeder plates, either one vial of frozen mitomyceated primary mouse embryonic
fibroblasts per 10 cm culture dish was thawed one day prior to ESC plating, or freshly mitomycin

treated cells were used.

3.2.2.4. Embryonic stem cell culture
One aliquot of embryonic stem cells obtained from EUCOMM was quickly thawed in a 37°C
water bath and then transferred to a 15 ml tube containing 7 ml of\gaemed ESC medium

(Complete ESC medium: Dulbecco’s Modified Eagles MediunENDMithout glutamax, high
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glucose), supplemented with 10% FCS, 2 mylutamine (200 mM stock), 0.1 mM nassential
aminoacids (10 mM stock), 1 mM sodium pyruvate (100 mM stock), 100 U/ml penicillin and 100
U/ml streptomycin (10000 U/ml penicillin/strépmycin stock), 0.1 mNM-mercaptoethanol (100 mM
stock) and leukemia inhibitory factor (LIF, medium supernatant from-déli& transfected with LiF
plasmid, kind gift of Prof Ari Waisman, University Medical Center, Mainz, Germany)). The cells were
centrifuged for 4 min at 180 rcf and the pellet was resuspended in 2 ml ESC medium. Then, the cell
suspension was plated onto one well of a 6 well plate (clone C09) and one well of a 24 well plate
(clone HO09), respectively, on a feeder plate. For the resusperdfiddSCs firpolished Pasteur
pipettes were used, the medium was changed daily and cells were grown in a humidified cell culture
incubator (Sanyo, Wood Dale IL, USA) at 37°C with 13%~6Cthe expansion of ESCs cells were
split progressively onto largdéeeder plates (24 welplates, 6 welblates, 6 crplates, 10 crplates).
When sufficient numbers of cells were obtained aliquots of cells were frtddedium was changed
2 h prior to splitting. The cells were washed twice with PBS, trypsinised for 4am@vY°C and
homogenised in trypsin in order to obtain a single cell suspension. After transferring the cell
suspension to a tube with pre/armed ESC medium and centrifugation, cells were resuspended in
ESC medium and plated at a concentration of 1.5%célls/ 10 cm feeder plate.

To freeze ESCs, follow the splitting procedure and resuspend the cells in half the final volume
ECS medium. Then, put the cells on ice and -tize add ice cold 2x freezing medium (4 ml ESC
medium + 4 ml FCS + 2 ml DMSO) whitsiking the tube. Transfer 1 ml to each cxwyal and freeze
the cells in a preooled isopropanol cryobox. After 24 h the cells are transferred to liquid nitrogen

for longer storage. Cells were frozen at a concentration of 1°xdl/ vial.

3.2.2.5. Preparati on of ESC for blastocyst injection

To prepare the cells for injection into blastocysts follow the splitting procedure aipthte
all cells on a 10 cm culture dish and incubate at 37°C for 20 min. As feeder cells sediment faster than
ECS, they will statd get adherent, while ESCs are still in the medium. Transfer thewsdension to
a new 10 cm plate, gently wash the old plate with 2 ml fresh medium and also transfer the medium.
After 15 min incubation transfer the medium to a 15 ml tube, count thiksaghile centrifuging for 3
min at180 rcf Resuspend the cells in cold MEF feeder medium at a concentration of°Zell$D 1
ml. After 5 min incubation on ice, when residual cell clumps have sedimented, carefully transfer the
cell suspension withoutrgy clumps to a new tube, spin down in a m@&oled centrifuge for 3 min at
1000 rpm and resuspend the cells in cold HEPES buffered MEF feeder medium (20 pl HEPES/ 1 ml
MEF feeder medium).

Blastocyst injections were performed by staff of the ZVTE (Zentexteuchstiereinrichtung),

University Medical Center, Mainz, Germany.
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3.2.3. Isolation of genomic DNA

3.2.3.1. DNA preparation from mouse tails

A mouse tail tip (approriately 22mm) was cut and incubateavernight on a thermo mixer
at 56°C in 500 pl TEN&ffer (1 M Tis-HCI pH 8.0, 0.5 M EDTA, 5 M NacCl, 10% SDS). Proteinase K (25
pl of 10 mg/ml stock) was freshly added. After centrifugation at room temperature for 10 min at
18000 rpm, 500 pl of the supernatant was transferred to a fresh reaction tube containing 500 pl
isopropanol. After mixing by inversion and centrifugation as above the supernatant was removed,
precipitated DNA washed once with 70% ethanokdaied, dissolved in 200 u*°E buffer (1 ml of 1
M TrisHCI pH 8.0, 20 ul 0.5 M NEDTA add 100 mlk8] sterilised by autoclaving) and stored at 4°C

until further use.

3.2.3.2. DNA preparation from embryonic stem cells

Embryonic stem cell clones were grown on a 10 craccétiire dish on feeder cells until they
reached confluence. Then, cells were rinsed wittcemvith PB$139.9 mM NacCl, 2.7 mM KClI, 10.1
mM NaHPQ-H,O, 1.8 mM KKPQ, pH 7.4), trypsinised and ic&ifuged for 4 min at 180 rcf. The
supernatant was discarded and the cell pellet was resuspended irbuE (1 M TrisHCI pH 8.0,
0.5 M EDTA, 5 M NBCAfterwards, 10% SDS to a final concentration of 0.2% and 100 pl Proteinase K
(10 mg/ml stock) was added and the reactiamixture was incubated overnight at 56°C on a
GKSNY2YAESNY ¢KSys Al ¢l a O2yGAydzSR |-gaibgoNRA y 3

3.2.4. Southern Blotting

Correct targeting of the locus was confirmed by Southern blot analysis.

3.2.4.1. DNA digest

Enzymes and buffers were purchased from New England Biolabs, Frankfurt, Germany.
For detection of the neomycin resistance cassette 30 ué BMEs doublaligested with Smal/Apal
(50 units/ul). 0.4 ul 100 x BSA, 0.7 pl Spermidin and 0.3 pl RNase A was added and DNA was digested
overnight at 25°C in a total volume of 40 pl. After 16 h of incubation additional 25 Units of each
enzyme were added ahfurther incubated. It was checked for complete digestion of the DNA on an

agarose gel.
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3.24.2. Electrophoresis and transfer

Digested genomic DNA was separated overnight at 25 V on a 0.7% agarose gel in 1x TAE (50 x
TAE: dissolve 212 g (2 M) TH€EI in 500ml HO, add 100 ml 0.5 M NGDTA (pH 8.0) and 57.1 ml
glacial acetic acid, ad 1000 ml) with Lanttiadlll (Fermentas, St Le®tot, Germany) or Fermentas
GeneRule™ 1kb Plus DNA Ladder as a marker. The gels were pienographed on a UV
transilluminator.For depurination the gel was shaken in 0.25 M HCI {00 Bin, rinsed in tab water,
denaturated in 0.5 M NaOH, 1.5M NaCl for 30 min, riresginin tab water and neutralised in 1.5 M
NaCl, 1 M TrisICl pH 7.2 for 30 min. Capilldsiot was performed aslescribed(SAMBROOkKet al.
1989 to transfer DNA onto HybonN" membranes (GE Healthcare, Freiburg, Germany). Blotting was
performed overnight in 10x SSC (prepare from 20x SSC stock; 3 M NaCl, 300 mM sodium citrate;
pH 7).

3.2.4.3. Probe preparation
A 498 bp probe against the neomycin resistance cassette was prepared by PCR with following
primers:
Neo-fwd: 5-TGC TCG ACG TTGCTA AAG @
Neorev: 5-TAC CGT AAA GCA CGA GGA ABC G
and following PCR program:
95°C/5 min, 27 x (95°C/45 s, 55°C/45 s, 72°C/45 s), 72°C/5 min.
The PCR probe was purified by agarose gelelectrophoresis followed-bytigeltion using
the NucleoSpin Extract Hkit (MacheryNagel, Duren, Germany) according to the manufacturer’s
instructions. Probe labeling was performed with Amersham RedipMmeéDNA Labeling System (GE
Healthcare, Freiburg, Germany) according to the manufacturer suitgins. Briefly, 25 ng of
template DNA in a volume of 45 pul TE was boiled at 95°C for 5 min and then placed on ice for 5 min.
I FTGSNBI NRa GKS RSyl GdzZNBR GSYLX 4GS -BR] dCTR (800§ & F SN
Ci/mmol, 50 pCi) (PerkinElmer, ®au, Germany) was added and mixed. The labeling reaction was
carried out at 37°C for 10 min and then stopped by adding 5 pul EDTA solution provided by the
supplier. The radioactive probe was purified using lllustra MicroSg60 Glumns (GE Healthcare,
Freiburg, Germany) according to the manufacturer’s instructions. Incorporation of the labeled

nucleotide was checked with a scintillation counter.

3.2.4.4, Hybridisation
The membrane was put between hybridisatiorash, transferred to a hybridisation bottle
und prehybridised with 3040 ml prewarmed hybridisatiorbuffer (hybBuffer) for 34 h at 65°C in a

hybridisatioroven. To prepare 500 ml of hduffer prewarm separatly 50 ml 50x Denhardt’s
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solution (5 g Ficoll, 5 g Polyvinylpyrrolidine 5 g BSA, add 50@0mfilter, aliquot in 50 ml tubes and

store at-20°C), 300 ml #0 and 25 ml 10x SDS to 37°C. Add the Denhardt’s solution to the water,
then add SDS and 125 ml 288PE (175,3 g NaCl, 27,6 g ,Rak HO, 7,4 g NADTA add 800 ml

H,O, titrate to pH 7,4, ad 1000 ml, autoclave). After filtrating the solution, add 5 ml denatured ss
DNA (10 mg/ml), mix well, aliquot and store -20°C. To prepare the hybridisation sidu, the

labeled probe was denatured by boiling for 5 min at 95°C. Then, ~1000000 cpm per lwakpred
hyb-buffer was added (total volume for hybridisatiorn:18 ml), the prehybridisation buffer in the
hybridisation bottles was exchanged by the hylsadion solution and incubated overnight at 65°C.

The membranes were subjected to stringent washes withigrated (65°C) washuffers according

to the following protocol: wash in 50 ml of 2x SSC/0.1% SDS for 30 min, then for 30 minutes in 50 ml
of 0.2x SS0.1% SDS at 86. Afterwards it was checked with a hand radioactive counter whether
radioactivity was below ~200 cpm, otherwise the membrane was put in 50 ml 0.1x SSC/0.1% SDS for
another 30 min. For the detection of the sighafembranes were rinsed witRx SSC, sealed in
plastic bags and exposed for2ldays to autoradiographic films (Kodak Biomax MS film, Sigma

Aldrich, Munich, Germany) in Kodak cassettes with intensifying screegg°at.

3.2.5. Genotyping

Mice were routinely genotyped by following PCRs.

PCR 1:

Primer: ASPAwd 5-ATC TCAATG TTATTG TGT TAT ATF AGG
ASPAev 5-GAT CTT TCT AAG GCT CCA CAB' TGG

PCR program: 95°C/3 min, 35 x (95°C/30 s, 60°C/30 s, 72°C/30 s), 72°C/5 min

This PCR resulted in a 336 bp band for the wildtype allele and a 387 bp band for the synthetic allele.

Presence of the loxP site was detected by PCR 2 and yielded a 307 bp band.

PCR 2:

Primer ASPAwd 5-ATC TCAATG TTATTG TGT TAT ATl AGG
LoxRev 5-TGA ACT GAT GGC GAG CTC ABA CC

PCR program: 95°C/3 min, 35 x (95°C/30 s, 60°C/30 s, 72°C/30 s), 72°C/5 min
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3.2.6. RNA isolation and gRT-PCR

Animals were sacrificed by decapitation at P60, organs dissected quickly, and snap frozen.
Brains were homogesed under liquid nitrogen using mortar and pesfleotal RNA was isolated
using the Nucleégpin RNAJKKit (MachereyNagel, Dueren, Germany). 450 ng of DNeated total
RNA was reverseanscribed usingHigh Capacity cDNA Reverse Transcription (Kjipled
Biosystems, Carlsbad, CA). The cDNA equivalent to 22.5 ng RNA was amplified using commercial
TagMan assays (Applied Biosystems, Carlsbad, CA) for mouse aspartoacylase (aspa;
MmO00480867_m1) glucoronidase beta (guskyim00446953 m}) and folate hydrolase f@lhl;
Mm00489655 m1) with an ABI 7300 real time PCR cycler (Applied Biosystems, Carlsbad, CA).
Quantitativerealtime-PCR (qRIPCR) reactions were performed in triplicatBata analysis was done
using a relative expression software tool (REST) usingagusie reference gen@rarLet al.2002).

Relative abundances aispamRNA in different organs obtained from adakpa’ animals
were determined by Dmitri Tkachev, Institute of Physiological Chemistry, University Medical Centre,

Mainz, Germany.

3.2.7. Antibody generation

Expression of recombinant human aspartoacylase fused t@ean@inal 6x His tag using the
bacterial expression vector pBa (New England Biolabs, Beverly, MA) was expressed in E. Coli
(BL21) as describgfLuGMANNet al. 2003). After induction with IPTG (1 uM) for 4 h, bacteria were
sonicated in a solubilisation buffer containing 20 mM-ptesptate (pH 7.4), 0.5 M NaCl, 5 mM
imidazole. Sonicated bacteria were pelleted, insoluble (pellet) and soluble (supernatant) fractions
were separated bypolyacrylamide gel electrophoresi®AGIEand ASPA contenwas analysd by
coomassie staining. Less than &f4otal ASPA protein was located in the supernatant. Recombinant
soluble ASPA was purifed by affinity chromatography usinghaiged agarose (MTA Agarose,
Quiagen, Hilden, Germany). On the day of injection, purified ASPA (0.1 mg) was mixed with G&un
adjuvant and administered i.p. to a rabbit. Every two weeks the dose was repeated over a total of 12
weeks. Finally, the animal was sacrificed, blood collected and the serum isolated.

The anttASPA antibody was generted by Matthias Klugmann and Rlitieklelnstitute of

Physiological Chemistry, University Medical Centre, Mainz, Germany.
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3.2.8. Histology

3.2.8.1. Immunohistochemistry

For immunohistochemistry mice were deeply anesthetised with pentobarbital and -trans
cardially perfused withphosphate bufferd saline (PB3$)llowed by phosphate buffered 4%
paraformaldehyde (PFA) Brains were postixed in PFA overnight and cryoprotected in 30%
sucrose/PBS for 2 days, then cut into 40 um {iteating sections using a Microm HB60 cryostat
(Thrermo Scientific, Waltham, MA) as describéduGMANNet al. 2005 and stored at 4°C in
cryoprotection solution (25% glycerin, 25% ethylene glycol and 50% PBS) un#iftesavashing
with PBS, permeabilisation with2¥% TritonXL00 in PBS (PBX) and blocking in 4% normal goat
serum (NGS) in PBS,sections were incubated overnight at 4°C with a combination of the following
antibodies in 4% NGS in PBS8 rabbit antiaspa serum (1:1000); chicken ant{Galactosidase (1:500,
abcam, Cambridge, UK); mouse sBEAP (1:1000, Sigpddrich, Munich, Germay), respectively.
For Ibal andi -Galactosidase detection, antigen retrieval was performed prior to permeabilisation
by rinsing free floating sections two times in PBS followed by incubation in 10 mMrsairate
buffer (pH 6.0) at 88C for 30 min. Sectins were allowed to cool down to room temperature in the
same solution followed by permeabilisation with PBS blocking for 30 min in PBR 1% BSA, and
incubation with goat anti Ibd (1:500, Abcam, Cambridge, UK) in blocking solution overnight at 4°C.
Sections were washed with PBS and incubated with appropriate -8te§agated secondary
antibodies (1:1000, Invitrogen, Carlsbad, CA) f@ H at room temperature in 4% NGS in ABS

mounted onslides and coverslipped with Mowiol (Calbiochem, Darmstadtmany).

3.2.8.2. X-Gal staining

éac:Z/wL

For LacZ immunohistochemistrgsp animals were perfused in iemld 5% PFA, and

GA&d48dz85a8 RAaA&aSOGSR YR LRAGFAESR F2NIm K F2ff26°
Germany). Vibratome sections (60 pum;cktim, HM650V; Thermo Scientific, Waltham, MA) were
collected in PBS and incubated hgal solution (1.2 mg/ml-gal, 5 mM potassium ferrocyanide and
2 mM Mgd in PBS) for 42 h. After 3 washes in PBS sections were mounted and coverslipped in
Mowiol.

X-Gal staining was performed by Dmitri Tkachev, Institute of Physiological Chemistry,

University Medical Centre, Mainz, Germany.

3.2.8.3. Nissl staining
For Nissl staining, sections were mounted onto glass slides in PBS-dnégithen stained

for 10 s with toliidine blue (0.1% in d&). Slides were washed two times with(H destained for

42



AspartoacylaséacZ knockin mice: An engineered model of Canaisease

15 s in 70% ethanol / 0.001% acetic acid, dehydrated in 100% ethanol afreedirAfter dipping in
xylol, sections were mounted with Histokit (Carl Roth, KarlsrGleemany).

Immunostaining was visualised using a Leica DM IL LED inverted microscope (Leica
Microsystems, Wetzlar, Germany) with the Leica application suite LAS EZ software and a Zeiss LSM

710 confocal microscop€arl Zeiss Microlmaging, Jena, Germavith) Zeiss Zen software

3.2.8.4. Teased sciatic nerve preparations

Teased sciatic nerve preparations were prepared as desc(i&tRmMANet al. 2001). Briefly,
peripheral nerves were fixed by perfusion or immersion in 4% PFA in 0.1 M PBS, pH 7-8Cor 30
min. After several washes with phosphate buffiwe epineurium was removedith fine forceps and
the nerves were teasedising acupuncture needles or fine forceps TESPAoated (2% TESPA
(Sigma Aldrich, Munich, Germany) in aceto8aperFrostPlus slides (Thermo Scientific, St. Rain
Germany) in a 50 pl drop containing PBIleS with nerve fibres were air dried and stored-20°C
until immunostaining. To coat slides with-A3ninopropyirimethoxysilane (TESPA), slides were
rinsed with dHO, washed with 95% ethanol for 2 min and dried at 100°C for 1 h. After cooling down
to room temperature slides were coated with TESPA (2% TESPA in acetone) for 2 min. Slides were
washed 3x for 40 s with acetonkx with dHO and dried overnight at 42°C.
For immunostainingslides with teased fibres were encircled with a &R (Sigma AldrigiMunich,
Germany) to hold staining solutions. Immunostaining was carried outdescribed in the
immunochemistry sectionand rabbit andASPA and rat anWIBP (1:1000; Abcam, Cambridge, UK)
were used as primary antibodies.

Teased sciatic nerves analysigs carried out by Philipp Roéth, Institute of Physiological

Chemistry, University Medical Centre, Mainz, Germany.

3.2.9. Electron microscopy

Animals were anesthetised with Avertin and transcardially perfused with warm HBSS
followed by fixing solution (4% formaldehyde and 2.5% glutaraldehyde in phosphate buffer
containing 0.5% NaCl as describ@tioBiuset al. 2010. The CNS was dissected and embedded in
Epon (Serva) after postfixation with 2% Q¢S8cience Services, Munich, Germany) and dehydration
with ethanol and isopropanol and propylenoxid. Ultrathin sections were cut using an Ultracut S
ultramicrotome (LeicaAustria), mounted on 100 mesh hexagonal copper EM grids (Plano, Germany)
and poststained with 4% aqueous uranyl acetate-&Riplies, USA) and lead citrél®EeYNOLD$963).

The sections were analyg in a LEO EM 912AB electron microscope (Zeiss, Jena, Germany), and

pictures were taken with an eaxis 2048 x 2048 CCD camera (Proscan, Scheuring, Germany).
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Electron microscopywas perfomed by Wiebke Mo6bius and Torben Ruhwedel at the

Department of Neurognetics, MaxPlanckinstitute of Experimental Medicine, Géttingen, Germany.

3.2.10. Immunoblotting

Animals were sacrificed, organs dissected quickly and snap frozen. Brains were homogenised
under liquid nitrogen using mortar and pestle. Aliquots were sonicatetlis buffered saline (TBS)
containing protease inhibitors (cOmpleteprotease inhibitor cocktail tablets, Roche Applied Science,
Mannheim, Germany) according to the manufacturer’'s recommendation. Samples were centrifuged
for 10 min at 13000 rcf and 4°C to remove cell debris. The supernatant was transferred to a new
reaction tube and protein concentration was determined by the method of BradfBRADFORL2976)
using bovine serum albumin (NEB, Frankfurt, Germany) as sthn2@ pg of protein were mixed
with 5x Laemmli reducing sample buffer (for 100 ml: 15.0 g SDS; 15.6 ml 2INCTrigH 6.0; 57.5 g
87% glycerol; 16.6 mkmercaptoethanol, 0.4% (w/v) bromphenol blue), denatured for 5 min at 95°C
and separated by SEFSAGEThis was performed using a BRad electrophoresis system (Mini
PROTEAN 3) with Fg/cin runningbuffer (25 mM Trisbase, 190 mM glycine, 0.1 % SDS) according
to manufacturer’s instruction manua{Bio-Rad Laboratories GmbH, Munich, Germany). PageiRuler
Prestained Protein Ladder (Thermo Scientific, St. {Ratn Germany) was used as a molecular weight
marker.For Western blotting a tank transfer system (Mini Trihat cell) was used according to the
manufacturer’s instruction manual8io-Rad Laboratoes GmbH, Munich, Germanylhe proteins
were transferredin transfer buffer(25 mM Trisbase, 190 mM glycin€20% ethanol (v/v)pnto
nitrocellulose membranes (Protran, Whatman; GE Healthcare, Dassel, Gerd#iayblocking the
membrane in blocking sdiion (TBS + 0.1% Tween20 (v/v) (TBST) + 5%anhdry milk (w/v)) forl h
at room temperature under agitation to prevent napecific background binding of the primary
and/or secondary antibody, embranes were probed with the following antibodies with the
dilutions made in blocking solution overnight at 4°C under agitatimtbit anttASPA serum
(1:2000), mouse anti-tubulin (1:400000, Sigma Aldrich, Munich, Germany), mouseGMRase
(1:1000, Abcam, Cambridge, UK), rat &wtBP (1:1000; Abcam, CambredgUK), rat antPLP aa3
(1:1000, gift of J. TrotterAntibodies were detected by the appropriate HR¥hjugated secondary
antibodies (1:1000, Dianova, maurg, Germany) followed by E@ektection. For ECL detection of
one membrane (~5x7cm) 1 ml of Solutid (200 ml 0.1 M THHCL, pH 8.6; 50 mg Luminol; stored at
4°C) and 1 ml of Solution B (11 mg phyaroxy coumaric acid in 10 ml DMSO) were mixed, 0.3 pl

H,O, was added, mixed and incubated for 2 min prior to detection on Amersham Hyper&@L
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films (GE Healthcare, Dassel, Germany). Data was analysed using the Image J software (U.S National
Institute of Health, Bethesda, MA).

3.2.11. Behavioural testing

Differences in innate anxiety and general locomotor behaviour of male and fersp#®”'2*

(males: =8; females: n=7) andspa’*

(males: n=8; females: n=6) mice were assessed in the open
field test at P90. Animals were placed in the center of an arena (40x40x40 cm) under bright light
conditions (100 lux) and monitored for 30 min. Total distance travalatitime spent in the center
areaand in the periphery was anabd using Smart software (Panlab, Madrid, Spain). Using the same
cohorts of animals, motor learning was assessed using the rotarod test at P90. Mice were familiarised
with the apparatus (Ug®asile, Comerio, Italy) @trials for2 min at constant speed (4 rpm). In a
series of 3 trials per animal, the time the mice remained on the accelerating rol#® (dm in 4

min) was scored. Between trials the animals were allowed a 10 min perio@inhtbme cageThe

individual performances were averaged ozattays.

3.2.12. 1H-MR spectroscopy

A male control mouse and aaspd®®®“mouse (4month-old) were measured withH-
magnetic resonance spectroscopy on a 9.4T Bruker BioSpec scanner (BRhgiestetten, Germany)
equipped with a cryogenic very low temperature, closed cycle coolegtoRFMice were
anesthetised by a gas mixture 0§:@0% and air: 50% with ca. 1.8% isoflurane. Respiration rate was
monitored throughout the experiment. Body teearature was maintained at 37°C by warm water
circulation and verified by a rectal thermo sensor. For voxel positioning and high resolution images of
the mouse brain were acquired with a -Weighted RARE (rapid acquisition with relaxation
enhancement) (TE 11ms, TR = 2.5s, alpha = 20°, two averages; Resolution 66x66x508p&uija
were acquired using a PRESS single voxel Sequence at an echo time of TE = 10 ms from a 12 pl (2x2x3
mm3) volume from the thalamic region, with a repetition time of TR = 4256 averages (NEX)
resulting in a total acquisition time of 17 min per spectrum. Water suppression was done with the
VAPOR (Variable pule powers and optimised relaxation delays) method interleaved with 6 outer
volume suppression slices. To ensure optiB8l homogeneity 1st and 2nd order shimming was
conducted with Fastmap over a volume of 5x5x5 mm3 prior each metabolite measurement resulting

in a line width (fwhm) of the unsuppressed water signal of 12 Hz or better. An additional one shot

45



AspartoacylaséacZ knockin mice: An engineered model of Canaisease

unsuppressed watline (RFoff) was acquired for each voxel, which was used for emdyent
correction and water referencing. Quantification was done according with LCModel by fitting the
vivo spectra to phantom data of 16 metabolite solutions measured at the sameénsca
Macromolecule contributions were fitted through simulated spectra at the relevant frequencies.
Concentration values were referenced to an unsuppressed water signal acquired from the same
voxel assuming a mean wateoncentration of 46.1 M/I.

'"H MR pectroscopy was perfomed by Alexander Sartorius and Wolfgang Wetberat the

Neuroimaging Department, Central Institute of Mental Health, Mannheim, Germany.

3.2.13. Statistics

All graphs and statistical analyses were done with GraphPad Prism 4 software (La Jolla, CA).
{ G dzR St¢sii waa uséd for statistical analysis. Myelin protein levels were analysed wittWape
ANOVA followed by Bonferroni pelsbc test. Values are presestt as the meani s.e.m andp<0.05
was considered as statistically significani<0.05; **p<0.01, *** p<0.001.
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3.3. Results

3.3.1. Disruption of aspa expression aspalacZ knockin mice

Based on a knockodirst strategy to produce a knockout at the RNA processing [@&sirA
et al. 2004, targeting of theaspalocus in C57bl/6 ES cell was achieved by the European Mouse
Mutagenesis ConsortiufEUCOMM). Ageo cassette (including the genes encodingglactosidase
and reomycin) flanked by frt sites was inserted into intron 1 of the in@gpagene. Additionally,
exon 2 was flanked by loxP sites for optional conditional deletion of the tardeted (Fig. 3.1). Two
clones with homologous recombination events were injected into blastogy8PAclone C09 and

ASPA clone HO@Nnd germline transmissiorwas confirmed after appropriate matings. The G09

&“* males and females were

derived line was used for further experimentdeterozygousasp
crossed to obtainaspa’, aspa®* and aspd®*“*““ittermates at the expected Mendelian ratios

(24.9%, n=59; 51.9%, n=123; 23.2%, n=55) for the three genotypes.

1kb —_—— = 6—2"—b —_—— 9 «—4—5k2 » -—BI%D—)
_—
- | s L 470 7 R
C ] A AR KA
\ Wild-type allele
I . S Bgeo E 2 H DTA Targeting vector

Smal Apal

7

Targeted allele

G ]

I »‘H} H a ll A } /} Conditional allele

Figure 3.1Generation ofaspdaCZmice by homologous recombination.

Depicted is thegenomic structure of the murinaspalocus, which spans 6 exons (black boxegmologous recombination

of the targeting vector inserts thegeo cassette (blue box), encodingsalactosidase (lacZ), intation 1 of the intactaspa
gene.This cassette is flanked by &ites (green circles). Additional loxP sites flank exon 2 (red triangles). The vector includes
a DTA cassette for negative selection. In the targeted allele, exon 1 is spliced to the splice acceptor site prgeedargl
transcription is terminated atrte introduced pA site. The conditiore$pd allele is produced by breediragpa®“mutants

to Flpdeleter mice(RobriGuEgt al. 2000 for recombination of the geo cassettén viva Note that frt and loxP sites are not
drawn to scalej geo, i -galactosidaseieomycinresistance cassette; SA, splice accepprk; polyadenylation site, DTA,
Diphteria toxin gene.
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A single targeting event was confirmed by Southern blot analysis of genomic DNA obtained
from liver of all three genotypes using a neomycin probe (Fig. 3.2 A). The meadifiatbcus could
also be identified by genotyping with producing amplicons of the expected sizes (Fig. 3.2iBjedhe
cassette wasF f F Y1 SR o6& Fy dzZLJAGNBFY o0oQ &Lkt A0S | O0O0SLI
termination sequence resulting in an exehfeofusion transcript. The corresponding fusion protein
contains the Nerminal 77 amino acid residues of ASPA with no predicted enzymatic a(&ivitpet
al. 2007). Because inactivation of thespagene was designed to attenuate transcription upstream of
exon 2, daspa mRNA levels in the brain afspa’, aspd®* and aspd®“**“ mice (n=3) were
determined by quantitative redime (QRT) PCR. Using a TagMan probe binding to a downstream
sequence,aspa MRNA levels were undetectable aspa®“'®“mice. A 60.4° 4.3% (=0.0001)
reduction of MRNA expression was observedspa®?* brains compared to controls (Fig. 3.2 C). To
determine ASPA protein levels a rabbit afSPA antibody was used in immunoblot analysis of whole

++ éacZ/+

brain homogenates of-honth-old aspa’™, asp gacéhacz

and asp mice (n=3). In the presence of
one furctional allele in heterozygousspd® " animals, ASPA was reduced to 7%.5.7% 6=0.048)

of control levels and was completely abolished in homozygmp““**“mutants (Fig. 3.2 D, E).
Analysis ofi -Galactosidase levels showed the complementaryfifgowith moderate levels in
aspa®“* mice and increased levels aspa®“**“mutants reflecting gene dosage effects (Fig. 3.2 D,

E).
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Figure 3.2: Molecular characterisation aspa®“mice.

(A) For Southern blot analysis genomic DNA was digested with Smal/Apal. The neo probe (white box in A) detected the
expected 7.5 kb band in heterozygotes and homozygdi&sGenomic PCR of littermates with primers ASRA & ASPA

rev produces the expected arigons inaspa’” (336 bp),aspa®™?* (387 bp and 336 bp) anaspd™“**#(387 bp) animals.
The upstream loxP site was detected by PCR with primers-A&P& loxRev yielding a 307 bp barf{@)Q-RFPCR using a
TagMan probe for quantification afspamRNA levels in brains aspa’", aspa®“*, andaspd®“““mice (n=3) confirms the
attenuation of transcription downstream of exon 2 in the targeted all@l®.Immunoblot detection of ASPA in whole brain
lysates of apa’*, asp&““* and aspa®™“**“*mice (4month-olds, n=3) revealed that in the presence of one functional allele
in heterozygous%aspa{"“z’+ animals, ASPA was reduced to 74.%.7% (=0.048) of control levels and was completely
abolished in homozygomspéacznaamutants. Analysis of-Galactosidase levels showed the complementary profile with
moderate levels iraspéacz” mice (E) RepresentativaNestern blot of the 37 kD ASPA protein was detectedspk’jf’+ and
aspa®™“* mice but not inaspd®““““ mutants. i -Galactosidase is expressed aspd®“* and aspd**““prain but not

controls.h-Tubulin was used as loading control

Phenotypically aspa®“***mutants wereleaner (Fig. 3.3 A) and showed gait abnormalities
starting before weaningThe body weight ofispa“'*“mice was significantly decreased at P40
compared to controls for both sexeaspd’™ 19.05° 0.83 gvs. aspd®*“*?14.70° 0.67 gmales
p<0.001 aspa’ 16.84° 0.30 gvs.aspa®¥'®?13.93° 0.58 gfemales p<0.00) (Fig. 3.3 B, CYsing

dezlacZgllele could be converted via

Flp-deleter mice(DYMECKL996 RODRIGUERt al. 2000, the asp
excision othe i geo cassette to the floxeaspd' allele (Fig. 3.1). The latter is phenotypically identical
to the wildtype allele and will be instrumental for conditional deletion of #epagene via Cre
mediated recombination. Howevethe analysis of the conditional knockout animals wagond the

scope othis thesis.
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Figure 3.3: Assessment of the body weightasfpa®“mice.

(A) Representative picture of a maspa®™“**“mutant (asterisk) and aaspa’ littermate at P70.(B-C)The body weight of
male and femaleaspa®*“*°*

mice was determined at P40 and was significantly decreased compared to controls for both
sexes Ifales:aspa’” 19.05° 0.83 g vsaspd®“**“14.70° 0.67 g p<0.001 females:aspa’* 16.84° 0.30 g vsaspa
13.93° 0.58 g p<0.00}.

3.3.2. ASPA expressiondomains

The genomic configuration of the maodified locus was designed to recapitulate the activity of
the aspapromoter and analysis aspa®?* heterozygots by 3Gal immunohistochemistry detected
the presence of the soluble enzymeGalactosidase in central and peripheral tissues (Fig.-&3 X
Gal was expressed by oligodendrocytes throughout the brain. Intense staining was observed in
corpus callosum, but was also present in subcortical grey matter (Fig. 3.4 A). Fibre tracts in the
thalamus showed strong-&al staining indicating the presencel eGalactosidase in oligodendrocyte
processes (Fig. 3.4 B). Brain stem and cerebellar white mdsterdéssplayed abundant-&al signals
(Fig. 3.4 C). At higher magnificatiorga{ signal was visualised in the soma and proximal processes of
oligodendrocyte in the cerebellum (Fig. 3.4 D). Furthermore, activity ofaipapromoter in the
peripheral orgas was investigated by-&al staining. Highly abundantGal staining was observed in
small intestine and kidney (Fig. 3.4E, F) confirming previous reports on ASPA expression in these
organs(HERSHFIELEL al. 2006 KLUGMANNand LEICHTLEIRO06 SURENDRARL al. 2006). XGal staining
in the kidney was found in proximal tubules, but was absent from medulla and glomeruli. This
expression pattern matches the distribution of ASPA immunoreactivity in this dHERsHFIELEL al.
20006. In addition, was observed®&al staining was observed in fibres of the sciaerve (Fig. 3.4 G).
However, the histological approach did not resolve whetheGalactosidase was localised to
Schwann cells or the underlying axons.

To show that the newly generated asfiSPA antibody specifically stains oligodendrocytes in

the CNSbrain sectionsof homozygous PldsRedl transgenic mice expressing the red fluorescent
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protein (RFP) reporter under the control of tpép-1 promoter (HRRLINGESt al. 2005 were stained
with the ASPA antibodyOn the subcellulatevel, staining was detected in soma and proximal
processes of oligodendrocytes (Fig. 3.4)Honfirming previous finding&LUGMANNet al. 2003
MADHAVARAGet al. 2004). Doubleimmunostaining revealed that immunoreactivities of both

galactosidase and ASPA exactlylamalised in the thalamus o heterozygousaspa®**

mouse
further validating this reporter line as a genetic tool to monitor the activity of aspagene (Fig.
35).

To discern ASPA expression in the sciatic nerve, confocal analysis of ASPA immunoreactivity
in teased nerve fibres ofispd’" mice wasperformed (Fig. 3.4 Kl1). ASPA was detected in
protoplasmic domains of Schwann cells and segregated from the myelin marker MBP. These results
show that this enzyme is present in myelinating glia of the central and peripheral nervous system.
However, he Hhstological approach precludes quantitative analyses. Therefore-PgF was
conducted to determine the relative abundancesasipamRNA in different organs obtained from
adult aspa’ animals. Expression levels in kidney, spinal cord, small intestinescéatit nerve were
almost twofold more than that in brain (Fig. 3.4 N). Since peripheral neurons were devoid of ASPA
immunoreactivity (Fig. 3.4-K), the PCR data suggest that Schwann cells are the main sowaspaof
MRNA in the sciatic nerve. Moderde&vels of expression were detected in muscle, testis and lung,

and negligible in whole body preparation at embryonic day (E) E13.5 and E16.5.
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