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|. Abstract

|  Abstract

Adhesion molecules play important roles in the ttgy@ent and regeneration of
the central and peripheral nervous system. Theaheell adhesion molecule L1 is a
cell molecule belonging to the immunoglobulin sdgerly. It can favor axonal
growth in an inhibitory environment, promote neairitutgrowth, neuronal migration
and survival.

Embryonic stem cells (ESC) derived from the innelt mass of the blastocyst,
have the ability to differentiate into cells of #éiree germ layers, including neural
precursor cells. In this study, a murine embryogsiem cell line constitutively
expressing L1 at all stages of differentiation wasd to monitor the molecules effects
on stem cell survival, differentiation, and abiltty influence functional recovery in a
murine model of Parkinson’s disease and in a sgioi@ injury model.

Parkinson’s disease (PD) is the second most commearodegenerative disorder
after Alzheimer’s disease with millions of peopl#eated worldwide. In PD, the
progressive degeneration of mesencephalic dopagiineeurons of the nigrostriatal
system results in a depletion of dopamine thattesesevere motor dysfunction. One
experimental approach is to enhance the numbepgdrdinergic neurons to restore
the control of movement and motor activities. Aligh implantation of fetal
dopaminergic neurons can reduce parkinsonism ifergat current methods are
rudimentary, and a reliable donor cell source iskileg. Nowadays, stem cell
replacement has emerged as a novel therapeutiegtrir Parkinson’s disease.

Spinal cord injury is an insult to the spinal coesulting in a change, either
temporary or permanent, in its normal motor, sepsarautonomic functiorCauses
include motor vehicle accidents, violence, fallsd @aecreational activities. Traumatic
spinal cord injury immediately leads to irreversilprimary tissue damage. Secondary
damage follows afterwards. Current therapeutic @gghres to spinal cord injury are
inadequate. Therefore, increasing attention has pteed on the role of CNS stem
cells in spinal cord repair, including embryonierstcells.

This study applied a new ESC differentiation protocES cell-derived

1



|. Abstract

substrate-adherent neural aggregates (SENAS) ¢imsist predominantly of neurons
(>90%) and radial glial cells (>8%) were generaap@lying this procedure. Female
C57BL/6J mice were intraperitoneally injected witmitochondrial toxin
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine  (MPTPjo selectively deplete
dopaminergic neurons. SENAs were unilaterally fptargted into the striatum or the
substantia nigra four days after MPTP injection.

One month after transplantation, the mice graftétl Wl overexpressing SENAs
showed a significant asymmetrical rotation biashi grafted side after injection of
apomorphine when compared to either mice grafteth wdontrol SENAs or
sham-injected with PBS up to 10 weeks after traargption. The behavioral change
indicates that L1 overexpressing SENAs can impréa@motor function after
MPTP-induced loss of doparminergic neurons.

Morphological analysis revealed that L1 overexpgresSENAs showed enhanced
neuronal differentiation and increased survivaltrahsplanted cells in the lesioned
striatum when compared to control SENAs. Transpkaon of L1 overexpressing, but
not control, SENAs led to enhanced numbers of eewlogs dopaminergic neurons in
the host substantia nigra indicating a beneficiedce of L1 on endogenous cells.
Moreover, engrafted L1 overexpressing SENAs enltsteatal the dopamine level
when compared to control SENAs but did not infleenihe level of GABA
(Gamma-aminobutyric acid) in the striatum.

Furthermore, female C57BL/6J mice were traumatydakioned by compression
at the thoracic (T8-T10) level of the spinal coBENASs were transplanted into the
spinal cord both rostral and caudal to the lesitmtkree days later.

Three weeks after transplantation, mice graftedh Wit overexpressing SENAs
showed better locomotor function when compared wiilce grafted with control
SENAs or sham-injected with PBS. This effect wasesbed up to six weeks after
transplantation. Morphological analysis revealedt thl overexpressing SENAs
showed enhanced neuronal differentiation, reduded djfferentiation. These cells
also displayed increased viability in the inhibjta@nvironment when compared to

control SENAs. Moreover, engrafted L1 overexprepsfiENAs rescued host motor
2



|. Abstract

neurons and enhanced numbers of catecholamindiig fierve fibres distal to the
lesion.
Thus, L1 overexpressing SENAs enhance functiorawery in an MPTP model

of Parkinson’s disease and in a comression lesmaehof spinal cord injury.
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[l Introduction

1  Stemcells

In mammals, the great majority of the somatic cetks derived from pluripotent
precursors of the inner cell mass of the blastoeysth are termed embryonic stem
(ES) cells when cultured. During the process oftrgésion, different groups of
precursors differentiate from these ES cells imcsic cell lineages that are found in
the three germ layers: ectoderm, mesoderm, endod&mase precursor cells
subsequently generate organ and tissue-specifiatsoistem cells that account for
the progressive growth of the tissue mass duringldpment (Faust and Magnuson;
1993). Somatic stem cells decrease in number \Wwightissue approaching maturity.
Continuous cell replacement is important for cresguto maintain steady cell
numbers during the adult life. This has been cjedeimonstrated in the hemopoietic
system, the epidermis and the intestinal epitheli@ecently, the subventricular zone
lining the lateral ventricles and the subgranulanez of the dentate gyrus of the
hippocampus have been recognized as germinativeszgmonstrating the existence
of neurogenesis and the presence of stem cellsiavifie adult mammalian central
nervous system (CNS) (Gage; 2000).

A minimal definition of a stem cell is a cell thalas the capacity both to
self-renew and to generate several types of difteated progeny (multipotency) by
asymmetric cell division (Gage; 2000). This defontrequires that at least one of the
two progeny after a mitotic cell division remainstam cell in order to maintain the
stem cell population required for the continuousdupiction of new cells over long
periods of time. Stem cells display different levef potency determined by their
level of differentiation. Totipotency, a cell’s &ty to give rise to a full organism after
implantation in the uterus of a living animal, htasis far only been shown for the
zygote, the fertilized oocyte, which lacks the aagyafor self-renewal. ES and
embryonic germ (EG) cells are pluripotent cells tten give rise to every cell of the
organism, except the trophoblasts of the placehtaas recently discovered that

oocytes can be derived from ES cells in vitro, mffg a suggestion of totipotency
4
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even in ES cells (Hubner, et al; 2003). Multipoteatatic stem cells like CNS and
hemopoietic stem cells are usually defined by ttgam of their origin; these cells
were long assumed to be able to give rise to all,exclusively, cells of that organ.
This assumption has been challenged by the disgdhat adult neural stem cells
(ANSC) can give rise to hemopoietic cells (Bjornsetn al; 1999) and that bone
marrow precursors can participate in the regeraraif organs of endodermal origin
like the liver (Theise, et al; 2000) and are capatil converting into neural cell
lineages (Mezey, et al; 2000). Thus, multipotemhatic stem cells have the capacity
to give rise to many, though not all, cells origing from developmentally different
germ layers. Stem cells are thus a potentiallyatéestool for supporting or replacing

endogenous regeneration.

1.1 Embryonic stem cells (ES cells)

ES cells are pluripotent cells derived from the einrcell mass (ICM) of
developing blastocysts (Martin; 1981, Evans andfifam; 1981) that can be kept in
an undifferentiated state under appropriate cuktoreditions for potentially indefinite
periods of time (Suda, et al; 1987).

ES cell research dates back to the early 1970sn whebryonic carcinoma (EC)
cells, the stem cells of germ line tumors calledhttcarcinomas (Stevens; 1967),
were established as cell lines (Gearhart and Mib®@7.4, Jacob, et al; 1973, Kahan
and Ephrussi; 1970). Clonally isolated EC cellsairetd the capacity for
differentiation and could produce derivatives of #@iree primary germ layers:
ectoderm, mesoderm, endoderm. More importantlycef demonstrated an ability
to participate in embryonic development, when idtrced into the ICM of early
embryos to generate chimeric mice (Mintz and llises) 1975). EC cells, however,
showed chromosomal aberrations (Papaioannou, e€t9415), lost their ability to
differentiate (Bernstine, et al; 1973), or diffetiated in vitro only under specialized
conditions (Nicolas, et al; 1975) and with chemicalucers (McBurney, et al; 1982).
Maintenance of the undifferentiated state relied cuitivation with feeder cells

(Martin; 1981, Evans and Kaufman; 1981), and dtftensfer into early blastocysts,
5



Il. Introduction

EC cells only sporadically colonized the germ lifMintz and lllmensee; 1975).
These data suggested that the EC cells did non riésa pluripotent capacities of early
embryonic cells and had undergone cellular chadgesg the transient tumorigenic
state in vivo.

To avoid potential alterations connected with thewgh of teratocarcinomas, a
logical step was the direct in vitro culture of egdnic cells of the mouse. In 1981,
two groups succeeded in cultivating pluripotentl deles from mouse blastocysts.
Evans and Kaufman employed a feeder layer of meuasgayonic fibroblasts (Evans
and Kaufman; 1981), while Martin used EC cell-coiodied medium (Martin, 1981).
These cell lines, termed ES cells, originated fittvan ICM or epiblast and could be
maintained in vitro without any apparent loss offedentiation potential. The
“pluripotency” of these cells was demonstratediiro\by the introduction of ES cells
into blastocysts. The resulting mouse chimeras detnated that ES cells could
contribute to all cell lineages including the geline (Bradley, et al; 1984). In vitro,
mouse ES cells showed the capacity to reproducevdineus somatic cell types
(Doetschman, et al; 1985, Evans and Kaufman; 19&hus, et al; 1984) and were
found to develop into cells of the germ line (Gefjset al; 2003, Huebner, et al; 2003,
Toyooka, et al; 2003). The establishment of hum& dell lines from in vitro
fertilized embryos (Thomson, et al; 1998) and themdnstration of their
developmental potential in vitro (Schuldiner, et2001, Thomson, et al; 1998) have
triggered widespread discussions concerning fuapmications of human ES cells in

regenerative medicine.

2 Parkinson’s Disease

Parkinson’s disease (PD) is the most common seribesement disorder
characterized by a progressive loss of dopaminergioons in the substantia nigra
pars compacta with decreased levels of dopaminghén striatum leading to
bradykinesia, rigidity, tremor, and postural ingtigpin affected patients (Samii et al.,

2004). Parkinson’s disease was first described H®y English physician James
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Parkinson in 1817 in the famous monograph “An essathe shaking palsy”. In this
report, he depicted a neurological illness charetd by resting tremor and
progressive motor disability. The disease was summ#ly termed Parkinson’s
disease, after its discoverer, by Jean-Martin Gitarc

The prevalence of Parkinson’s disease in industeidl countries is estimated at
0.3% of the general population and about 1% ofpihyeulation above the age of 60
(Rajput, 1992, de RIijk, et al; 2000). People ofedlinic origins can be affected, and
men are slightly more susceptible to the disor8aidereschi, et al; 2000, Lai, et al;
2003). The initial symptoms of young-onset patientso have Parkinson’s disease
can arise between 21 and 40 years, and the finspteyns in juvenile-onset disease
appear before the age of 20 years (Muthane, €t94). The percentage of young
patients among all Parkinson’s disease patiergbasit 5-10% (Golbe, 1991).

The major features of Parkinson’s disease arengestemor, rigidity, bradykinesia
and postural instability. Furthermore, symptomselated to motor function appear in
Parkinson’s disease patients such as autonomicmiytsdn, cognitive and psychiatric
alterations, sensory symptoms, and sleep distugsamesting tremor, the shaking of
limbs when they are not voluntarily being moviesl,the first symptom in 70% of
Parkinson’s disease patients. Tremors are genesaslynmetric, worsening with
anxiety and during contralateral motor activity.sReg foot tremor is much less
common than upper limb tremors (Samii et al.,, 20@Ripidity is defined as an
increased resistance to passive movement of theslon trunk that exists throughout
the whole range joint movement. Tremor is not aqayeisite for rigidity but rigidity
is typically more pronounced in more tremulous lamRigidity can be enhanced by
controlateral motor activity or mental task perfame (Samii et al., 2004).
Bradykinesia, slowness in the execution of movesjanta severe symptom of early
Parkinson’s disease. It first appears in fine mob@mvements such as writing or fist
closing and opening, increasing in severity dutimg course of the disease. Postural
instability is an impaired ability to keep the baidya stable or balanced position that
also increases during the course of the disease.

Pathologically, Parkinson’s disease is associatéd the loss of dopaminergic
7
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projections from substantia nigra pars compactdéocaudate nucleus and striatum.
Lewy bodies and Lewy neurites are the pathologsigihs of the disease. Clinical

signs of Parkinson’s disease are evident when 8@t of the striatal dopamine and
50% of the nigral neurons are lost (Fearnley, efi@91). Lewy bodies are not only

localized in the substantia nigra, but can alsddamd in cortex, amygdala, locus

ceruleus, vagal nucleus, and the peripheral autanasrvous system (Braak, et al;

2003, Wakabayashi, et al; 1997). Lewy bodies andites in these non-motor areas
may be the cause of many non-motor symptoms ofif’ark’s disease (Samii et al.,

2004).

The cause of Parkinson’s disease is probably a iatin of several factors,
including aging, genetic susceptibility, and enmim@ental exposures (Steece-Collier,
et al; 2002). Aging correlates with a decreased bemof pigmented neurons in the
substantia nigra pars compacta (McGeer, et al; )L97i& reported that Lewy bodies
can be found in up to 16% of the elderly asymptanatople (Fearnley, et al; 1991).
Also, PET and SPECT studies have showed that agangcides with a subtle
decrease of F-DOPA uptake (Cordes, et al; 1994)aaddcline in striatal dopamine
transporters (van Dyck, et al; 2002). Though thetselies propose a link between
aging and Parkinson’s disease, this disorder isergdly accepted not to be
attributable solely to old age. As for the rolegeinetic susceptibility, the majority of
patients do not have a family history. About 15%pattients have a first-degree
relative with the disease, typically without a cleaode of inheritance (Payami, et al,
1994). To date, thirteen genetic loci associatati wutosomal dominant or recessive
parkinsonism have been identified; these genesedeeed to as PARK genes. Twin
studies were useful to clarify the role of gengtiedisposition in Parkinson’s disease.
Results of such a study showed little concordamcémns regarding Parkinson’s
disease development after the age of 50, but caenplencordance in monozygotic
twins with a disease onset before this age (Tamted, 1999). This finding points out
that genetic disposition plays a role in early-ari3&kinson’s disease. The discovery
of PARK genes enhanced the interest in the gersamdribution to Parkinson’s

disease. PARK1 is the first identified gene linkedamiliar Parkinson’s disesase. It
8
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encodes for the synuclein (Polymeropoulos, et al; 1997). PARK2 gene encoding
for the parkin protein which is associated withaatosomal recessive juvenile-onset
form of Parkinsons’s disease (Kitada, et al; 1998 PARKS5 gene encodes for the
ubiquitin C-terminal hydrolase L1 that links to arited Parkinson’s disease (Leroy,
et al; 1998).Though these single gene mutationg actount for a minor fraction of
Parkinson’s disease cases (Gasser, 2001), thevdiscof these genes and their
products has broadened our understanding of theenpat mechanisms of
neurodegeneration in both familial and sporadikifaon’s disease (McNaught, et al;
2001).

Environmental exposure is also a factor that caakllt in Parkinson’s disease
(Calne, et al; 1987). In the early 1980s, Langstod his colleagues (Langston, et al;
1983) reported a series of patients who developedtealevodopa-responsive
parkinsonism after exposure to MPTP, a toxic sidedpct in the clandestine
synthesis of a pethidine analogue. MPTP can easilys the blood-brain barrier and
is metabolized to MPPMPP' is taken up by dopaminergic neurons through the
dopamine transporter and acts as an inhibitor dbehondrial complex | in the
respiratory chain (Singer, et al; 1990). Other clecata similar to MPTP have also
been shown to cause parkinsonism have been desc(Bamii, et al; 1999).
Furthermore, pesticide exposure, living in ruraaar (in industrialised countries), and
drinking well water have all been linked to Parkin's disease (Priyadarshi, et al;
2001). While some environmental exposures incrédaseisk for Parkinson’s disease,
other factors like smoking (Morens, et al; 1995 rdase the risk of Parkinson’s
disease. Studies of the relation between caffemeRarkinson’s disease showed that
the risk of this disease inversely correlated i intake of caffeine from coffee and
non-coffee sources (Ross, et al; 2000, Tan, eR@D7). Infection has also been
suggested to play a role in the pathogenesis dfifzam’s disease (Yamada, et al;
1996, Pradhan, et al; 1999, Tsui, et al; 1999).

Mitochondrial dysfunction, oxidative stress, extabacity, apoptosis, and
inflammation are potentially involved in the meclsam of neurodegeneration (Samii,

et al; 1999) in Parkinson’s disease. The discoeémutations in the genes coding for
9



Il. Introduction

a-synuclein, parkin, and ubiquitin C-teminal hydss#all in familial Parkinson’s

disease suggested that the ubiquitin-proteasoménwpgt is important in

neurodegeneration (McNaught, et al; 2001). Ubiquitiolecules usually attach to
damaged proteins as a signal for degradation. litbigurotein conjugates are
degraded by the 26S proteasome, which is a multrsulprotease. Mutations in
parkin and ubiquitin C-terminal hydrolase L1 arsoalikely to interfere with normal

protein degradation (Samii, et al; 2004).

The currently most important treatment of Parkirsdisease is the application of
either dopamine agonists or levodopa. As dopangoaiats rarely cause dyskinesias,
a common adverse effect of long-term therapy wétotopa, monotherapy with
dopamine agonists is generally being applied imgeu patients as an initial therapy
(Parkinson Study Group, 2000, Rascol, et al; 2000dlder patients, levodapa is the
preferred drug. Common side-effects of dopamine nsg® include nausea,
hypotension, leg oedema, vivid dreams, hallucimstiqEtminan, et al; 2003),
somnolence (Etminan, et al; 2001), and sudden d#apks (Homann, et al; 2003).
Levodopa remains the most important antiparkinsaug dip to date (Rascol, et al;
2000). Side-effects of the drug are similar to dojee agonists, except that
somnolence, hallucinations, and leg oedema arecteamon with levodopa than with
dopamine agonists. Unfortunately, long-term treatimeith levodopa causes motor
fluctuations between mobility and immobility (NuQ01). The non-motor symptoms
require different therapy based on the underlyymgsom. For example, depression
in Parkinson’s disease is normally treated witkelacive serotonin reuptake inhibitor
(McDonald, et al; 2003).

Deep brain stimulation has recently been estaldistsethe best surgical treatment
for Parkinson’s disease. Before, thalamotomy (satgiesioning of the thalamus),
was applied to reduce contralateral tremor (ButcHi®95), pallidotomy (surgical
lesioning of the Globus pallidus) was used to imprmotor symptoms in Parkinson’s
disease (Guridi, et al; 1997). The risks of suigioeatment are brain haemorrhage,
infarct, and seizures (Beric, et al; 2001, Umematal; 2003). The key to success in

functional neurosurgery is a careful selection afignts (Lozano, 2003, Deep-Brain
10
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Stimulation for Parkinson's Disease Study Grou®120

The goal of transplantation is to replace neuragederated during the course of
the disease and to enhance survival of endogeneusoms. Initial experimental
transplantation of fetal mesencephalic tissue irkiRson’s disease patients showed
successful graft survival determined by PET scamaimd in autoptic tissue (Freed, et
al; 1992, Kordower, et al; 1995). However, a sulodgiatients developed dyskinesia.
Recently, Mendez et al. (2008) reported that fetalbrain cells could survive and
contain dopaminergic and serotonergic neurons witlgathology in Parkinson’s
disease patients 14 years after intracerebralglanttion. Stem cells currently are a
potential new therapy to replace the dying dopnrgineneurons or even to rescue

these cells after differentiation into neuronalgomsors.

3 1-Methyl-4-Phenylpyridinium (MPTP)

In the early 1980s the dopaminergic neurotoxin
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPT®Ras discovered accidentally.
As a concomitant of the meperidine analogue
1-methyl-4-phenyl-propion-oxypiperidine (MPPP) used“synthetic heroin”, MPTP
produced a parkinsonian syndrome in young drug exBuafter its unintentional
self-administration (Davis, et al; 1979, Langstost, al; 1983). Most of the
biochemical, pathological and clinical features uoeld in these young addicts
corresponded to the hallmarks of PD, with the eioapof the presence of typical
Lewy bodies (Langston, et al; 1983). A recently Imlied follow-up study presented
evidence that the severe and unremitting parkissomn these patients was probably
caused by nerve cell degeneration induced by MPIIPR eharacteristic features of
neuroinflammation (Langston, et al; 1999). Wherabtgd in primates MPTP, causes
nearly the same pathobiochemical alterations asreéd in PD patients (Burns, et al;
1983, Cohen, et al; 1984, Jenner, et al; 1986)refoee, MPTP was applied to
develop animal models in order to elucidate thelulz@l mechanisms of the

degenerative processes in PD (for review see Tiptah Singer; 1993, Przedborski
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and Jackson-Lewis; 1998) and to test new therapstrategies (Heikkila, et al; 1984,
Schmidt and Ferger; 2001, Teismann and Ferger;)2@0das postulated that MPTP
might also become a leading substance in resedwht &nvironmental toxins that
may initiate or promote PD. Epidemiological datggest that environmental factors
are able to promote PD in individuals over 50 yeafrage (Tanner, et al; 1999).
Theoretically, the exposition to a low dose of aT#Hike toxin may occur several
years before the first symptoms become manifess iftay explain why only a few

of the 300 individuals who may have been exposedRIP suffered from PD

(Ballard, et al; 1985). However, there is currently experimental evidence for
MPTP-like toxins in the SNc in PD since neither MPor related compounds could
be found in the brain or CSF of PD patients (Ikestaal; 1992, Goodwin and Kite;
1998). Nevertheless, the MPTP-induced neurochemicauroanatomical and
behavioral alterations are invaluable to study gh#&ological mechanism of PD in

animal models.

4  Embryonic stem cell based strategies for the treatemt of

Parkinson’ s disease

Currently, no ES cell-based therapy studies areoioggin humans. Only
allogeneic donor-derived adult stem cells have lmeployed in human cell-grafting
therapies, the best examples of which are boneowatransplantations for the
treatment of leukemia after myeloablative therapiEse availability of human ES
cells (ESCs), however, represents an extraordioppprtunity for cell transplantation
that may be applicable to a wide range of humaneals. ES cells display important
properties for cell replacement therapies (Hochggli and Jaenisch; 2003) — 1)
ESCs can be grown indefinitely in culture and 2)CBScan be genetically
manipulated, and loss of function genes (e.g., QTd&R theoretically be repaired by
the introduction of transgenes into ESCs. Becadidhease properties, a significant
effort is required to direct their differentiatiom vitro in order to prevent the

formation of teratoma, an embryonal tumour derivéekrm ESCs. Initial
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transplatantion studies using ESC for cell replam@mtherapy in parkinsonian
animals focused on grafting low numbers of cellshwthe hypothesis that neural
induction occurs by default in the absence of otlestelopmental signals (Tropepe, et
al; 2003 ). Unfortunately, even transplantation wéry low numbers of
undifferentiated ESC facilitating neural differeatiton (Bjorklund, et al; 2002) led to
the development of teratoma in 20% of grafted aten{8jorklund, et al; 2002). Thus,
it has become evident that it is necessary toicestre potential fates of the stem cells
and improve their differentiation prior to transpuation.

To date, two principal methods have focused onnaping the differentiation of
mouse ESCs (MESCSs) in vitro to generate large nisntledopaminergic neurons,
the cell population degenerating in PD, therebyucaty the likelihood of mitotic
cells in the graft and the development of tumotsrafansplantation (see minireview
Hynes and Rosenthal; 2000 ). One method relies B1stage protocol where mESC
are initially cultured under serum conditions as bgmid bodies and then
subsequently differentiated in a serum-free envirent in the presence of Shh, FGF8
and the nonspecific mitogen FGF2, resulting in apjpnately 23% dopaminergic
neurons (Lee, et al; 2000). Modifications of thistpcol have examined the ability to
increase dopaminergic yields by providing additlashevelopmental signals. Kim et
al (2002) used stable Nurrl ESC lines (as well Bk 8nd FGF8) to increase
dopaminergic differentiation in vitro and showedbsequent behavioral improvement
in an animal model of PD without tumor formation.

The second differentiation protocol involves cuhgr ESC in serum-free
conditions on bone-marrow-derived stromal cellg theve been shown to be potent
inducers of neuronal differentiation (this activisyreferred to as stromal cell-derived
inducing activity) (Sasai, 2002). Generated neurares subsequently differentiated,
resulting in a 16% vyield of dopaminergic neurong\{lasaki, et al; 2000) and even
greater numbers when differentiated in the preseh&hh and FGF8 (Barberi, et al;
2003). Upon transplantation, these dopaminergic rameu ameliorated
amphetamine-induced rotational behavior. The eséichaurvival of the dopaminergic

neurons was approximately 22% (Kawasaki, et al0208ignificantly better than the
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5% survival rate seen in fetal-derived dopaminerggarons. Similar differentiation
protocols have recently been developed to genetafmminergic neurons from
human ESC (hESC); however, in vivo results weretéichby poor (or no) survival of
the grafts (Perrier, et al; 2004). This lack ofvéual of hESC-derived dopaminergic
neurons (Winkler, et al; 2005, Freed, et al; 20DMBnow, et al; 1996, Perrier, et al;
2004) indicates that current differentiation anahsplantation protocols need to be
further improved. However, a recent report has easjzied the need for glia-derived
signals for proper differentiation and survival l@ES-derived dopaminergic neurons
in vivo (Roy, et al; 2006).

Recently, a third protocol for dopaminergic diffietiation of mMESC has been
described (Ying, et al 2003). In this study, mES&reavcultivated in the presence of
FGF2, FGF8 and low concentrations of Shh with thedcription factor Lmxla was
over-expressed. Using this protocol, most of theS@En the culture differentiated
into dopaminergic neurons. However, the functiopdperties and safety of these
cells in vivo as well as the applicability of thmotocol to hESC remain to be
determined.

An additional issue that limits the use of hESC tierapy is the risk of
transplanting undifferentiated cells that may reguteratoma formation (Sonntag, et
al; 2006) or the expansion of slow turnover neuitbefial cells that may later present
a risk (Roy, et al; 2006). With adequate differatitin it seems that this risk should be
significantly reduced or eliminated (Brederlaua&t2006). Still, despite cell sorting
or mitomycin treatments (Kawasaki, et al; 2000huanber of ESC studies still show
such tumors. An alternative approach to improvetgain ESC transplantation has
been to eliminate the expression of genes knowretovolved in tumor formation,
such as Cripto. Cripto, in addition to being ov@m@ssed in various tumor types, has
also been shown to be involved in promoting cardooyte differentiation at the
expense of neural differentiation (Shen; 2003erestingly, Cripto’~ ESC showed a
significant increase in dopaminergic differentiatim vitro as a result of increased
neural induction. Transplantation of low number<oipto-deficient ESC resulted in

numerous dopaminergic neurons as well as signifid@havioral recovery in
14



Il. Introduction

parkinsonian rats (Parish, et al; 2005). More not#y, no teratomas were detected,
whilst tumors were seen in 100% of control ESC tgréiParish, et al; 2005). Thus,
while teratomas remain one of the greatest tribadat for ESC therapies, finding
‘switches’ like Cripto that regulate or turn off @ssive proliferation and
tumorigenesis may prove to be a key tool in theuritdevelopment of cell
replacement therapy. An alternative method to &ndopaminergic neurons and
dopaminergic progenitors while avoiding the riskurhors is the isolation of cells by
flow cytometry prior to grafting, using fluorescenactivated cell sorting. These
approaches so far involve genetic manipulationntooduce a marker such as the
green fluorescent protein (GFP) or other selectablekers into the cell. This
approach has been previously used to eliminateffareitiated cells and select the
desired cell type. To date, 2 transgenic lines hbeen used, Ngn2-GFP and
Sox1-GFP (Thompson, et al; 2006, Chung, et al; pd@6the future, as cell surface
proteins are identified in differentiating cell$,may become possible to select the
desired cell type without the need for genetic riicaiion.

In conclusion, stem cells offer a great potentialthe future of cell replacement
therapy. In vitro, high numbers of dopaminergidscebn be generated from various
sources that can induce functional recovery afeersplantation in animal models of
PD. However, a number of obstacles remain to beconee. These include the need
to (i) improve human culture conditions in order dbtain a similar number of
dopaminergic cells to those seen in rodent culfufgs improving survival and
functional integration of cells after transplantati and (iii) ensuring that the risk of
teratoma formation and the presence of undesirksiare eliminated.

In addition to attempts to replace lost dopamirergieurons using cell
transplantation, it has been suggested that cplacement therapy could also be
achieved by inducing self-repair from endogenousdtadem cells in vivo. Within the
adult nervous system two distinct stem cell nichage been well characterized: (i)
the subventricular zone of the lateral ventriclel &) the subgranular zone of the
dentate gyrus in the hippocampus. Within thesegibns stem cells are continually

proliferating and replacing neurons. For some yeans, it has been proposed that
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other stem cell niches may exist within the adudtiln Recently, a debate has evolved
around the prospect of neurogenesis within the mallammidbrain (Frielingsdorf, et

al; 2004, Zhao, et al; 2003, Lie, et al; 2002). Bwerall conclusions of these studies
have indicated that if neurogenesis occurs withesé regions, it occurs at such an
inefficient rate that it is unable to replace cddist in the course of a degenerative
disorder such as PD. A more recent study showedtidbgenous neurogenesis could
be enhanced in PD animals by administration of@adonergic receptor agonist (Van
Kampen and Eckman, 2006). In general, a greateerstahding of the mechanisms
of neurogenesis in these regions of the brain calilmv controlled induction or

modulation of endogenous dopaminergic neurogenesis.

5 Spinal cord injury

Spinal cord injury is an insult to the spinal caoebulting in a change, either
temporary or permanent, in its normal motor, sepsarautonomic functiorCauses
include motor vehicle accidents (36—48%), violel(ge29%), falls (17-21%), and
recreational activities (7—16%) (The National S@itiStical Center, 1999).

Traumatic spinal cord injury immediately leads tagntially irreversible primary
tissue damage (Allen, 1911) mediated by tractioth @mpression by fractures with
displaced bone fragments, disc material, or liganejaries leading to damage of
blood vessels and axons. Within minutes, microhadmages appear in the central
gray matter and increase in size over the nextHeurs (McDonald and Sadowsky,
2002). At the injury level, the spinal cord stadswell and occupies the entire lumen
of the spinal canal within minutes. When the pressuthin the swollen spinal cord
exceedes the venous blood pressure, secondaryem@habccurs. The impaired
autoregulation of blood flow is aggravated by thaal neurogenic shock resulting in
systematic hypotension, thus further increasingasmia. Ischaemia, the release of
toxic chemicals from disrupted neural membranesl electrolyte shifts trigger a
secondary injury cascade leading to damage and@psmf neighbouring cells thus

substantially compounds the initial mechanical dgené@McDonald and Sadowsky,

16



Il. Introduction

2002).

After injury, the hypoperfusion first occurs in theey matter (Tator and Koyanagi,
1997) and progresses to the surrounding white mattes hypoperfusion slows or
entirely blocks the conduction of action potentialeng axons, resulting in spinal
shock. Although this interpretation has been add@dor over two centuries, the
pathophysiology of spinal shock is not yet cladfigHall, 1841, Atkinson PP and
Atkinson, 1996). Currently, several explantatioristtte mechanisms of secondary
injury have been proposed. Toxic chemicals reledssa dying cells, axons and
blood vessels can damage neighbouring cells. Ghtma neurotransmitter
widespread in the spinal cord, plays an importaid m excitotoxic damage. Under
conditions of spinal cord injury, glutamate seam®tiincreases leading to
overexcitation of neighbouring neurons. The comedian of calcium ions is
increased in these overexcited neurons and triggetsstructive cascade, including
the generation of free radicals. Consequently, rmandgs and other cell components
are attacked causing the degeneration of neuroxstoEoxicity not only affects
neurons, but also oligodendrocytes (Matute, e1@97, McDonald, et al; 1998). One
of the glutamate receptors, the AMPA&-dmino-3-hydroxy-5-methyl-4-isoxazole
propionic acid) receptor, plays a key role in otigndrocyte injury. This observation
could explain why axons suffer from demyelinatiordahow decreased conduction
of impulses after spinal cord trauma. Even in namihatic spinal cord injury,
excitotoxicity can cause damage to the white métyenligodendrocyte degeneration

(Pitt, et al; 2000, Smith, et al; 2000).

6 Stem cell based strategies for the treatment of sml cord
injury
During the first decades of the 20th century, ®tsdof the adult mammalian
central nervous system (CNS) issued that regeperatfter insult or injury was

limited (Ramon Y Cajal, 1928). In the 1990s, sdsstobserved neurogenesis in the

adult hippocampus and subventricular zone (Loi®l;e1993, Eriksson, et al; 1998),
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focussing attention on the therapeutic potentiabath endogenous and exogenous
CNS stem cells in the repair of the brain and dpoed. The aim of developing stem
cell based strategies for the treatment of spinad injury can be roughly classified
into four categories: oligodendroglial replacemiemittional remyelination, neuronal
replacement/gray matter reconstitution, providingeamissive substrate for axonal
regeneration, and neuroprotection (Enzmann, 0816).

Demyelination contributes to dysfunction of theutraatically injured spinal cord
in both humans and experimental animals (BlighQZ®unge, et al; 1993, Cao, et al;
2005a, Gledhill, et al; 1973, Guest, et al; 2003xWan, 1989). Thus, remyelination
of demyelinated, but otherwise intact axons is mpdrtant strategy to repair the
injured spinal cord (Blight, 2002). Stem cells, efhhave the potential to differentiate
into oligodendrocytes, are used for transplantationnto the
demyelinated/dysmyelinated spinal cord. Howevedifterentiated embryonic stem
cells cannot be wused for transplantation withoutedfferentiation since
undifferentiated stem cells often develop into hatepias or tumors (Bjorklund, 2000;
Reubinoff, et al; 2000, Thomson, et al; 1998). Baihuse (Brustle, et al; 1999, Liu,
et al; 2000) and human (Nistor, et al; 2005) E$-dekived glial precursors exhibit
robust remyelination following transplantation intoyelin-deficient mice. These
precursor cells migrated broadly in the host CNiSrafansplantation into the dorsal
column of myelin deficient rat or shiverer mouseénap cord. Some of these cells
completely differentiated into mature oligodendresy ensheathed demyelinated
axons and formed myelin (Brustle, et al; 1999, laual; 2000, Nistor, et al; 2005).
Additionally, neural stem cells derived from ratiaium and midbrain can easily
remyelinate axons in the myelin-deficient rat spimard after transplantation
(Hammang, et al; 1997). Mouse neural stem cellsatao remyelinate chemically
demeylinated axons in the adult rat spinal cordu(let al; 2000). Both human
brain-derived neural stem cells (Akiyama, et al)P0and mouse subventricular zone
neural stem cells (Pluchino, et al; 2003) extergivemyelinated axons demyelinated
by ethidium bromide or by the induction of expermted autoimmune

encephalomyelitic, respectivelyn vitro differentiation of neural stem cells into
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oligodendrocytes precursor cells (OPCs) beforesptamtation increased the capacity
of differentiation into oligodendrocytes and thealigbto remyelinate after grafting
into the demyelinated/dysmyelinated spinal cordm@ared with undifferentiated
neural stem cells, these differentiated OPCs ledsigmificantly larger areas of
myelination after transplantation into the spinardc of the myelin-deficient rat
(Zhang, et al; 1999) or demyelinated spinal conahi{l§, et al; 2000). Glial precursor
cells can be derived not only from embryonic staths@and neural stem cells, but can
also be isolated from embryonic tissues, includihg developing spinal cord
(Mujtaba, et al; 1999, Rao et al; 1997), brain (B&m, et al; 1998), and optic nerve
(Barres, et al; 1992). Neonatal brain-derived glmecursors differentiate into
myelinating cells and remyelinate demyelinated axafter transplantation into the
lesioned spinal cord (Keirstead, et al; 1999, Tatet al; 2004). Keirstead ((Keirstead,
et al; 1999) found that rat brain-derived precursells showed a Schwann cell
differentiation after grafting into the lesionedrsd cord. Akiyama (Akiyama, et al;
2001) observed the same phenomenon useing humead stam cells.

Thus, cells derived from different sources, inchgdiembryonic stem cells and
neural stem cells can mediate remyelination in aetya of demyelinating and
dysmyelinating models of spinal cord injury. Thesprobably due to the environment
created in these models of dysmyelination or demgibn that seems to be favorable
for oligodendrocyte differentiation and remyelirweti

In models of traumatic spinal cord injury, the lgswere quite heterogeneous in
comparison to the demyelinated/dysmyelinated modgl spinal cord injury.
McDonald et al. (1999) observed significant oligodecyte differentiation and
locomotor improvement following grafting of ES &linto contused spinal cords.
Keirstead et al. (2005) also observed myelinatiod partial hindlimb locomotor
recovery after engrafing predifferentiated humandetis into lesioned spinal cords,
yielding more than 90% oligodendrocytes. Other gsoabserved a more limited or
absent oligodendrocytic differentiation followingggaftment of both embryonic and
adult NSCs transplanted into traumatic SCI mod€lao( et al; 2001, Chow, et al;

2000, Cummings, et al; 2005, Hasegawa, et al; 20@mami, et al; 2005, Ogawa, et
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al; 2002, Vroemen, et al; 2003). Glial-restricte@BS/NG2" precursor cells isolated
from the embryonic spinal cord either differentdhtento astrocytes or remained
undifferentiated after transplantation into theutmatically injured spinal cord (Cao,
et al; 2005b, Han, et al; 2004, Hill, et al; 2004jth only small numbers of
oligodendrocytes differentiating from engrafted quiesor cells. Based on all these
findings, the different microenvironment in the umaatically lesioned spinal cord
compared to the demyelinated/dysmyelinated lesi@padal cord, seems to restrict
the differentiation of grafted stem cells into @liendrocytes. Scientists are trying to
identify inhibitors in the traumatically lesionedisal cord, which prevent stem cells
from differentiation into oligodendrocytes. Trarmpation of sonic hedgehog
together with OPCs into the contusion-injured spicard, which enhanced the
survival of OPCs, resulting in functional recoveyoth electrophysiological and
behavioral) (Bambakidis et al; 2004). Hofstettealef2005) reported that neural stem
cells that were genetically manipulated to exptissneurogenic transcription factor
Ngn2 showed decreased astrocytic differentiatiod arcreased oligodendrocytic
differentiation after engrafting into contusionitased spinal cord.

After spinal cord injury, neuronal loss, especiafymotor neurons in the cervical
and lumbar enlargement, results in locomotor dydfan. Thus, replacing or
rescueing these motor neurons may be a desirettblegy to enhance functional
recovery. Nevertheless, the majority of studiesagtbthat embryonic stem cells and
neural stem cells prefer glial differentiation aft@nsplantation into the CNS (Ogawa,
et al; 2002, Chow, et al; 2000, Cao, et al; 200agMuson, et al; 2001, Benton, et al,
2005, Enzmann, et al; 2005, Vroemen, et al; 200#stdtter, et al; 2005). These
observations suggest that the microenvironmertienirijured spinal cord favors glial
differentiation of stem cells. Cao et al (2002bpaeed that the environment in
contused spinal cord limits neuronal differentiatidhus, to replace lost neurons in
the lesioned spinal cord optimized protocols faurneal predifferentiation in vitro or
methods to modify the host environment are requi®ome studies showed that
predifferentiation of NSCs into cholinergic motagunons in vitro may be necessary

for successful motor replacement after SCI (GaaJ;2005, Harper, et al; 2004, Kerr,
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et al; 2003, Wu, et al; 2002) and thus protocols ddferentiation of murine
embryonic stem cells (Renoncourt, et al; 1998, Weéidh, et al; 2002) and human
neural stem cells (Wu et al., 2002) into cholinengeuronsn vitro was optimized
After transplantion of ES- or NSCs-derived cholgierneurons into the lesioned
spinal cord, they could replace lost motor neuramd at lease partially restore motor
function (Gao, et al; 2005, Harper, et al; 2004rrKet al; 2003). Besides replacing
lost motor neurons, another possibility to imprdgeomotor function after spinal
cord injury is to facilitate the activation of spincord circuitry below the level of
injury, resulting in the enhancement of segmengédllex arcs and the subsequent
improvement of locomotor function (Pearson, 20@&hgrafted embryonic raphe cells
into the lesioned spinal cord can reinnervate $igetargets, presumably the central
pattern generator in the lumbar part of the spicaid (Cazalets, et al; 1995,
Magnuson, et al; 1999) and can contribute to trstoration of neurotransmitter
receptor densities and partial hindlimb weight sarppas well as increase locomotor
function (Ribotta, et al; 1998, Ribotta, et al; 2D0

Lineage-specific differentiation is not the onlynain stem cell-based therapeutic
approaches in spinal cord injury. Constitutive esggion and secretion of GDNF,
NGF, and BDNF from stem cells can also improve fiamal recovery (Llado, et al;
2004, Lu, et al; 2003). Thus, in addition to thamlity to replace lost neurons after
SCI, stem cells seem capable of facilitating hegiair mechanisms by secretion of

growth factors and other mechanisms that awaitadtion.

7 The neural cell adhesion molecule L1

Cellular interactions can temporally and spatiatjust the fate of cells in the
nervous system. Neural recognition molecules acatéml at the cell surface and
interact with molecules on neighboring cells or tegtracellular matrix by
homophilical interaction, one molecule binding toother of the same type, or
heterophilical interaction, meaning molecules dfedent types interact with each

other. The interaction can take place in cis- andhme cell or in trans- to connect
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molecules on the surface of different cells. Thegeractions affect intercellular
signal transduction procedures contributing to aoninediated attraction or repulsion.
Neural recognition molecules have already beendddiinto different families
Among these are molecules of the immunoglobulin) @gperfamily, integrins,
receptor tyrosine kinases (including ephrin recey)to neuroligins, neurexins,
neuropilins and plexins; it is likely that more tifese associations will become
evident in diverse functional contexts (Maness|e2007).

Integrins are the most important cellular receptmediating interactions with
extracellular matrix molecules and also interadhwell adhesion molecules of the Ig
superfamily during development and in the adulvoes system.

Antibodies were the first molecules consisting eferal Ig-like domains. This
observation led to the description of the Ig sugreify of cell adhesion molecules
(Edelmann; 1969). The neural cell adhesion moleBl@&M was the first neural cell
adhesion molecule fully characterized (Hoffmanralet 1982) showing evolutionary
relationship to antibodies. In contrast to the dimantigen recognizing molecules,
neural cell adhesion molecules of the Ig superfamd not inevitably form dimers,
offering the potential for additional interactiofyy pairing of domains between
molecules (Becker et al., 1989). The common stractd the Ig superfamily is the
lg-like domain consisting of 70-110 amino acidsttf@am two p-sheath structures,
which create a hydrophobic nucleus, and comprisig conserved cystein residues
separated by 55-75 amino acids that stabilize thectare with disulfide bonds
(Williams, et al; 1989). Fibronectin type Il (FN)ldomains are also a common
structure found in several neural cell adhesionemdes of the Ig superfamily in
various copy numbers (Main, et al; 1992). This diontansists of roughly 90 amino
acids composed of two opposirfgsheath structures. In contrast to the Ig-like
domains, the structure of the FNIII domain is niatbgized by disulfide bonds and
shows a different topology (Brimmenorf and Rathj@893). FNIII domains can
interact with extracellular matrix molecules (Rwdgl and Pierschbacher; 1987) and
effect neurite outgrowth (Appel, et al; 1993). Titie NCAM and DCC-family, three

closely related families of neural cell adhesionlenoles within the Ig superfamily,
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contain both Ig-like and FNIII domains.

The molecules of the L1 family are characterizedhgyextracellular L1-cassette,
consisting of six Ig-like domains followed by aast four FNIII repeats (Holm, et al;
1996). The Ll-cassette is either linked to the nramd by a
glycosylphosphatidylinositol (GPl)-anchor or conti a single transmembrane
domain followed by a short cytoplasmic domain defintwo subgroups of the L1
family with the expression of additional isoformistbe transmebrane molecules by
alternative splicing (Brummendorf and Rathjen; 1993e members of the L1 family
are highly glycosylated (up to 20% of the apparantecular weight) and express the
HNK-1 epitope (Schachner; 1989). Most moleculesexgressed in the central and
peripheral nervous system and, not being restritbedieurons, are expressed by
subgroups of glial cells with coexpression of sallenembers of the L1 family
defining a cell type specific, temporospatial exgien pattern (Moscoso and Sanes;
1995).

L1 is a transmambrane glycoprotein that homopHhilicand/or heterophilically
interacts with other molecules. The molecular weighL1 is about 200 kDa. L1
consists of six Ig-like domains, followed by fiveNFl domains, a transmembrane
region, and a cytoplasmatic domain (Moos, et aB8)9In the CNS, L1 becomes
detectable on unmyelinated axons of postmitoticroresi when they start growing
towards their targets, is expressed throughouttlaolodi, and is absent from cell
bodies and dendrites (Persohn and Schachner; Ba8%ch, et al; 1989). In the
peripheral nervous system, L1 is not only expressedeurons, but also on Schwann
cells before myelination and under conditions gergeration (Martini and Schachner;
1988). Moreover, L1 is expressed in cells of thebgoietic lineage, in proliferating
epithelial cells of the intestinal crypts and alsseveral peripheral tumor cells (Thor,
et al; 1987). Alternative splicing generates a oeal isoform of L1 containing a
sequence (RSLE) inserted in the cytoplasmic dortigihenables an interaction of L1
with the AP2-clathrin adaptor protein involved ideaytosis (Kamiguchi, et al;
1998).

L1 is involved in neuronal migration, neurite owgth, and myelination
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(Brummendorf, et al; 1998) as well as axon guidafegciculation, and regeneration
(Castellani, et al; 2000, Zhang, et al; 2000). kemnore, it enhances cell survival
(Chen, et al; 1999), neuronal differentiation otireé stem cells (Dihné, et al; 2003),
and synaptic plasticity (Luthi, et al; 1996, Saghgan, et al; 2004). L1 engages in
homophilic and heterophilic cell interactions. Hefhilic binding partners are the
RGD-binding integrins and TAG-1/axonin-1, F3/F1Htaxctin, NCAM, CD9, CD24,
and phosphacan (Silletti, et al; 2000). These aatgrns are likely to depend on the
presentation of the L1 molecule either in a meméaound form or as a proteolytic
fragment, which has been described in various fdiayeem, et al; 1999).

Different mutations in the extracellular or intrdokar domain of L1 cause severe
human neuropathological disorders (Kenwrick, el@889). This discovery highlights
the critical role of L1 in neural development. Up date, almost 100 different
mutations of L1 gene have been categorized ingetByndromes: hydrocephalus as a
result of stenosis of the Aqueduct of Sylvius (H$A®ental retardation, aphasia,
shuffling gait, and adducted thumbs (MASA), and inkéd spastic paraplegia
(XLSP). Anatomical deformations found in the CNSLdf mutationed patients are
enhanced ventricles or hydrocephalus, hypoplasaplasia of the corticospinal tract,
corpus callosum, or septum pellucidum, and fusibthe thalami or colliculi. In the
L1 deficient mouse, similar malformations of the &€MWere described (Dahme, et al;
1997, Cohen, et al; 1997).

Due to the positive effects of L1 on neuronal ddfgiation and survival L1 was
applied to enhance survival and differentiatiomediral cells in vitro and in vivo and
to enhance functional regeneration in mouse mazfeteurodegenerative disease and
spinal cord trauma. L1 rescued fetal dopaminergierons when cultured in vitro as
well (Hulley, et al; 1998). Substrate-bound L1 poted neuronal attachment and
neurite outgrowth in the presence of astrocytes faordblasts (Webb, et al; 2001).
Ectopic expression of L1 in astrocytes in transgemice not only led to better
learning and memory and higher flexibility in rale@mg (Mohajeri, et al; 1996), but
also to precocious development of the corticosptredt (Ourednik, et al; 2001).

Application of the extracellular domain of L1 touwidrats after spinal cord injury
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promoted locomotor recovery (Roonprapunt, et alp30 Embryonic stem cells
overexpressing L1 increased neuronal differentiatd grafted cells and enhanced
locomotor function after transplantation in a mousedel of Huntington’s disease
(Bernreuther, et al; 2006). Chen et al (2005) rgbran increased regrowth of
corticalspinal tract axons into the lesion siteemfintraspinal transplantation of L1
overexpressing embryonic stem cells into the lesitsin a murine spinal cord injury
paradigm. Moreover, adeno-associated virus-medidt@d expression enhaned

locomotor function mice with compression —lesiosgpdhal cords (Chen, et al; 2007).

8 Substrate-adherent embryonic stem cell-derived _reural

aggregates (SENAS)

Dihné and Bernreuther (Dihné, et al; 2006) devedoge optimized protocol for
pre-differentiation of murine ES cells and isolati@f ES cell-derived neural
aggregates for transplantation, which gives rissutostrate-adherent embryonic stem
cell-derived neural aggregates (SENAs). SENAs tedulin a high yield and
improved survival of fully differentiated neurons vitro and after transplantation in
vivo. Furthermore, there was reduced tumor fornmatipa syngeneic transplantation
paradigm in which pre-differentiated ES cell-dedveneural aggregates from
C57BL/6J mice were injected into the quinolinic ca@sioned striatum of adult

C57BL/6J recipient mice.

9 The aim of this study

Recent advances in embryonic stem cell-based teetiap approaches in
Parkinson’s disease and spinal cord injury empkatkiz necessity to enhance graft
survival and to prevent tumoru formation by graftedls. The SENA differentiation
protocol has been shown to efficiently reduce turfaymation and enhance the
survival and neuronal differentiation of graftedll€ein a mouse model of
Huntington’s disease. Furthermore, the neural adliesion molecule L1 has been

shown to enhance functional recovery in a mouseemotl Huntington’s disease.
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Thus, the aim of this study was to combine the fable properties of the SENA
differentiation protocol and the overexpressiontha neural cell adhesion molecule
L1 in grafted cells and to monitor the potentiaflyther enhanced regenerative
protocol of L1 overexpressing embryonic stem célifferentiated by the SENA

protocol in a mouse model of Parkinson’s diseask amouse model of traumatic

spinal cord injury.
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11 Materials and Methods

1 Materials

1.1 Chemicals
If not indicated otherwise, all chemicals were aoi#d from the following

companies in p.a. quality: Macherey-Nagel (Dureern@any), Merck (Darmstadt,
Germany), Serva (Heidelberg, Germany) and Sigmas@dbbofen, Germany). DNA
Purification kits were purchased from Invitrogenmérsham Pharmacia Biotech
(Freiburg, Germany), Macherey & Nagel and Qiagenld@g#h, Germany). The
Dopamine Research RIA kit and GABA Research ELSA Kiere ordered from
Labor Diagnostika Nord GmbH & Co. KG (Germany). ICalilture material was

ordered from Nunc (Roskilde, Denmark) or Invitrogen

1.2 Solutions and Buffers
(in alphabetical order)
Antibody buffer 0.3 % (w/v) bovine serum albumiiBSA)
(Immunocytochemistry) inPBSpH 7.4
0.02 % (w/v) Triton X-100

Anesthetics 20 % (w/v) Ketan@sarke-Davis/Pfizer,

Karlsruhe, Germany)

8 % (w/v) RompuBafer, Leverkusen,
Germany)
72 % (w/v) 0.9% NaC
Blocking buffer 3 % (w/v) BSAin PBS pH 7.4

(Immunocytochemistry) 0.2 % (W/v) Triton X-100

Blocking buffer 1-4 % (w/v) instant milk powder TBS
(Western Blot) or 1 % (v/v) block solution (boehringer) in
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TBS
Blotting buffer 25 mM Tris
(Western Blot) 192 mM Glycin
DNA-sample buffer (5x) 20 % (w/v) glycerol in TA#&uffer
(DNA-gels) 0,025 % (w/v) orange G
dNTP-stock solutions 20 mM each  DATP, dCTP, dGAPIP
(PCR)

Ethidiumbromide- 10 pag/mi ethidiumbromide in 1XTAE
staining solutior(DNA-gels)
HBSS 5.33 mM KCI

0.44 mM KRPO,

4.00 mM NaHCQ

138.0 mM NacCl

0.3 mM NaHPO,

5.6 mM D-glucose
Phosphate buffered saline 150 mM NacCl
(PBS) 20 mM NaPOspH 7.4
Protease-inhibitors COMPLETMpIlls. Resuspending 1 tablet in 2 ml
solution

results in a 25x stock solution
RIPA-buffer 50 mM Tris-HCI, pH 7.4
(cel lysis) 1 % (wiv) Triton X-100

150 mM NaCl
1 mM EGTA
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Running Gel 10% (8%)

(protein gels)

Sample buffer (5x)
(protein-gels)

SDS running buffer (10x)
(protein-gels)

Stacking Gel 5%
(protein gels)

Stripping buffer
(Western blots)

TAE (50x)

3.92
5.26
0.14
4.70
70.0
7.00

0.312
10

50

0.13
0.25

1.92

3.77
0.32

0.05
0.83
25.0
7.00

0.5
0.5

mM NaVO4

ml (4.89 ml) deionizedava
ml (5.26 ml) 1 M Tris pH 8.8
ml (0.14 ml) 10% SDS
ml (3.73 ml) 30% Acrylamide — Bis 29:1
pl (70 ul)  10% APS
ul(7pl)  TEMED

M Tris-HCI pH 6.8
% (wiv) SDS
% (w/v) B-Mercaptoethanol
% (v/Vv) Glycerol

% (w/v) Bromphenol blue

M Tris-HCI, pH 8.3
M glycine
M SDS

mi deionized water
mi
M Tris pH 6.8
mi 10% SDS
ml 30% Acrylamide — Bis 29:1
i 10% APS
ul TEMED

M NacCl
M acetic acid
M Tris-Acetat, pH 8.0
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(DNA-gels) 100 mM EDTA
TE (10x) 0,1 M Tris-HCI, pH 7.5
10 mM EDTA
Tris Buffered Saline (TBS) 10 mM Tris-HCI, pH 8.0
150 mM NacCl
1.3 Celllines
L1" ES cells Embryonic stem cell line bBthed from transgenic

C57 Dblack/6J mice expressing GFP under the
influenceof the chickB-actin promoter (Okabe, et al;
1997), and transfected with full length mouse Ltem
the control of the isoform 1 of the
3-phosphoglycerokinase (PGK) (Bernreuther et al.,
2006)

Control ES cells Embryonic stem cell liastablished from transgenic
C57 Dblack/6J mice expressing GFP under the
influenceof the chiclg-actin promoter transfected with
a control plasmid (empty vector) (Okabe, et al; 7,99
Bernreuther, et al; 2006)

1.4 Cell culture Media
Media was purchased from Invitrogen and supplendeasedescribed
ES-medium Dulbecco's MEM (DMEM, 4.5 g/l D-gluco2émM
HEPES, 0.58 g/l L-glutamine, no sodium pyruvate)
supplemented with

15%  (viv) fetal calf serum (FCS, ES

qualifjed

(Perbio, Erembodegem, Belgium)
2 mM L-glutamine
1 X MEM non-essential amino acids

1 mM sodium pyruvate
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ES-mediuni] LIF

ES selection-medium

ITSFn-medium

with

MEF-medium

0.1
1,000

50
50

mM
U/ml

U/ml

pug/mi

nucleoside mix (containing 3mM
of each adenosine, cytidine,

guanosine, uridine and thymidine

in PBS

2-mercaptoethanol

murine leukemia inhibitory factor
(ESGRQOM LIF)

(Chemicon, Temecula, CA,
USA)

penicillin

streptomycin

ES-medium without ESGR® LIF

ES-medium supplemented with

250

pug/mi

G418 (Geneticin) (Invitrogen)

DMEM/Ham’s F12 (DMEM/F12) (1:1) suppiented

50
30

50
50

ug/mi
pug/mi

nM
pug/mi
mM
U/ml

ug/mi

insulin
transferrin
odium selenite
fibronectin
L-glutamine
penicillin

streptomycin

DMEM (4.5 g/l D-glucose, with GlutamaxT™ho

pyruvate) (Invitrogen) supplemented with

9
1

%

X

FCS

MEM non-essential amino acids
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mN3

MN3-bFGF

NSC-medium

1.5 Antibodies

50 U/ml penicillin
50 ug/mi streptomycin

DMEM/F12 supplemented with

1 X B27-supplement (Invitrogen)
2 mM L-glutamine

50 U/ml penicillin

50 ug/mi streptomycin

mN3 supplemented with

20 ng/mi basic fibroblast growth factor
(bFGF)

(PreproTech, Rocky Hill, NY,
USA)

DMEM/F12 supplemented with

1 X B27-supplement

0,6 % D-glucose

2 mM L-glutamine

3 mM sodium bicarbonate

5 mM HEPES

50 U/ml penicillin

50 ug/mi streptomycin

10 ng/mi bFGF

10 ng/mi epidermal growth factor (EGF)

(PreproTech, Rocky Hill, NY,

USA)

1.5.1Primary antibodies
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anti-1lI-tubulin

anti-BrdU

anti-caspase-3

anti-ChAT

anti-CNPase

anti-GAD-6

anti-FN

anti-GAD-65/67

anti-GFAP

mouse monoclonal antibody Tujl (Sigma)

IH: 1:400

mouse monoclonal antibody (Sigma)

IH: 1:200

rabbit polyclonal antibody (R&D &ys$, Minneapolis,
MN, USA)
IH: 1:2000

goat polyclonal antibodyi(lybore)

IH: 1:100

mouse monoclonal antibody (Sigma)
IH: 1:1000
mouse monoclonal antibody (DevelopmeStaidies
Hybridoma Bank, lowa City, IA, USA)
IH: 1:10

rabbit polyclonal antibo(igma)

IH: 1:100
rabbit polyclonal antibody (Sigma)
IH:  1:500

rabbit polyclonal antibody (Dako)
IH:  1:1000
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anti-lba 1

anti-L1

anti-L1

anti-NeuN

anti-NF-200

anti-TH

rabbit polyclonal antiyo@vako Chemicals, Richmond,
VA)

IH: 1:1500

mouse monoclonal antibody (Appel, et a®3p

IH: 1:100

rabbit polyclonal antibody (Rathjen and &chner,

1984
IH: 1:100
IB: 1:10.000

mouse monoclonal antibody (Chemicon)

IH: 1:1000

rabbit polyclonal antibody (Sigma)
IH: 1:200

rabbit polyclonal antibo@Millipore)

IH: 1:800

1.5.2 Secondary antibodies
For indirect immunofluorescence and Western blatyais, Cy2™, Cy3™, and

Cy5™  conjugated

antibodies  (diluted  1:200-1:300) d anhorseradish

peroxidase-conjugatedntibodies (diluted 1:10,000) to rabbit, rat, hano& mouse 1gG

were used,

Germany).

respectively (Jackson Immuno Researeh Dieanova, Hamburg,
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2 Methods

2.1 Western-blot analysis
2.1.1Electrophoretic transfer
(Towbin, et al; 1979)

Proteins were transferred from the SDS-gel to eoléilulose membrane (Protran
Nitrocellulose BA 85, 0,45 mm, Schleicher & Schilllacssel, Germany) using a
MINI TRANSBLOT-apparatus (BioRad). After equilibrab of the SDS-PAGE in
blot buffer for 5 min, the blotting sandwich wassasbled as described in the
manufacturer’s protocol. Proteins were transfeekttrophoretically at 4°C in blot
buffer at constant voltage (70 V for 120 min or B¥5overnight). The prestained
marker BenchMark™Invitrogen) was used as a molecular weight maiked to

monitor electrophoretic transfer.

2.1.2Immunological detection of proteins on nitrocellulose membranes

(Ausrubel, 1996)

After electrophoretic transfer, the membranes weneoved from the sandwiches,
washed once in TBS and incubated in blocking bufferl h at room temperature.
Afterwards, the primary antibody was added in thprapriate dilution either for 2 h
at RT or overnight at 4°C. The primary antibody wasnoved by washing the
membrane % 5 min with TBS. The appropriate secondary antibedg applied for 2
h at RT. The membrane was washed aganSbmin with TBS and immunoreactive

bands were visualized using the enhanced chemiksoénce detection system.

2.1.3Immunological detection using enhanced chemiluminescence
The antibody bound to the membrane was detectedguthie enhanced

chemiluminescence detection system (Pierce, Rodkfih, USA). The membrane
was soaked for 1 min in detection solution (1:1 tomi& of solutions | and Il). The
solution was removed and the blot was placed betvwe® cellophane foils. The
membrane was exposed to X-ray film (Biomax-MR, East Kodak, Rochester, NY,

USA) for several time periods, starting with a Zwrakposure time.
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2.1.4 Determination of protein concentration (BCA)
(Ausrubel, 1996)

The protein concentration of cell lysates was daeileed using the BCA kit
(Pierce). Solutions A and B were mixed in a rafid &0 to give the BCA solution. 20
pl of the cell lysate were mixed with 200 ul BCAw@mn in microtiter plates and
incubated for 30 min at 37°C. A BSA standard cumas co-incubated ranging from
100 pg/ml to 2 mg/ml. The extinction of the samples determined at 568 nm in a

microtiter plate reader.

2.2 Immunohistochemistry

2.2.1 Immunocytochemistry of living cells

Coverslips with attached cells were washed with BBfid placed on Parafilm in
a humid chamber. 100 pl of HBS®ntaining the primary antibody in the appropriate
dilution was added onto the coverslips and incubateRT for 20 min. Afterwards,
the coverslips were put into 12-well dishes andhedstwice with HBSS Coverslips
were subsequently placed on Parafilm™ in the huch@mber again, covered with
100 pl of HBSS containing the fluorescent dye-coupled secondatbady in a
1:200 dilution, and incubated at 37°C for 20 minthe dark. Finally, the coverslips
were washed twice with HBSSfixed and mounted on glass slides with Aqua

Poly-Mount medium (Polysciences, Warrington, PAA)S

2.2.2 Immunohistochemistry of fixed cells and tissues

Cultured cells were washed in PBS, pH 7.3 and fik@d15 minutes in 4%
paraformaldehyde before incubation with 0.1% BSAPRBS for 40 min. Primary
antibodies were applied for 1 hour at room tempeeatAfter washing in PBS,
appropriate secondary antibodies were applied@an#hutes at room temperature.

For preparation of tissue sections, animals wertuged with PBS followed by
4% paraformaldehyde in PBS. Brains were post-fieernight in the same fixative
and then cryoprotected with 20% sucrose for 2 addy4°C. Brains were frozen in

liquid nitrogen, and 2fum serial cryosections were mounted on SuperfrostBlides
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(Menzel, Braunschweig, Germany) and allowed toalgrnight at room temperature.
After incubation in 0.1% BSA in PBS for 40 min, piary antibodies were applied for
24 hours at 4°C.

For detection of primary antibodies, appropriateoselary antibodies, coupled to
Cy2, Cy3, or Cy5 (all from Dianova, Hamburg, Geriypamwere used. Some cell
cultures and tissue sections were counterstained.Gomin with 50ug/ml DAPI
(Sigma) to visualize cell nuclei. To immunostairtwihe monoclonal mouse antibody
to bromodeoxyuridine (BrdU), DNA was denatured wib ethanol for 5 min at
room temperature followed by 2.4 M HCI for 10 min3x°C. Monoclonal mouse
antibody to BrdU was administered overnight at 4°@r. neurofilament 200 staining,
tissue sections were incubated in 10 mM sodiunateitrpH 9.0, at 80°C for 30 min
prior to PBS/BSA incubation. Specimens were exathivgth a fluorescence
(Axioplan 2; Carl Zeiss Microimaging, Thornwood, NYJSA) or confocal

laser-scanning (LSM510; Carl Zeiss Microimaginggrascope.

2.3 Culture, manipulation, differentiation and transplantation of
embryonic stem cells
2.3.1Gelatinizing of cell culture dishes
Cell culture dishes were treated for 1 - 2 h withaaitoclaved 0.1% (w/v) gelatin
solution (type A from porcine skin, approximatel§3Bloom). After removal of this
coating solution, dishes were air-dried and stdyefbre usage at 4°C u for up to 2

weeks

2.3.2Cultivating feeder cells

ES cells were grown on a single cell layer of nmtaty inactivated,
neomycin-resistant embryonic fibroblasts. Such emtic fibroblasts were derived
from E13.5 - E14.5 embryos of neo-transgenic midéNeo, kindly provided by Dr.
Irm  Hermanns-Borgmeyer, ZMNH, Hamburg). Confluentultares of
neomycin-resistant fibroblasts were mitotically aivgated before use as a feeder

layer for ES cells. Therefore, fibroblasts weretk2p - 3 h in 10 g/l Mitomycin C in
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fibroblast medium. After washingx3with PBS, cells were trypsinized (0.05%
trypsin-EDTA, Invitrogen) and stored as aliquotdiquid nitrogen. 16 - 24 h before
culturing ES cells on a feeder layer, these miatiycinactivated fibroblasts were
seeded with a density of>8.0* cells per crion gelatinized cell culture dishes. Cells

were cultured in MEF-medium at 37°C, 7.5% £0

2.3.3EScdl culture

L1" and control ES cells were cultured in ES cell medi(37°C, 7.5% C§).
Cells were maintained on a feeder layer of mitdificaactivated mouse embryonic
fibroblasts at all times. The ES cells grew in speeshowing sharp boundaries and
were subcultivated before individual spheres cdatheach other. Medium was
changed daily. For subcultivating, cells were wastwth PBS once and trypsinized
with trypsin-EDTA (0.25 % (w/v) trypsin, 1ImM EDTApr 3 min at 37°C. Cells were
dissociated in an appropriate amount of ES celliomedand seeded in intial to final
density ratios of 1:2 to 1:5. For cryopreservateon equal volume ES-cell medium
was added to the trypsin-digests, followed by aoldibf two volumes freeze medium
(80% ES-qualified FCS, 20% (v/v) DMSO). Cells weslewly cooled down to —

80°C and kept on liquid nitrogen for long-term sige.

2.3.4 Generation and isolation of substrate-adherent embryonic stem
cell-derived neural aggregates
The lineage selection protocol according to Okabale(1996) and Lee et al.
(2000) was slightly modified. Briefly, this protdcaccomprises a five stage
differentiation process:
Sage 1l Expansion of undifferentiated ES cells in ES-madin gelatine-

coated dishes without feeder cells

Sage2  Generation of free-floating embryoid bodies ingrssion culture
in ES-mediunt] LIF (4d)

Sage3 Selection of neural precursor cells in ITSFn-madiu
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Sage4 Expansion of neural precursor cells in mMN3-bFGF

Sage5 Induction of differentiation by growth factor renad

ES cell lines used in this study were a GFP exprgssmbryonic stem cell line
transfected to overexpress the neural cell adhesiotecule L1 at all stages of
differentiation and a corresponding GFP expres&ifgcell line transfected with a
control plasmid generated in our laboratory. Maiatece of undifferentiated ES cells,
embryoid body formation and selection of neuralcprsor cells was carried out as
described (Okabe et al., 1996; Lee et al., 20000 wninor modifications.
Undifferentiated (stage 1) ES cells were expanded @& monolayer of
mitomycin-treated murine embryonic fibroblasts @tagjne-coated cell culture dishes
in the presence of 1,000 U/ml leukemia inhibitogactbr (LIF) ES-medium. For
passaging, ES cells were detached and dissociatedaisingle-cell suspension by
0.25% trypsin / 0.04% EDTA in HBSS-. Formation afleyoid bodies (stage 2) was
induced by plating dissociated cells onto nonaditebacterial culture dishes at a
density of 2.5x 10* cells / cnf in the absence of LIF (ES LIF). Four days later,
selection of neural precursors was initiated witBFn-medium for 8 days (stage 3).

To generate substrate-adherent embryonic stemdeslted neural aggregates
(SENASs), pre-differentiated ES cell-derived neupa¢cursors (stage 4), seeded at
100,000 cells/ml medium onto poly-L-ornithine cahteell culture dishes or
coverslips, were maintained for 18 days in mN3-bR@Her the influence of bFGF,
which was exchanged every second day. Since nptgalrsors are conventionally
expanded in the presence of bFGF for only 4 - &dbejore differentiation is induced
by bFGF withdrawal while SENAs are generated urtterprolonged influence of
bFGF for 4-6 weeks, this period was termed “protahgtage 4” (ps4). During this
period, aggregates of approximately 10.000 cell&EN/&s) formed within the
monolayer of neural precursor cells. ThereafteGBRvas withdrawn for 7 days to
induce terminal differentiation of SENAs (stage Buring ps4 (I till 28"; the
number of days after plating of neural precursorshie presence of bFGF will be

referred to as M and during the subsequent differentiation peiiodtage 5 without
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FGF-2 (28/7; number of days after stage 4 or ps4 without b@Fbe referred to
as n), SENAs developed intermixed with neural preculssgnowing in a monolayer.
These monolayer cells shared features similar ¢gethof “conventional” stage 4 or
stage 5 ES cell cultures. To obtain highly enricB&NA preparations, cultures were
treated with 0.3ug/ml collagenase Xl (Sigma) at 37°C for 10 minutesorder to
gently detach entire SENAs and monolayer precursioosn the substrate.
Collagenase was preferred to trypsin or accutasmuse it did not result in
dissociation of SENAs. Detached cells were cargfpilbetted up and down 10-times
with a fire-polished Pasteur pipette to separateatayer precursors from SENAs
that remained intact during this procedure. SENAsawharvested by sedimentation at
1xg for 2 minutes and resuspended in HBSS- in ordgrick SENAs individually
using a 1Qul pipette tip.

2.3.5Transplantation

2.3.5.1Transplantion of SENAsinto MPTP- lesioned mice

Four days prior to transplantation, 2-month-old &snC57BL/6J mice were
lesioned by intraperatoneal injection of 1-methyghknyl 1,2,3,6-tetrahydropyridine
(MPTP) (15 mg/kg, 2 hours apart, 4 times). On thg df transplantation, SENAs
were harvested at 28 and resuspended in HBS®ith about 10 SENAs ped. Cell
number per SENAs was estimated by dissociation wigpsin, showing that, on
average, one SENA consisted of about 10,000 d®ite ul of L1* SENAs, either
control SENAs or vehicle (PBS) only was graftedittie striatum unilaterally using
the coordinates in relation to bregma: 0.1mm paste2.5 mm mediolatral, and 3.0
mm dorsal. Grafts were analyzed 4 and 12 weeks afiasplantation. All animal
experiments were approved by the University andeStd Hamburg Animal Care

Committees.

2.3.5.2Transplantation of SENAs into the lesioned spinal cord
Three days before transplantation, the spinal cofd2-month-old female

C57BL/6J mice was lesioned. Laminectomy was peréatrat the T7-T9 level with
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mouse laminectomy forceps (Fine Science Tools, ¢leatg, Germany). A mouse
spinal cord compression device was used to elictrapression injury (Curtis, et al;
1993). Compression force (degree of closure of ftreeps) and duration were
controlled by an electromagnetic device. The spooatl was maximally compressed
(100%, according to the operational definition afrtis, et al; 1993) for 1 second by a
time-controlled current flow through the electromatic device. On the day of
transplantation, SENAs were harvested &t28nd resuspended in HBS®ith 10
SENAs perul. Cell numbers per SENAs was estimated by dissociavith trypsin,
showing that, on average, one SENA consisted ofitab®,000 cells. Ongl of L1*
SENASs, either control SENAs or vehicle (PBS) onlyswnjected 0.5 mm both rostral
and caudal to the lesion site using a glass mipeif@ (tip diameter 10m) 1 mm
deep into the spinal cord. Grafts were analyzede@ks after transplantation. All
animal experiments were approved by the Universitg State of Hamburg Animal

Care Committees.

2.3.6Morphologic analysis

2.3.6.1Analysis of differentiation, cell death and proliferation

To determine total cell numbers in vitro, cells eepunterstained with DAPI and
the ratio of cell type-specific (e.@-lll tubulin and TH marker-positive cells to all
DAPI cells was calculated. To determine total numbeooior cells in vivo, EGFP
cells were counted and the ratio of cell type-dpear functional marker-positive
cells of all EGFP cells was calculated. At least three independgpesments in
duplicates and at least 1000 cells per marker axmkranent were analysed.
Percentages of double-labeled cells were determamet mean values * standard
error of the mean (s.e.m.) were calculated. Studgdrtiest was used for statistical
evaluation unless otherwise indicated. All experitee were performed in a

double-blinded manner.

2.3.6.2Analysis of graft volume and density

Unbiased estimates of the total number of graftells and graft volume per
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animal were calculated 1 and 3 months after tramsation according to the optical
dissector and Cavalieri methods (Unbiased Stergplétpward and Reed, Bios
Scientific Publishers, 1998), respectively. An Askop microscope (Carl Zeiss)
equipped with a motorized stage and a Neurolucafaware-controlled computer
system was used for quantitative analysis (MicrgBiffield Europe, Magdeburg,
Germany). Graft volume and cell density of the gmaére determined measuring
every tenth section of the graft. Transplantedsceléere identified by their EGFP
signal. Graft areas were outlined on digitized isg¢p calculate volumes based on
section thickness and frequency. Using random dampt the graft core and in the
periphery of the graft, cell counts were perforna@dording to the optical dissector
principle at a magnification 0£40. Nuclei of DAPT and EGFP grafted cells were
counted according to their position in each disedd counts were performed in a

double-blinded manner.

2.3.6.3Analysis of scar volume

In the spinal cord lesion paradigm, mice were $iged six weeks after
transplantation and spinal cords were cut in s#Eggéctions on a cryostat. Serial
sections spaced 250 um apart were stained withGAP and anti-FN antibodies to

estimate the scar volume using the Cavalieri ppieci

2.3.6.4Analysis of cell migration
The shortest distance between at least 400 indiVidells and the graft edge of

recipient animals was determined on digitized insage

2.3.6.5Analysis of differentiation of SENAsin vivo

To determine the differentiation of SENAs aftemsplantation in vivo, the ratio
of double-labelled marker-positive and GF#ells of all GFP cells was assessed by
confocal laser scanning microscopy in serial sesti@and mean values * standard
error of the mean (SEM) were calculated. At leafiOQ cells per marker and

experiment were analyzed in a double-blinded manner
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2.3.6.6Neurite outgrowth assay

To determine the maturation of neurons differeatiatrom grafted SENAs, the
longest neurite length per cell was measured byrdlecida™ software. Sections
were stained with anti-NeuN antibody. In each eixpent, at least 50 cells per

section were analyzed.

2.3.6.7 Quantitative analysis of TH* neurons in the Substantia nigra, pars

compacta

In the MPTP lesion paradigm, THheurons were counted in the right and left
Substantia nigra, pars compacta (SNpc) of everthtsaction throughout the entire
extent of the SNpc. An Axioskop microscope (Carisggequipped with a motorized
stage and a Neurolucida software-controlled compwgstem was used for
guantitative analysis (MicroBrightField Europe, Miatpurg, Germany). The border of
SNpc and ventral tegmental area was delineateal\ar Imagnification observing TH
immunostaining. Using random sampling in the SNl counts were performed
according to the optical dissector principle atagmfication ofx40. All counts were

performed in a double-blinded manner.

2.3.6.8Motoneuron soma size and quantification of perisomatic puncta

Estimations of soma areas and perisomatic puncta performed as described
(Irintchev et al., 2005). Longitudinal spinal coséctions stained for ChAT were
examined under a fluorescence microscope to sedections that contained
motoneuron cell bodies at least 500 um distal ftbenlesion scar. Stacks of images
of 1 um thickness were obtained on a LSM 510 caifadcroscope (Zeiss) using a
40x oil immersion objective lens and digital resmno of 1024 x 1024 pixel. Four
adjacent stacks (frame size 115 x 115 um) wereirdataconsecutively in a
rostro-caudal direction in order to sample motooesrocated both close and remote
to the lesion scar were sampled. One image peratdhe level of the largest cell
body cross-sectional area was used to measure aaaperimeter and number of

perisomatic puncta. Motoneurons were identified itynunolabeling in sections
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stained for ChAT, and by the size of the cell bedignstained profiles surrounded by
immunoreactive puncta) and by bis-benzimide costaéred nuclei. Areas and
perimeters were measured using the Image Tooldt@are program (University of
Texas, San Antonio, TX, USA; free software avaiabl at
http://ddsdx.uthscsa.edu/dig/). Linear density wadculated as the number of

perisomatic puncta per unit length.

2.3.6.9Monoaminergic reinnervation of spinal cord distal to the lesioned site
To assess monoaminergic reinnervation of the smioed caudal to the injury,
TH" axons projecting beyond an arbitrarily selecteddbo 250 um caudally to the

lesion site were counted in spaced serial pardahgéctions 6 weeks after the injury.

2.3.6.10Analysis of glial and microglial reactionsto the grafts

To determine the reaction of the host tissue tdteptecells, immunostaining with
anti-GFAP (astrocytes) and anti-lba 1 (microgliggswerfomed and confocal images
were taken around the edge of transplanted celleast 20 images were made from
one mouse. The software Image J (http://rsbwelgovij/index.html) was used to
measure fluorescence intensities from all 3 groupsr statistical evaluation,
fluorescent intensities from Lland control groups were normalized to the PBSgrou

and Turkey’s One-way ANOVA was subsequently perfedrfor analysis.

2.3.7Analysis of striatal levels of dopamine and GABA

2.3.7.1Analysis of striatal levels of dopamine

The commercial radioimmunoassay kit (Dopamine RebeaRIA, Labor
Diagnostika Nord Gmbh & Co. KG, Germany) was usedneasure dopamine level
in striatum. One month fter transplantation, miceravsacrificed and striata were
dissected out of the brain and stored &°GBuntil analysis. On the day of analysis,
striata were homogenized in 0.01 N HCl with 1mM EBD&nd 4mM sodium
metabisulfite. Protein concentrations were measusaty BCA protein assay (Pierce).

Samples were processed according to the manufastimstructions while ensuring
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proper standards and controls.

2.3.7.2Analysis of striatal levels of GABA

The commercial ELISA kit (GABA Research ELISA, Labbiagnostika Nord
Gmbh & Co. KG, Germany) was used to measure the &AABel in the striatum.
One month after transplantation, mice were saexfiand striata were dissected out
of the brain and stored atO® until analysis. On the day of analysis, striatre
homogenized in 0.01 N HCI with 1mM EDTA and 4mM &od metabisulfite.
Protein concentrations were measured using BCAepraassay (Pierce). Samples
were processed according to the manufacturer’suictstns while ensuring proper

standards and controls.

2.3.8Evaluation of behavior

2.3.8.1Evaluation of behavior of MPTP lesioned mice

Apomorphine-induced rotations were analysed onebadgre and 1, 3, 4, 6, 8, 10,
and 12 weeks after transplantation, to evaluate efffiects of transplantation on
symmetry of motor function. All mice received syste MPTP-injections as
described above. Mice were then randomly assigoetihree groups that received
either a unilateral striatal transplantation of b¥erexpressing SENAs, control
SENAs, or a PBS injection only (sham-injected glolice were tested for rotation
in response to intraperitoneal injection of 1 mg/agomorphine in PBS. All
behavioural tests were performed at the beginnihghe animals” dark phase.
Rotations were measured in an open field box fom3@utes at 50 lux. Ethovision
software (Noldus, Wageningen, The Netherlands) wsed for processing data.
Relative meander, which is net ipsilateral turniemggle divided by distance, was

calculated. Tukey’s One-way ANOVA was used foristatal evaluation.

2.3.8.2Evaluation of behavior of spinal cord-lesioned mice
The recovery of ground locomotion was evaluatechgishe Basso, Beattie,

Bresnahan (BBB) rating scale (Basso, et al; 198%)dified for mice (Joshi and
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Fehlings, 2002), and a novel single-frame motioalysis (Apostolova, et al; 2006).
This method includes evaluation of four parametarshree different tests: beam
walking (foot-stepping angle and rump-height indesgluntary movements without
bodyweight support (extension—flexion ratio). Alliom received a spinal cord
compression lesion as described above. Mice were tandomly assigned to three
groups that received an intraspinal injcion of Liemxpressing SENAs, control
SENAs, or a PBS injection only (sham-injected glodssessments were performed
before and at 1, 3, and 6 weeks after the injuglués for the left and right
extremities were averaged. Recovery indices weegl @s a measure of functional
recovery for each individual animal level as prergly described (Apostolova et al.,
2006). The recovery index (RI) is an individual raal estimate for any given
parameter described above and is calculated irepeas: RI=[0¢+n—X7)/ (Xo

— X 7)] x 100, where X, X 7 and X7 ., are values prior to operation, 7 days after
injury, and a time-point n days after the spinaldcmjury, respectively. In simpler
terms, this measure estimates gain of functiorn; (X, — X 7) as a fraction of the
functional loss (X% — X 7) induced by the operation. It may attain O or niegavalues

if no improvement or further impairment occur dgrithe observation time-period.
The index cannot be calculated only if the operattauses no change in the value
(X o — X7 =0) which is precluded by selection of reliabbrgmeters. The recovery
index is a meaningful and comprehensive paramdtewiag better comparisons
within one investigation and between results ofedént laboratories. Calculation of
recovery indices is absolutely necessary if a patamis prone to variability as a
result of individual animal variability in body cstitution and behavioral traits. An
example is the rump-height index defined above. ifbdex values are influenced not

only by functional impairment but also by the aniimsaize and the beam thickness.

2.3.9H-reflex recordings
The sciatic nerve was stimulated using bipolartatead pulses of 0.2-ms duration
to elicit reflex responses. The stimulus intensiis gradually increased until both M-

and H-waves with latencies of approximately 2 ana<s respectively, were visible.
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After the threshold measurement, the stimulus Bitgrwas further increased until
maximal and stable H-responses were elicited. Hitenme stimulation continued at the
defined suprathreshold level at frequencies of 0.8, 0.5, 1, 2, 10, 20 Hz. Six
consecutive responses were recorded at each freguBine amplitudes of M- and
H-waves were measured as peak-to-peak values, gaeeréexcluding the first
response at each frequency) and used to calculdler&tios. The latencies of the

responses were measured as time elapsed betweengiper and peak of each

waveform.
2.3.10 Satistical evaluation

All experiments were performed in a blinded marared Student’s t-test was used

for statistical evaluation, if not indicated othése:
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IV Results
1. Transplantation of SENAs into the MPTP mouse mod el of

Parkinson’s disease

1.1 Characterization of L1 overexpressing SENAs in vitro
In this study, we used embryonic stem cells expmgsgreen fluorescent protein

(GFP) under the chicken beta-actin promoter andntheal cell adhesion molecule
L1 under the promoter of 3-phosphoglycerokinasallastages of differentiation as
previously described (Bernreuther, et al; 2006).dvkerexpressing embryonic stem
cells and GFP expressing control cells were diffea¢ed according to the five stage
protocol (Lee, et al; 2000) modified as describedhiie, et al; 2006) in order to give
rise to neural aggregates containing a high peagentof neurons (SENAS).
Proliferation of neural precursor cells under tinfluence of FGF2 was briefly,
prolonged in stage 4 giving rise to neural aggmegjabnsisting mainly of neurons and
radial glial cells. Throughout differentiation (g&4 and 5), L1 overexpressing cells
showed enhanced levels of L1 in vitro determinedWsstern blot analysis when
compared to control cells (Fig. 1A).

To determine whether L1 influences neuronal difiéisgion of SENAs in vitro,
indirect immunofluorescent staining was carried atitday 7 of stage 5 (28).
SENAs contained a high percentagepdfi-tubulin® neurons among all GFRells
(Fig. 1B) that did not differ between the L1 oveweessing and control group (L1:
92.59 + 1.293%, control: 89.17+ 1.15%). A tendetmyards enhanced numbers of
TH" neurons in L1 overexpressing versus control SENI&s 4.514 + 0.478%,
control: 3.300 £ 0.340%) was observed, thouth thdation was not statistically
significant (Fig. 2C).

Thus, L1 overexpressing SENAs showed enhancedsleskelLl that did not
improve overall neuronal differentiation but cohtried to a tendency towards

increased dopaminergic differentiation.
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Figure 1. L1 overexpression does not affect neuronal difféagion of substrate-adherent
embryonic stem cell-derived neural aggregates (SENAvitro.

(A) Immunoblot analysis of L1 expression in SENAs gatexl from transfected ([)land
mock-transfected (WT) embryonic stem cells expregssenhanced green fluorescent protein
(EGFP) at all stages of differentiation that weiféecentiated by the protocol described by Dihné
et al. 2006 at day 28 of prolonged stage 4 andagt7dof stage 5. Note that L1 expression is
enhanced in L1 versus WT SENAs throughout differentiation. Immblod analysis of
glyceraldehyde 3-phosphate dehydrogenase (GAPDH3hmwvn as a loading contro(B)
Generation of neurons from Lland WT SENAs was determined at day 7 of stage 5 by
immunostaining and fluorescence light microscopyf#dll tubulin (red). EGFP cells (green),
B-1Il tubulin*/EGFP cells (yellow). Percentages fflll tubulin® cells of all EGFP cells are
shown at day 7 of stage 5 (mean = s.e.m.). Nordifiee in neuronal differentiation was observed
between L1 and WT SENAs with a percentage of 90% neuron®th groups. Scale bar, 1Qf.
(C). The proportion of TH cells was determined at day 7 of stage 5 by immistachemistry
and fluorescence light microscopy. THred), EGFP cells (green), THGFP cells (yellow).
Scale bar, 10qm. Percentages of THeells of all EGFP cells are shown at day 7 of stage 5
(mean * s.e.m.) Student’s t-test was performedsfatistical analysis. The enhanced number of
TH" cells in LT SENAs was not statistically significant.
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1.2 L1 overexpression in SENAs enhances graft size, ni@r of surviving cells in
the graft, and migration from the graft edge aftertransplantation into the
MPTP-lesioned mouse brain
Intraperitoneal injection of MPTP into wild typedtdC57BL/6J mice resulted in

a reproducible reduction in the number of surviviitg' cells in the substantia nigra

(Fig. 2) when compared to animals sham-injectedh WVABS 7 days after injection

(MPTP: 5380 *= 516; PBS: 10610 £+ 360). To determthe effects of L1

overexpression on survival of transplanted SENAstae migration of cells from the

graft into the host tissue, GFBENAs differentiated to day 7 of stage 5 weredigd
either unilaterally into the striatum (Fig. 3A) adjacent to the substantia nigra (Fig.
3B) four days after intraperitoneal injection of WB® Four weeks after grafting L1
overexpressing SENAs showed increased graft sizg FC, D) and enhanced
numbers of surviving cells (Fig. 3C, E) when conaglato control SENAs after

transplantation into both the striatum (graft sizel: 0.24 £ 0.03 mma3, control: 0.11

+ 0.01 mm3; cell number - L1: 9332 = 744, contd50 + 657) and adjacent to the

substantia nigra (graft size - L1: 0.21 £ 0.03 mm@ntrol: 0.1 £ 0.01 mm3; cell

number: L1: 7114 + 452, control: 4092 + 86). THieet was confirmed three months
after transplantation of SENAs into the striatunig(BA). Furthermore, migration of

grafted cells from the graft edge of transplantdddverexpressing SENAS versus
control SENAs into the host striatum (Fig. 3F, G@fanto the host substantia nigra

(Fig. 3G) was increased 4 weeks after graftingafstm - L1: 126 £ 1Qum, control:

52 + 2um).

Thus, graft size, cell number, and migration irfte host tissue was enhanced in

L1 overexpressing versus control SENAs after tremgption into the striatum or

adjacent to the substantia nigra of MPTP-lesionax®m
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Figure 2. Intraperitoneal injection of MPTP reduces the nambf TH™ neurons in the murine
substantia nigra. Immunohistochemical analysis df Tieurons (red) in the murine substantia
nigra 1 week after MPTP lesion or sham-injectiorP8S. Absolute numbers of endogenous TH
neurons are shown (mean + s.e.m.). Student’s wastperformed for statistical analysis @<
0.01).
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Figure 3. L1 overexpression in SENAs enhances graft sizeben of surviving cells in the graft,
and migrationfrom the graft edge. SENAs differeetibto day 7 of stage 5 were transplanted into
the mouse striatumA( or the substantia nigraBY Four days after MPTP lesiofC) Laser
scanning microscopy of an Land a control (WT) SENA graft four weeks aftemsplantation
into the host striatum. Grafts were detected bgmtftuorescence of transplanted cells. Scale bar,
100 um. (D) Graft volume 4 weeks after transplantation of (1=6) and WT (n=6) SENAs into
the striatum or substantia nigra (mean * s.e.miydeédt’s t-test was performed for statistical
analysis (** p < 0.01)(E) Number of EGFPcells 4 weeks after transplantation of [(h=6) and
WT (n=6) SENAs into the striatum or substantia aigmean = s.e.m.). Student’s t-test was
performed for statistical analysis (** p < 0.01,**p < 0.001)(F) Laser scanning microscopy of
the periphery of L1and WT SENA grafts 4 weeks after transplantatihite lines indicate graft
edges. Note the enhanced number of EGfefls migrated from the Llgraft. Scale bar, 100m
(G). Migration distance from the edge of ‘L(h=6) and WT (n=6) SENA grafts four weeks after
transplantation is shown. (mean + s.e.m.). Studémést was performed for statistical analysis (**
p <0.01; ** p<0.001).
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Figure 4. L1 overexpressing SENAs show increased number efif,cincreased neuronal
differentiation, decreased astrocytic differentiati and increased number of Teells three
months after transplantation into MPTP lesioned seastriatum when compared to control (WT)
SENA grafts. A) Confocal images of an [land a WT graft (green) three months after
transplantation into the host striatum. Scale ba@um. (B) Number of EGFPcells three months
after transplantation of [1(n=6) and WT (n=6) SENAs into the striatum (mears.2.m.).
Student’s t-test was performed for statistical gsial (** p < 0.01)(C) Confocal images of L'l
and WT SENA grafts (green) immunostained for tharoeal marker neuronal nuclear antigen
(NeuN, red) three months after transplantation theostriatum. Scale bar, 5. (D) Percentages
of NeuN' cells of all EGFP cells three months after transplantation of (1=6) and WT (n=6)
SENAs into the striatum (mean * s.e.m.) are sh@tudent’s t-test was performed for statistical
analysis (** p < 0.05)(E) Percentages of GFARells of all EGFP cells three months after
transplantation of L'L(n=6) and WT (n=6) SENAs into the striatum (meas.ecm.) are shown.
Student’s t-test was performed for statistical ysial (* p < 0.05).(F) Percentages of GADcells

of all EGFP cells three months after transplantation of (11=6) and WT (n=6) SENAs into the
striatum (mean * s.e.m.) are showi&) Confocal images of '1land WT SENAs (green)
immunostained with an antibody against tyrosin bysltase (TH, red) three months after
transplantation into the striatum. Scale bar, 50 (Hi) Percentages of THcells of all EGFP
cells 12 months after transplantation of L(h=6) and WT (n=6) SENAs into the striatum or
substantia nigra (mean + s.e.m.) are shown. Stisdetgist was performed for statistical analysis
(* p<0.05).

1.3 L1 overexpressing SENAs show enhanced numbers of THcells after

transplantation into the MPTP-lesioned mouse brain

Percentages of NelNheurons among all GFReells (Fig. 5A, Fig. 4B) were
slightly enhanced in L1 overexpressing SENAs whempgared to control SENAs
four weeks and three months after transplantatitm the striatum (four weeks - L1:
46 + 2%, control: 39 = 1%; 3 months - L1: 40 + 286ntrol: 33 + 1) and four weeks
after transplantation adjacent to the substangieanjL1: 42 + 1%, control: 37 + 1).
GFAF' astrocytes were less abundant in L1 overexpresdiigAs (Fig. 5B, Fig. 4B)
four weeks and three months after transplantatitmthe striatum (four weeks — L1.:
41 * 2%, control: 53 £ 2; three months - L1: 49,4c@ntrol: 57 = 2). The percentage
of oligodendrocytes was negligible in both groupd amounted to less than 1% of all
GFF cells (not shown).

The percentages of GABAergic neurons as identibgdmmunohistochemical
labelling with GAD antibodies (Fig. 6A) did not tef between the groups at all

investigated time points after transplantation (Fég\, Fig. 4F). In contrast, the
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percentage of dopaminergic neurons of all graftéeP'Geells as determined by
immunohistochemical labelling with TH antibodies swaenhanced in L1
overexpressing SENAs versus control SENAs four weahkd three months after
transplantation into the striatum (Fig. 6B, Fig., 4G four weeks: L1: 5.5 £ 0.5%,
control: 3.5 £ 0.4%; three months: L1: 2.4 + 0.6ntcol: 1 =+ 0.1%) and four weeks
after transplantation adjacent to the substangear(Fig. 6B; L1: 5.3 £ 0.6%, control:
3.6 £ 0.2%).

Thus, L1 overexpressing SENAs favour neuronal \&eesirocytic differentiation
and show an enhanced percentage of graft-derivgzhndimergic neurons after

transplantation into the MPTP-lesioned mouse brain.

1.4 L1 overexpressing SENAs rescue endogenous nigral gdominergic neurons
after transplantation adjacent to the substantia ngra but not after
transplantation into the striatum of MPTP-lesionedmice
To monitor the effects of L1 overexpressing SENAsS the survival of

endogenous dopaminergic neurons in the substagtia, the percentage of THells

in the substantia nigra was determined ipsilatenal contralateral to the grafted side

four weeks after transplantation of L1 overexpmgsor control SENAs into either

the striatum or adjacent to the substantia nigi@asame was true after sham-injection
of PBS (Fig. 7). While no differences in the petege of TH cells were observed
between the ipsilateral and contralateral sider afeansplantation of SENAs into the
striatum, L1 overexpressing but not control SENAshanced the numbers of
endogenous THcells in the substantia nigra ipsilateral to thafigd side when

compared to the contralateral side.
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Figure 5. L1 overexpressing SENAs show increased neurorfééreitiation and decreased
astrocytic differentiation after transplantatiorioirthe mouse striatum or substantia nigra after
MPTP lesion(A) Confocal images of L'land control (WT) SENA grafts (green) immunostained
for the neuronal marker neuronal nuclear antigegufN red) four weeks after transplantation into
the striatum. Scale bar, @®. In the upper right, a Z-stack of 15 images ofnlhickness of the
area outlined by a square in the merged imageeok 1h graft is shown with orthogonal views of
the xz- and yz-planes showing EGR%®euN' neurons. Scale bar, 50 um. Percentages of NeuN
cells of all EGFP cells four weeks after transplantation of L(h=6) and WT (n=6) SENAs into
the striatum or substantia nigra (mean * s.e.ne)siwown. Student’s t-test was performed for
statistical analysis (** p < 0.01)(B) Confocal images of Lland WT SENAs (green)
immunostained with an antibody against glial filary acidic protein (GFAP, red) four weeks
after transplantation. Scale bar, 50 um. In theeupight, a Z-stack of 15 images of 1um thickness
of the area outlined by a square in the merged énwighe LI graft is shown with orthogonal
views of the xz- and yz-planes showing EGEFAP" astrocytes. Scale bar, 50 pm. Percentages
of GFAP' cells of all EGFP cells four weeks after transplantation of L(h=6) and WT (n=6)
SENAs into the striatum or substantia nigra (meas.etm.) are shown. Student’s t-test was
performed for statistical analysis [f*< 0.05).
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Figure 6. L1 overexpressing SENAs show increased differéiatiainto TH™ neurons with
unchanged GABAergic differentiation after transpddion into either MPTP lesioned mouse
striatum or substantia nigréd) Confocal images of L'land control (WT) SENA grafts (green)
immunostained for glutamate decarboxylase (GAD),radnarker for GABAergic neurons, four
weeks after transplantation into the striatum. &&ar, 5am. In the upper right, a Z-stack of 15
images of 1um thickness of the area outlined bguai® in the merged image of the'ldraft is
shown with orthogonal views of the xz- and yz-pgshowing EGFFGAD" neurons. Scale bar,
50 pm. Percentages of GADells of all EGFP cells four weeks after transplantation of l(h=6)
and WT (n=6) SENAs into the striatum or substamtigra (mean + s.e.m.) are show(R)
Confocal images of L'land WT SENAs (green) immunostained with an antjtaghinst tyrosin
hydroxylase (TH, red) four weeks after transpldatatScale bar, 50 um. In the upper right, a
Z-stack of 15 images of 1um thickness of the argbned by a square in the merged image of the
L1" graft is shown with orthogonal views of the xzdaiz-planes showing EGFHH" astrocytes.
Scale bar, 50 um. Percentages of Tells of all EGFP cells four weeks after transplantation of
L1* (n=6) and WT (n=6) SENAs into the striatum or gahba nigra (mean + s.e.m.) are shown.
Student’s t-test was performed for statistical gsial(* p < 0.05; **p < 0.01)
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Figure 7. Transplantation of L1 overexpressing SENAs int® sabstantia nigra but not into the
striatum rescues host dopaminergic neurons aftéfMBsioning. Immunohostochemical analysis
of endogenous THneurons (red) four weeks after transplantatioh1df(n=7) and control (WT)
(N=7) SENA grafts into the substantia nigra orastnm of MPTP-lesioned mice. Scale bar, 100
pum. Absolute numbers of endogenous Heurons ipsilateral and contralateral to the grhide
are shown (mean * s.e.m.). Note the increased nuaftendogenous THneurons ipsilateral to
the grafted side in mice transplanted wif ISENAs. Student’s t-test was performed for statisti
analysis (***p < 0.001).

1.5L1 overexpressing SENAs but not control SENAs enhae
apomorphine-induced rotation behavior and striatal dopamine level after
transplantation into the striatum of MPTP-lesionedmice

To test the effect of L1 overexpressing SENAs orntanbehaviour, we analysed
apomorphine-induced rotation in MPTP-lesioned migth unilateral grafts of L1
SENAs, WT SENAs, or sham-injected with PBS. (Fid) &s expected, the animals
showed no rotational behavior after lesioning oag blefore transplantation because
systemic MPTP application induces symmetric ceditdef the dopaminergic neurons
in the substantia nigra. Animals transplanted wihtrol SENAs showed a tendency
towards an ipsilateral rotation bias in apomorphitkiced rotation behaviour one to
four weeks after transplantation when comparedh® PBS group that was not
statistically significant at any time point. In d¢oast, transplantation of L1
overexpressing SENAs led to a stable ipsilatertaltian bias in apomorphine-induced
rotation behaviour three to ten weeks after trargption when compared to the
group transplanted with control SENAs and shamebeg@ control animals. Thus, L1
overexpressing SENAs but not control SENAs inflezhaotation behaviour in
MPTP-lesioned mice.

As reported, apomorphine-induced rotations coreeatthe underlying degree of
nigrostriatal loss and dopaminergic depletion (HuddL, et al; 1993). In order to
reconfirm the correlation, we analysed the strimt@apamine level 1 month after
striatal transplantation (Fig. 8B). L1 overexpragsbut not control SENAs enhanced
the level of dopamine in the striatum ipsilatemathte grafted side when compared to

the contralateral side(Fig. 8B) but did not inflaerstriatal GABA levels (Fig. 8C)
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Figure 8. (A) Behavioral analysis of apomorphine-induced rotalioMPTP-lesioned mice with
unilateral grafts of L1 SENAs (n=10), control (WT) SENAs (n=10), or shaijected with PBS
(PBS, n=9). Relative meander was calculated asnirangle divided by the distance moved
(mean % s.e.m.). Tukey's one-way ANOVA was perfadnfier statistical analysis. (*,*p < 0.05
and 0.01, compared with PBS group,p#< 0.05, compared with WT group)B) Striatal
dopamine expression level one month after striadaisplantation with L SENAs (n=7), WT
SENAs (n=5), or sham-injected with PBS (PBS, nH{B)ean + s.e.m.). Student’s t-test was

performed for statistical analysis ff< 0.05).(C) Striatal GABA expression level one month
after unilateral striatal transplantation with"L8ENAs (n=7), WT SENAs (n=5), or sham-injected
with PBS (PBS, n=5), (mean * s.e.m.). Studentsst-tvas performed for statistical analysis.

1.6 L1 overexpressing SENAs but not control SENAs decase microglial
activation but not reactive astrogliosis in the hastssue after transplantation
into the striatum of MPTP-lesioned mice
The immune reation of the host to grafted cellsams important obstacle in

transplantation paradigms. In order to investigatether grafted L1 and control

SENAs trigger an immune response after transpliantaive analysed the expression

of GFAP, a marker for astrocytes, and Iba-1, a erafkr microglia cells, in the

vicinity of grafted cells. Analysis revealed no migcant differences in the glial
reaction monitore by GFAP expression of host de#fsveen L1 overexpressing and
control SENAs 1 month after transplantation (Fig, 8). In contrast, the microglial
reaction monitored by Iba-1 expression, was reducethimals transplanted with L1

overexpressing SENAs when compared to control SEARSPBS (Fig. 9C, D)
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Figure 9. The host tissues show a decreased microgial reatdid-1 overexpressing SENAs
when compared to control SENAs and PBS, but neemiffce in the astroglial reactio(d)
Confocal images of host striatal tissues grafteith wi* SENAs, control (WT) SENAs (green) or
PBS immunostained with an antibody against GFAR)(r8cale bar, 100 uniB) Mean value of
GFAP expression in the host tissues of mice tramsetl with LT SENAs (n=5), control SENAs
(n=5), normalized or sham-injected with PBS (n=B5¢ aisplayed. The expression level in
sham-injcted mice is adjusted to 100%. Turkey's-omag ANOVA was performed for statistical
analysis. (**p < 0.01)(C) Confocal images of host striatal tissues graftgdb” SENAs, WT
SENAs or PBS (green) immunostained with an antitenghyinst Iba 1 (red). Scale bar, 100 |(B).
Mean value of GFAP expression in the host tisstdiesice transplanted with L1SENAs (n=5),
control SENAs (n=5), normalized or sham-injectethvitBS (n=5) are displayed. The expression
level in sham-injcted mice is adjusted to 100%. &y one-way ANOVA was performed for
statistical analysis (**, ***p < 0.01 and 0.001).

2. Transplantation of SENAs into the compression-le  sioned

murine spinal cord

2.1 L1 overexpression in SEAs reduces the glial scartaf transplantation into
the compression-lesioned spinal cord
In order to evaluate the potential positive effeatsSENAs overexpressing the
neural cell adhesion molecule L1 in the inhibitognvironment of the
compression-lesioned spinal cord, GFFENAs overexpressing L1 and control GFP
SENAs differentiated to day 7 of stage 57(Z8 were transplanted rostral and caudal

to the center of the lesion site 3 days after casgon-lesioning of the spinal cord of
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C57BL/6J mice. These data were compared to micenshgcted with PBS (Fig.
10A). Six weeks after transplantation, SENAs weetedtable at the injection sites
(Fig. 10B). Since the volume of the glial scar etates with locomotor function in
the spinal cord injury mouse model (Apostolovaale2006), the scar volume in each
mouse was estimated applying the Cavalieri priecipMlice grafted with L1
overexoressing SENAs showed a significantly redwsmat volume when compared
to sham-injected animals, but only a slight, thougi significant, reduced scar

volume in comparison with mice grafted with cont8#NAs (Fig. 10C) (scar volume:

L1: 0.689 + 0.018 mm WT: 0.793 + 0.040 mmPBS: 0.921 + 0.056 nin

L1
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Figure 10. L1 overexpression in SENAs reduces scar volumer dfnsplantation into the
compression lesioned spinal cord of adult miée. $pinal cords were compressed at the T7-T9
level (indicated by hollow arrows), SENAs were ¢gdf0.5 mm rostral and caudal to the lesion
site (indicated by arrows)BJ Localization of SENAs (GFP (green) in the lesioned spinal cords
6 weeks after transplantation. PBS was injectedl legioned spinal cords as control. The lesion
site is deineated by glial fibrillary acidic prate{GFAP) expressing astrocytes (red). Scale bar,
100 um. (C) Double immunofluorescence of a parasagittal sediir GFAP (red) and fibronectin
(FN; green) at the lesion site six weeks aftergptamtation. Mean scar volumes + s.e.m. in mice
transplanted with L1 overexpressing SENAS, conf¥dl) SENAS, or sham-injected with PBS
are displayed. (L1 n=7; WT, n=7, PBS, n=5). Note the decreased gome in mice grafted
with L1 overexpressing SENAs. Tukey's one-way ANOWAs performed for statistical analysis.
(* p< 0.05). Scale bar, 1G0m.

2.2 L1 overexpression in SENAs enhances graft size, nier of surviving cells

in the graft, and migration from the graft edge afer transplantation into the

lesioned spinal cord

To determine the effects of L1 overexpression anigal of transplanted SENAs
and migration of cells from the graft into the htissue, the number of surviving
grafted cells and migration distance of transplartells from the graft edge were
analysedSix weeks after grafting, L1 overexpressing SENAs sttbwan increased
graft size (Fig. 11A, B) and enhanced numbers ofiging cells (Fig. 11A, C) when
compared to control SENAs caudal to the lesion (sitenber of grafted cells caudal
to the lesion, L1: 5597 + 207, WT: 4657 *+ 294; gisize caudal to the lesion, L1:
0.242 + 0.007 mf WT: 0.207 + 0.012 mf). Rostral to the lesion site, L1
overexpressing SENAs showed only slightly increasathbers of surviving cells
(Fig. 11A, C) and a slightly increased graft sifég( 11A, B) six weeks after
transplantation (number of grafted cells rostrathe lesion, L1: 6090 + 281, WT:
5450 + 195; graft size rostral to the lesion, L2682 + 0.019 mrf) WT: 0.248 + 0.017
mm®). Furthermore, migration of grafted cells from t@ft edge was enhanced in
the grafts both rostrally and caudally to the lassite in L1 overexpressing SENAs
versus control SENAs (Fig. 11D, E) 6 weeks aftaftgrg (rostral, L1: 106.3 + 1.6
um, WT: 66.2 + 1.5um; caudal, L1: 99.2 £ 3.pm, WT: 65.22 + 1.2um).

Thus, graft size, cell number, and migration irte host tissue was enhanced in
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L1 overexpressing versus control SENAs after treamgption caudal to the lesion site.
Rostral to the lesion site, migration ability ishanced in L1 overexpressing vesus
control SENAs as well, while graft size and celtmher were only slightly altered by

L1 overexpression six weeks after transplantation.
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Figure 11.L1 overexpressing SENAs show enhanced graft sidenamber of surviving cells as
well as enhanced migration from the graft edg®) [aser scanning microscopy of an L1
overexpressing and a control (WT) SENA graft sielseafter transplantation into the spinal cord
rostral and caudal to the lesion site. Grafts wiatected by green fluorescence of transplanted
cells. Scale bar, 10am. Graft volume B) and number of GFPcells C) six weeks after
transplantation of L1(n=7) and WT (n=7) rostral and caudal to the lesite. Shown are mean +
s.e.m. Student’s t test was performed for statisanalysis (*, **p < 0.05 and 0.01).0¥) Laser
scanning microscopy of the periphery of L1 overegping and WT SENA grafts six weeks after
transplantation. White line indicates graft eddgesale bar, 10@m. (E) Migration distance from
the edge of L1 overexpressing (n=7) and WT (n=M&grafts six weeks after transplantation is
shown. (mean = s.e.m.). Student’s t test was pmddrfor statistical analysis (**py < 0.001).

2.3 L1 overexpressing SENAs increase neuronal differerdtion, decrease
astrocytic differentiation, and enhance neurite ougrowth of differentiated
neurons
The percentages of NeiliNneurons among all GFPcells (Fig. 12A) were

enhanced in L1 overexpressing SENAs when comparedritrol SENAs six weeks

after transplantation into the compression-lesiospthal cord (L1:50.9 + 2.7%,

control: 40.1 * 1.9%) while GFAP astrocytes were less abundant in L1

overexpressing SENAs (Fig. 12B) six weeks aftendpdantation (L1: 39.1 £ 1.4%,

control: 43.5 = 1.4%). The percentage of oligodengites was negligible in both

groups and amounted to less than 1% of all Gfefits (not shown).

Furthermore, the length of graft-derived Néuturons was determined. Neurites
of neurons differentiated from engrafted L1 overesging SENAs were longer than
the neurons differentiated from control SENAs (RigC; L1: 90.0 + 2.pm; control:
59.8 + 1.7um).

Thus, L1 ovexpressing SENAs favored neuronal dsfiéation, reduced
astrocytic differentiation, and showed enhanced riteeulength of neurons

differentiated from grafts.
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Figure 12.L1 overexpressing SENAs show increased neurontdrdiftiation and neurite length
and decreased astrocytic differentiation after pédantation into lesioned spinal cor@)
Confocal images of L'land control (WT) SENA grafts (green) immunostaifiedthe neuronal
marker neuronal nuclear antigen (NeuN, red) sixksegfter transplantation into the striatum.
Scale bar, 5m. In the upper right, a Z-stack of 15 images ofnlghickness of the area outlined
by a square in the merged image of thé gfaft is shown with orthogonal views of the xzdan
yz-planes showing EGFMeuN" neurons. Scale bar, 50 pm. Percentages of Neahs of all
GFF cells six weeks after transplantation of L(hb=6) and WT (n=6) SENAs into the lesioned
spinal cord (mean * s.e.m.) are shown. Studené&sttwas performed for statistical analysis [f**

< 0.01). (B) Confocal images of L'land WT SENAs (green) immunostained with an antjbod
against glial fibrillary acidic protein (GFAP, redix weeks after transplantation. Scale bar, 50 pum.
In the upper right, a Z-stack of 15 images of 1jhiokness of the area outlined by a square in the
merged image of the [graft is shown with orthogonal views of the xzdayz-planes showing
GFF/GFAP" astrocytes. Scale bar, 50 pm. Percentages of GE&R of all GFP cells six weeks
after transplantation of ['1(n=6) and WT (n=6) SENAs into the lesioned spioaild (mean +
s.e.m.) are shown. Student’s t-test was perforroedsthtistical analysis f*< 0.05). C) Laser
scanning images of neurites from grafted lahd WT SENAs (green) immunostained with the
neuronal marker NeuN (red) six weeks after tramgptéon. Scale bar, 50m. In the upper right, a
Z-stack of 10 images of 1um thickness thé piaft is shown with orthogonal views of the xz-
and yz-planes showing GHReuN' neurons. Scale bar, 50 um. The length of the ngeurite
from the grafted SENAs was analysed (L&=7; WT, n=7). Mean values + s.e.m. are shown.
Student’s t-test was performed for statistical gsial(*** p < 0.001).
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2.4 L1 overexpressing SENAs rescue endogenous motonensovas indicated by
increased soma size and increased number of synapinputs caudal to the
lesion site after transplantation into lesioned smal cord
To analyse whether L1 overexpressing SENAs couilldience the recovery of

host cells after spinal cord injury, mean areasaf bodies of motoneurons and

densities of synaptic terminals around the celliég®af motoneurons caudal to the
lesion site were measured six weeks after trantgglan. The linear densitghumber

per unit lengthpf large perisomatic ChATboutons (Fig. 13A), known to form C-type
synapses on motoneurons associated with muscaeiceptors type 2 (Davidoff and

Irintchev, 1986; Hellstrom, et al; 2003), was iraged in mice grafted with L1

overexpressing SENAs compared to mice grafted wetmtrol SENAs or

sham-injected with PBS (Fig. 13C). Mice graftedhagontrol SENAs also showed an
enhanced linear density of ChABoutons caudal to the lesion site compared to
sham-injected mice (Fig. 13C) (L1: 40.4 £ 0.8/mm[:V85.6 £ 2.0/mm, PBS: 26.0 £

1.6/mm). The soma size of motoneurons was alsoneeldain animals that had been

transplanted with L1 overexpressing SENAs six weaksr transplantation into

lesioned spinal cord when compared to control SEMAd sham-injected animals

(Fig. 13B) (L1: 817 + 65uMWT: 581 + 18urmh, PBS: 556 + 24 A).

Thus, the results concerning perisomatic ChAJoutons and soma size of

motoneurons indicate that L1 can help to rescu@n®airons after spinal cord injury.
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Figure 13.L1 overexpressing SENAs increase the soma sibesif ChAT motoneurons and the
linear densities of ChATboutons six weeks after transplantation into éséoned spinal cordA(]
Confocal images of host motoneurons, which were umwstained with an antibody against
choline acetyltransferase (ChAT, red), caudal ® lgsion site six weeks after transplantation.
Scale bar, 50 pm. The soma size of host Ch#ibtoneuronsK) and linear density of ChAT
punctae C) caudally to the lesioned site are shown (meae #18). (LT, n=6; control (WT), n=6;
PBS, n=5) Tukey’'s one-way ANOVA was performed ftatistical analysis (*, **, ***p < 0.05,
0.01, 0.001).

2.5 L1 overexpressing SENAs enhance catecholaminergieinnervation of the
distal spinal cord six weeks after transplantation into the
compression-lesioned spinal cord
Reinnervation of the compression-lesioned spined caudal to the lesion site by

tyrosin hydroxylase-positive (THl axons correlates with locomotor functional

recovery (Jakovcevski et al; 2007). The number léf Eixons projecting beyond an
arbitrarily selected border 250um caudal to thetesite in spaced serial parasagittal
sections six weeks after transplantation was caou(feg. 14A, B). Mice engrafted

with L1 overexpressing SENAs had more Takons (L1: 7.3 + 0.4) distal to the

lesion site when compared to mice grafted with @drSENAs (WT: 3.8 £ 0.5) or
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sham-injected with PBS (PBS: 1.8 = 0.3). ControN®&E also enhanced the number
of TH" axons distal to the lesion site when comparedhtomsinjected mice (Fig.

14C).
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Figure 14.L1 overexpressing SENAs enhance the number of Fiésiaxons caudal to the lesion
site 6 weeks after transplantatioA) (TH" fibers crossing an arbitrary border 250 um (indida
by arrows) caudal to the lesion site (indicatedhbifow arrows) were observed six weeks after
transplantation.R) Laser scanning images of Tired) axons 250 um caudal to the lesion site in
spinal cords grafted with LISENAs (n=6), control (WT) SENAs (n=6) or PBS (n=@}) The
number of TH axons 250 um caudal to the lesion site is shomea( + s.e.m.) Tukey’s one-way
ANOVA was performed for statistical analysis (****p < 0.01, 0.001).

2.6 L1 overexpressing SENAs, but not control SENAs, impve locomotor
function after transplantation into the lesioned sjnal cord

Spinal cord compression injury caused severe disabiin all three experimental
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groups of mice as estimated by the BBB score orekaéer injury (Fig. 15A). Three
and six weeks after injury, mice grafted with Lleosxpressing SENAs showed an
increased BBB score when compared with mice grafteth control SENAs
indicating an enhanced locomotor function. Furtheen L1 overexpressing SENAs
showed increased BBB scores when compared with -gijasted mice six weeks
after transplantation (Fig. 15A). Besides the BB&dre, we analysed the plantar
stepping ability of the animals by measuring thetfstepping angle (Apostolova, et
al; 2006). This parameter revealed, in agreemett e BBB scores, enhanced
functional recovery in mice grafted with L1 overeagsing SENAs when compared
with mice transplanted with control SENAs and PBfe¢ and six weeks after injury
(Fig. 15B).

As the foot-stepping angle is a measure of invalynmovement rather than more
complex motor functions the rump-height index, eapeeter to estimate the ability to
support body weight during ground locomotion, wamlgsed (Fig. 15C). This
parameter also indicated enhanced recovery in gnaged with L1 overexpressing
SENAs compared to mice grafted with PBS, but on§jight improvement compared
to mice grafted with control SENAs six weeks aftiemsplantation. Moreover, the
extension-flextion ratio, a parameter to judge wtdly movements without body
weight support, revealed no significant differenagsong the experimental groups of
mice, though L1 overexpressing SENAs did minutetyprioved motor function
measured by this parameter compared to the cdENIAs and sham-injected groups
(Fig. 15D). From the values of the parameters fi¢réint time points shown in Fig.
15A-D, group mean values were determined (Fig. 1&t) overall recovery index
for each animal were calculated (Fig. 15F) indiogtan overall best outcome in mice
grafted with L1 overexpressing SENAs compared ta@emgrafted with control
SENAs or sham-injected with PBS. (Recovery Index[EX 7+n— X 7) [ (X o= X 7)]

x 100, where X, X 7 and X7 ., are values prior to operation, 7 days after injand

a time-point n days after the spinal cord injuegpectively.)
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Figure 15. Time course and degree of functional recovery afpémal cord compression injury in
mice grafted with L1 SENAs (n=10), control (WT) SENAs (n=10), or shaijected with PBS
(n=8). Shown are mean values + s.e.m. of recovelgxes calculated from the BBB scoré3, (
the foot stepping angle8), the rump-height indice<C}, the extension-flexion ratid), and an
overall recovery index.H) one to six weeks after injury. Individual valuekoverall recovery
indices at 6 weeks are shown in paRelThe numbers of mice studied per group are given i
panelC. Statistical analysis was performed by Tukey's @ag ANOVA (*, ** p < 0.05, 0.01
when compared between L1 and WT group at a givae point; #, ## < 0.05, 0.01 when
compared to the PBS group at a given time point).

2.7 L1 overexpressing SENAs alter the H/M ratio in eleical stimulation of the

sciatic nerve after transplantation into the lesioed murine spinal cord

We analyzed the reflex responses in C57BL/6J nsice weeks after the
compression injury of the spinal cord. Electricimsilation of the sciatic nerve
produced typical EMG responses at baseline stimouldtequencies (0.1 Hz — 20 Hz)
consisting of a short-latency M- (muscle) wave arldng-latency H-wave elicited by
stimulation of motor axons and afferent type laeffy respectively. Based on these
results, the H/M ratio was calculated (Fig. 16).dvEerexpressing SENAs showed an

increased H/M ratio at low stimulation frequencrasging from 0.1 Hz to 0.5 Hz
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when compared to control SENAs six weeks aftersippantation and an increased
H/M ratio at frequencies ranging from 0.2 Hz to & when compared to

sham-injected mice.
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Figure 16. The H/M ration at different frequencies six weeks afspinal cord injury in mice
grafted with LT SENAs, control (WT) SENAs, or sham-injected with®Bhe alterations of M-
and H-responses were measured in the plantar mdsglgy repetitive stimulation of the sciatic
nerve with electric pulses at frequencies rangiaetyvben 0.1 and 20 Hz. Note the significantly
increased H/M ratio in L'ISENAs at low stimulation frequencies. Shown are rmealues (+
s.e.m.) of H/M ratios at different stimulation fregncies at six weeks after spinal cord injury. (*,
** p<0.05 and 0.01, when compared to WT group<#0.05 , when compares to PBS. One-way
ANOVA for repeated measurements with Tukeyst hoc test;n = 5 mice per group).

2.8 L1 overexpressing SENAs but not control SENAs decase microglial
activation but do not influence reactive astroglios of the host tissue after
transplantation into the lesioned spinal cord
The immune reaction of the host to grafted cella imajor concern in stem cell

transplantation. In order to measure the immuneti@aof the host, the expression of

glial and microglial marker proteins was analysedthe vicinity of the graft. No
difference was observed in the astroglial reacti@termined by analysis of the

expression of the glial fibrillary acidic proteitGFAP) between the experimental
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groups six weeks after transplantation (Fig. 17A-ID)contrast, L1 overexpressing
SENAs reduced the microgial reaction of the hastues as determined by analysis of
the expression of the microglial marker protein-lbavhen compared to control
SENAs rostral to the lesion site (Fig. 17E, F) ancthpared to the PBS group caudal
to the lesion site (Fig. 17G, H).
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Figure 17.Host tissues show decreased microgial reactioritoMerexpressing SENAs when
compared to control (WT) SENAs and sham-injecteichals, but no difference in the astroglial
reaction. Confocal images of host spinal cord gohfty LT SENAs, WT SENAs (green) or
sham-injectd with PBS immunostained with an antjbedainst GFAP (red) rostrgA) and
caudal(C) to the lesion site. Scale bar, 100 yB) (D) Mean fluorescence intensity of GFAP
staining in the host tissues rost(Bl) and cauda(D) to the lesion site in mice grafted with L1
SENAs (n=5) or WT SENAs (n=5) was compared to theréscence intensity in sham-injected
animals (n=5) which was adjusted to 100%. Tukey®-wvay ANOVA was performed for
statistical analysigE) (G) Confocal images of host striatal tissues graftetth wi® SENAs, WT
SENAs (green) or sham-injected with PBS immunostiwith an antibody against Iba 1 (red)
rostral (E) and caudalG) to the lesion site. Scale bar, 100 ui®) (H) Mean fluorescence
intensity of Iba-1 in the host tissue of mice gedftvith LT SENAs (n=5) and WT SENAs (n=5)
was compared to the fluorescence intensity in sim@ated animals (n=5) which was adjusted to
100%. Tukey's one-way ANOVA was performed for stadal analysis. (P < 0.05).
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V  Discussion

1. Transplantation of SENAs into the MPTP-lesioned mie model

In this study it was shown that the neural cellesibn molecule L1 beneficially
influences survival of grafted SENAs, migrationcefls from grafted SENAs, and the
differentiation of embryonic stem cells into newpmparticularly TH neurons in
SENAs, most prominently in vivo after syngeneic ngplantation into the
MPTP-lesioned mouse brain. This study also dematesirthat L1 overexpressing
SENAs rescued endogenous nigral dopaminergic nsuirevious studies showed
that L1 increased neuronal differentiation of enamig and neural stem cells and
enhanced migration of transplanted neural precusks in the quinolinic acid-lesion
paradigm of Huntington’s disease (Dihné, et al; 20Bernreuther, et al; 2006).
Furthermore, neural differentiation of embryonierstcells into SENAs enhanced
neuronal differentiation and migration of transpégh cells in the quinolinic
acid-lesion model (Dihné, et al; 2006). Not suripgsy, L1 did not show an effect on
neuronal differentiation of SENAs in vitro in outudy as control SENAs already
consisted of 9098-tubulin III" neurons. In vivo, L1 overexpressing SENAs contine
a higher proportion of neurons after transplantatitan control SENAs and showed
enhanced migration of transplanted cells into tluest htissue. Furthermore, L1
overexpressing SENAs showed an enhanced fractionTldf neurons after
transplantation when compared to control SENAS ihimost likely due in part to the
overall enhanced neuronal differentiation. On theephand, L1 has been described
as a survival factor for fetal dopaminergic neuronsitro (Hulley, et al; 1998) and
thus, the enhanced fraction of THeurons could be caused by a paracrin or autocrin
effect of L1 expressed by grafted cells on trangel dopaminergic neurons. This is
further supported by our finding that L1 overexgieg SENAs but not control
SENAs rescue endogenous ‘Theurons in the substantia nigra pars compacta
indicating that control SENAs do not secrete suwavifactors for dopaminergic
neurons. Previous studies showed that both theiaaldf sonic hedgehog (SHH),

FGF8, and ascorbic acid and the overexpressioheofranscription factor Nurrl led
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to increased percentages of ‘Titkurons derived from murine embryonic stem cells i
vitro ranging from 30% to 90% (Kawasaki, et al; @DQee, et al; 2000, Kim, et al;
2002, 2006, Nishimura, et al; 2003). In this studigpaminergic differentiation was
not enhanced by addition of these factors becdwesaiim was to examine the effects
of L1 overexpression combined with the SENA differation protocol on neuronal
differentiation, survival, and migration. Thus tfraction of TH neurons that was
observed in vitro was lower than in the studies tmeed above. Nevertheless, L1
enhanced the percentage of ‘Teé¢lls after grafting of SENAs in the MPTP model of
PD and increased overall survival of grafted cellsis is an important finding in
view of the fact that several studies describe poovival of especially human neural
and embryonic stem cell-derived Tieurons after transplantation in rat models of
PD (Ostenfeld, et al; 2000, Schulz, et al; 20045 ¢ eet al; 2004, Park, et al; 2005,
Brederlau, et al; 2006, Martinat, et al; 2006).sIbtudy shows that L1 may prove
useful in enhancing the survival of transplantedpaioinergic neurons after
transplantation in vivo. Furthermore, this studypwad that L1 overexpressing but
not control SENAs increased the number of surviverglogenous dopaminergic
neurons in the ipsilateral substantia nigra parganpaxcta after unilateral
transplantation adjacent to the substantia nigtd T P-lesioned animals. This result
indicatesthat L1 overexpressing SENAs have thenpialeto positively influence the
progressive loss of dopaminergic neurons in thestamtia nigra, a major feature of
PD. This seems to be an L1-specific local effedraissplantation does not influence
cell survival in the contralateral substantia nigaad transplantation of L1
overexpressing SENAs into the striatum does nowséwy effect on the survival of
endogenous dopaminergic neurons. This agrees matfirtding of Hulley et al. (1998)
who described L1 as a survival factor for fetal @mmergic neurons in vitro.
Alternatively, the increased number of survivinglegenous dopaminergic neurons
ipsilateral to L1 overexpressing grafts may be eduBy the increased fraction of
graft-derived TH cells potentially secreting trophic factors resguihost nigral
neurons. Few transplantation studies describeeth@ie of endogenous dopaminergic

neurons in animal models of PD. Ourednik et al.0@0and Moses et al. (2007)
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described a neuroprotective effect of grafted neanecursor cells on host cells in the
murine  MPTP model. The authors proposed spontaneexpression of
neuroprotective agents by the neural precursos @dlthe underlying cause. In this
study, a similar effect after transplantation ofbeyponic stem cell-derived SENAs
was not observed. Most probably, this is due to dbBereased numbers of neural
precursor cells in the SENA grafts that consistagimexclusively of neurons and
astrocytes leading to decreased expression of peaective factors when compared
to neural precursor cells. Other studies describ@dotection of nigral THcells by
astrocytes transduced to overexpress glial ced-dierived neurotrophic factor or
fibrobalsts expressing brain-derived neurotrophictdr (Lucidi-Phillipi, et al; 1995,
Ericson, et al; 2005). Redmont et al. (2007) shoaveéuroprotective effect of human
neural stem cells in a primate model of Parkinsalid®ease. Other groups showed
enhanced rescue of endogenous dopaminergic neuwaftes transplantation of
mesenchymal stem cells that was attributed to reftreeexpression of trophic factors
or immunomodulatory mechanisms (Keshet, et al; 28@rk, et al; 2008). Thus, this
study shows for the first time that transplantedirak cells overexpressing a cell
adhesion molecule rescue endogenous dopaminergrongein an animal model of
Parkinson’s disease.

L1 overexpressing SENAs but not control SENAs anshnjected PBS led to a
stable ipsilateral bias in apomorphine-induced trmtabehaviour after intrastriatal
transplantation into the MPTP-lesioned brain intinga improved motor behaviour.
Most stem cell transplantation studies involve aieital lesioning of the rat striatum
applying 6-hydroxy-dopamine or MPTP. In these ekpents, decrease of
apomorphine- or amphetamine-induced rotation behavivas used to measure
functional recovery (Kim, et al; 2002, Dezawa, &t 2004, Park, et al; 2005,
Sanchez-Pernaute, et al; 2005, Fu, et al; 2006hi¢nstudy, cells were syngeneically
transplanted into mice that had received intrapeeal injections of MPTP and thus
showed a symmetric loss of dopaminergic neurortiensubstantia nigra mimicking
disease progression in PD. Consequently, no rotabtas was observed in

apomorphine-induced rotation before transplantatloncontrast, transplantation of
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L1 overexpressing SENAs led to an ipsilateral rotatias after stimulation with
apomorphine that was not observed in the contraiABnd PBS group. One can
interpret this as a sign of functional recoveryiew of the fact that previous studies
described an apomorphin-induced rotation to theratateral (unlesioned) side after
large unilateral lesioning with 6-hydroxydopamihktufison.et al; 1999, Da Cunha, et
al; 2008). The observed ipsilateral rotation bmsniost likely due to the increased
fraction of TH cells in L1 overexpressing versus control SENAg aat influenced
by unspecific effects mediated by the increasedt ggi@e in L1 overexpressing
SENAs since no apomorphine-induced rotation wa®miesl in animals developing
teratomas that exceeded the size of L1 overexpiggsgafts (data not shown). Thus,
L1 overexpressing SENAs enhanced functional regoaéter transplantation into the
MPTP-lesioned striatum. The serious movement desoid Parkinson’s disease
results from the loss of dopaminergic neurons & ghbstantia nigra pars compacta
with decreased levels of dopamine in the striat@an{ii, et al; 2004). Thus, the
striatal dopamine level is an important parametemieasure the efficacy of cell
replacement therapy in Parkinson’s disease. L1 expeessing SENAs increased
dopamine level in the striatum ipsilateral to thrafged side when compared to the
contralateral side after striatal engraftment, whasrcontrol SENAs did not. This is
probably due to the higher fraction of THeurons differentiated from transplantated
cells. And this increased dopamine level is assediavith improved locomotor
function. In contrast, transplantation of SENAs dat alter striatal GABA levels,

As previously described (Dihné, et al; 2006), tunsowere observed in a minor
fraction of transplanted SENAs only. This is imamitt as tumour formation remains a
major issue in the transplantation of embryoniensteells (Nishimura, et al; 2003,
Brederlau, et al; 2006). Also, L1 overexpressindN8E led to a decreased microglial
activation indicating a decreased immune reactibrhast tissues, which could
prevent grafted cells from being attacked by thst mmune system contributing to
the enhanced survival observed in L1 overexpresSIBHIAS when compared to
control SENAs.

In summary, the combination of the SENA differetdia protocol, which
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provides enhanced neuronal differentiation, migragtand decreased tumor formation
of embryonic stem cells and the overexpressiorhefrteural cell adhesion molecule
L1, which contributes enhanced neuronal differéiate and migration led to an
increased survival of grafted cells. These grafielts showed an increased fraction
of graft-derived TH neurons that enhanced and sustained functionaveeg after
intrastriatal transplantation in the MPTP-modePd&i. This is an important finding in
view of the fact that human embryonic stem celixdt TH™ neurons in particular
show poor survival after transplantation in rodertdels of PD. Furthermore, it was
shown for the first time, that a neural cell adbasmolecule enhanced the survival of
endogenous dopaminergic neurons in the substaigtia imdicating that L1 might be

a candidate to decrease the progressive loss cdmein PD.

2. Transplantation of SENAs into the compression-le  sioned

murine spinal cord

In this study it was shown that the neural cellesibn molecule L1 beneficially
influences survival of grafted SENAs, migration adlls from grafted SENAs, the
differentiation of embryonic stem cells into newspmand the length of neurites of
graft-derived neurons in SENAs after syngeneic dSpdantation into the
compression-lesioned murine spinal cord. Furtheemiot overexpressing SENAs led
to enhanced innervation and soma size of motoramsudistal to the lesion site
leading to enhanced functional recovery. A previstusly (Chen, et al; 2005) showed
that transfection of embryonic stem cells with Ladhbeneficial effects on the
survival of stem cells after transplantation irtte tompression-lesioned adult mouse
spinal cord. These results were confirmed and éurtorroborated in this study. In
agreement with the previous study, this study foenkdanced survival of transpanted
L1 overexpressing SENAs when compared to contrdNAE In contrast to the
previous study, where non-transfected control emricystem cells did not surviv one
month after transplantation, control SENAs showelust survival up to 6 weeks

after transplantation indicating beneficial effeatshe SENA differentiation protocol.
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This may be due to the fact that SENAs that anesplanted as a compact structure
create a beneficial microenvironment enhancing igahof grafted cells under the
unfavorable conditions within the lesioned spinatdcwhile embryonic stem cells
differentiated by the five stage protocol (Leeakt2000) are transplanted as a single
cell suspension with reduced capacity to createngticial microenvironment without
the beneficial properties of L1. Interestingly, shiowed a significant effect on graft
survival caudal but not rostral to the lesion. #shbeen shown that in the injured
spinal cord far more genes are differentially espeel caudal than rostral to the
lesion-site, which includes apoptosis-related gegxy, Caspl, etc.), extracellular
matrix-related genes (Col la 2, Ninjl, etc), grofabtors (FGFr2, VEGF, etc), and
inflammation/immune response related genes (Fdéegg, 1I6st, etc) (De Biase, et al;
2005).Nesic et al. (2005) also observed that genes whichrarelied in regulating
inflammatory reactions show an increased upreguatino segments caudal than
rostral to the lesion-site after spinal cord injuyr example STAT 3, MHC-II, TGF
type | receptor and TQ¥Ftype Il receptor, etc. We hypothesize, that te&sds to a
more hostile caudal environment than that existogjral to the lesion and thus the
beneficial effects of L1 are more pronouncedly obsé in an environment even
more unfavorable to survival than the rostral afesther beneficial property of L1,
the enhanced migration of grafted cells into thethtssue is not affected by the
location of the graft. The result is in agreementhwprevious studies showing
enhanced migration of L1 overexpressing cells. fBarther, et al; 2006).
Furthermore, L1 overexpressing SENAs decreasethitiglial reaction both rostral
and caudal to the lesion-site, while control SENlfsnot show an effect.

L1 beneficially influnced scar formation after eafjing L1 overexpressing
SENAs into the compression-lesioned spinal corthia study. Shortly after spinal
cord injury, extracellular matrix molecules andagkcells form a scar surrounding the
lesion site, which is thought to be the major fadimiting recovery (Fawcett and
Asher, 1999; Grimpe and Silver, 2002). Apostolotaak (2006) discovered the
correlation between scar volume and locomotor fonctfter spinal cord injury.

Therefore, scar volume is regarded as a usefuhpeea to judge the recovery after
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spinal cord injury. In this study, the scar volumas significantly reduced in animals
transplanted with L1 overexpressing SENAs when amexgb to control SENAs and
sham-injected mice. This is in accordance withfthéing of Chen et al. (2007) who
observed that virus-mediated expression of L1 enlé@sioned spinal cord decreased
the expression of GFAP, thus modifying the micretemment leading to a smaller
scar volume at the lesion site. The mechanism bictwhl reduced the GFAP
expression and decreased the scar volume at tloa & has not yet been clarified,
but it is probably not dependent on MAPK and FGsighalling (Chen, et al; 2007).
In this study it was shown, that L1 not only infheed the host environment with a
reduction of the glial scar volume, but also deedasstrocytic differentiation of
grafted SENAs. This phenomenon is probably duentistructive role of L1 in the
lineage decision. It was previously shown that Lan cenhance neuronal
differentiation and decrease astrocytic differdidia of multipotent and
neuron-astrocyte-restricted bipotential neural ysar cells (Dihné, et al; 2003).

Dopaminergic descending pathways, originating ia #fubstantia nigra, brain
stem tegmentum and reticular formation, are locatede ventral and lateral columns
of the spinal cord (Barnes, et al; 1979). They raedthe excitability of spinal cord
circuitries (Fouad and Pearson, 2004), which catesl with locomotor functional
recovery in the injured spinal cord of mice (Jalexski, et al; 2007). L1 has been
shown to enhance the regrowth of axons (Castekdral; 2002, Roonprapunt, et al;
2003, Xu, et al; 2004, Chen, et al; 2005, Zhangalpt2005) and to rescue fetal
dopaminergic neurons (Hulley, et al; 1998). It'st reurprising to find that L1
overexpressing SENAs enchanced dopaminergic reiatien in the spinal cord
caudal to the lesion after transplantation. Theggachinergic axons could reach their
targets and reestitablish synaptic connectionsvedtrels.

After spinal cord injury, motor neuron death, esac in the lumbar
enlargements, can contribute to locomotor dysfonc{iPearse and Bunge, 2006).
Therefore, an important aim of stem cell trans@toh is to rescue endogenous
motor neurons after spinal cord injury. In thisdstuLl was shown to rescue host

motor neurons as indicated by an enlarged somao$imeotor neurons distal to the
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lesion in mice grafted with L1 overexpressing SENASen compared to control
SENAs or PBS only. Furthermore, the density of gtesfjic puncta on motor neurons
was enhanced in mice transplanted with L1 overesgong SENAS indicating

enhanced numbers of cholinergic perisomatic syrsapaevious electrophisiologocal
experiments showed that in the intact spinal cdlet cholinergic perisomatic

synapses regulate motoneuron excitability duringphootion (Miles, et al; 2007).

Thus, L1 exerts positive effects on recovery agf@nal cord injury by rescuing motor
neurons and enhancing the cholinergic perisomgtiasses.

Using a set of behavioral analyses to observerdiftemotor abilities, this study
showed that mice engrafted with L1 overexpressiiiNAs had a significantly
enhanced recovery compared to control SENAs or AB& is displayed in three
parameters: the BBB score, the foot-stepping aagtethe rump-height index. These
parameters depict the plantar stepping ability a€emafter spinal cord lesion.
Previous studies showed that these parametersgktroarrelate with the degree of
monoaminergic innervation of the distal spinal cardl with cholinergic perisomatic
innervation of motoneurons after spinal cord injidgkovcevski, et al; 2007). Thus,
the enhanced dopaminergic reinnervation and chgiménputs to motor neurons in
the caudal spinal cord observed in this study afiemsplantation of L1
overexpressing SENAs suggests a potential mechamfighe beneficial function of
L1 overexpression in enhancing functional recovery.

The Hoffmann reflex (H-reflex) is an electricallyioted analog of the spinal
stretch reflex providing information on the functad properties of la afferents and
homonymous alpha-motoneurons under physiological pathological conditions
(Gozariu, et al; 1998; Pierrot-Deseilligny and Mezte 2000) Lee et al. (2009)
demonstrated that the H-reflex is a useful tooltfer assessment of motoneuron pool
excitability in spinal cord-injured mice, and obsedt that the increase of H/M ratios
under alternative stimulations is associated wabomotor functional recovery in
mice after spinal cord injury. Thus, the H/M ratiegere determined in the
experimental groups 6 weeks after transplantafitve. H/M ratios were increased at

lower frequencies (0.1-0.5Hz) in mice engraftedhwitl overexpressing SENAs
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when compared with mice grafted with control SEN#&ssham-injected with PBS
further supporting the positive effects of L1 ovgmessing SENAs on functional
recovery after spinal cord injury. The mechanisndartying the dependence of the
increase of the H/M ration on the stimulation freqay is currently not understood.

The determination of an optimal timepoint for stemll transplantation after
spinal cord injury is important to ensure survigétransplanted ES cells. Due to the
microenvironments of the acutely injuried spinatd;ol-2 weeks after injury were
previously regarded as the optimal time period tfansplantation (Okano, 2002;
Ogawa, et al; 2002, Kimura, et al; 2005, McDonaldal; 1999, Howard, et al; 2005,
Keirstead, et al; 2005, Harper, et al; 2004, Ketral; 2003) since immediately after
spinal cord injury, many inflammatory cytokinesg(elL-1, IL-6, and TNF) occur
around the lesion site mediating neurotoxic oraastie-inducing effects that can lead
to apoptosis of grafted cells or preferential ddfgiation into astrocytes. Recently,
these immediate effects of trauma leading to sghatk were considered to resolve
within the first 72 hours after spinal cord injupptkinson and Atkinson, 1996;
Ditunno, et al; 2004, Belegu, et al; 2007). Thiseé days after spinal cord injury
was chosen as the time point for transplantatiothis study, and for the first time it
was shown that even at this early timepoint rolmedit survival can be achieved at
least when transplanting SENAs, especially L1 ayeressing SENAs and thereby to
enhanced functional recovery.

In conclusion, the differentiation of mouse ES eafito SENAs combined with
overexpression of the neural cell adhesion moletdlded to enhanced neuronal
differentiation, migration, neurite outgrowth, abelter survival after grafting into the
compression-lesioned spinal cord when compared tmtral SENAs. L1
overexpressing SENAs enhanced monoaminergic reiatien distal to the
lesion-site, increased cholinergic synaptic innBovato endogenous motor neurons
and rescued host motor neurons, this contributéacteased and sustained functional
recovery. These findings corroborate the findingtthl might be a candidate to
ameliorate the progression of spinal cord injurhé@, et al; 2005, Chen, et al; 2007)

Moreover, it was shown for the first time, that S&N allow successful
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transplantation three days after spinal cord injungadening the subacute therapeutic

time window for ES cells transplantation in spioatd injury.
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1. Abbreviation

0
AMPA
ANSC
APP
BDNF
bFGF
BrdU
BSA
Casp 1
ChAT
CNPase
CNS
Col1la 2
DAPI
DMSO
DNA
dNTP
EB

EC

EG
ELISA
ES
FCS
Fcgr2
Fgfr2

Fag
FNIII

without
a-amino-3-hydroxy-5-methyl-4-isoxazole propionicdci
adult neural stem cells
amyloid beta (A4) precursor protein
brain-derived neurotrophic factor
basic fibroblast growth factor, fibroblast\gth factor 2
bromodeoxyuridine
bovine serum albumine
caspase 1
choline acetyltransferase
2', 3'-cyclic nucleotide 3'-phosphodiesteras
central nervous system
procollagen, type I, alpha 2
4',6'-diamidino-2-phenylindole
dimethylsulfoxide
deoxyribonucleic acid
2’-desoxyribonucleotide-5-triphosphate
embryoid body
embryonic carcinoma
embryonic germ
enzyme-linked immuno sorbent assay
embryonic stem
fetal calf serum
low affinity immunoglobulin gamma FC region receplioprecursor
fibroblast growth factor receptor 2b, keratinocgtewth factor receptor
Fibrinogen, gamma polypeptide

Fibronectin type Il
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gamma-amino-N-butyric acid

glutamic acid decarboxylase

glia-derived neurotrophic factor

glial fibrillary acidic protein

green fluorescent protein

Hank’s balanced salts solution without?Cand Md*
ionized binding calciumadaptermolecule 1
inner cell mass

immunoglobulin

immunohistochemistry

interleukin-6 signal transducing molecule 80t rat
insulin-transferrin-selenium-fibronectin

kilo base pairs

leukaemia inhibitory factor

mitogen activated protein kinase

mouse embryonic fibroblasts

major histocompatibility complex I
1-methyl-4-phenylpyridinium
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
messenger ribonucleic acid

neural cell adhesion molecule

neuronal nuclei

neurofilament

nerve growth factor

ninjurin 1

neural stem cell

oligodendrocytes precursor cell
polyacrylamide gel electrophoresis

phosphate-buffered saline
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PD
PET
PGK
PLO
PNS
RIA
RIPA buffer
RT

SClI
s.e.m.
SENA
Shh
SNpc
SPECT
STAT-3
TAE
TBS
TE
TGFB
TH

TN

viv
Vegf
wiv
XLSP
ZMNH

Parkinson’s disease

positron emission tomography
3-phospho-glycerokinase |

poly-L-ornithine

peripheral nervous system
radioimmunoassay

radioimmunoprecipitation buffer

room temperature

spinal cord injury

standard error of the mean
substrate-adherent embryonic stem cell-derivedah@ggregate
sonic hedgehog homolog

Substantia nigra, pars compacta

Single photon emission computed tomography
Signal Transducer and Activator of Transioip 3
tris-acetate-EDTA

Tris-buffered saline

tris-EDTA

transforming growth factds-

tyrosin hydroxylase

terminal nerve

volume per volume

vascular endothelial growth factor

weight per volume

X-linked spastic paraplegia
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