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Summary

Avulsion of one or more ventral roots from the spinal cord leads to the death of thréymaj

of affected motoneurondhis process is due to a cascade of eventsiving activation of
astrocytes and microglial cells and the excessive amounts of excitotoxic glutamate release in
the injured cord. The aim of the present study was to analyse and compare the therapeutic
potential of transplanted NEFP4C murine neuroeotlermal cells applied in topically
different transplantation paradigms and determine the factors responsible for the motoneuron
rescuing effect.

The lumbar 4 (L4) ventral root of SpragDawley rats was avulsed and reimplanted
ventrolaterally into the injed cord. Neuroectodermal stem cells were injected immediately
following avulsion injury into the L4 segment, into the reimplanted ventral root or were
placed in fibrin clot around the reimplanted root. Three months after the primary surgery the
L4 motoneiron pool was retrogradely labelled with Fast Blue and the numbers of
reinnervating motoneurons were determined. Expression of various factors expected to
prevent motoneuron death in the grafted cord was determined by PCR and
immunohistochemistry in sharerm experiments.

Animals that received intraspinal stem cell grafts have 70% of their L4 motoneurons
regenerated into the vacated endoneural sheaths of the reimplanted root. Morphological
reinnervation was accompanied by significant functional recoltginaradicular neural stem

cell grafting (transplantation into the reimplanted root) resulted in good morphological and
functional reinnervation, while both negative controls and animals with perineural stem cell
treatment showed poor motor recovery.

Stemcell grafts produced the modulatory cytokineslHalpha, IL-6, IL-10, TNFalpha and
MIP-1-alpha, but no neurotrophic factors. The neurons and astrocytes in the ventral horn of
grafted animals also produced-6Land MIR1-alpha. The infusion of functiehlocking
antibodies against all cytokines into the grafted cords completely abolished their moteneuron
rescuing effect, while neutralization of only-1I0 suggested its strong effectivity as concerns
motoneuron survival and a milder effect on reinnervation

In this study we have provided evidence that significant numbers of motoneurons can be
rescued both by intraradicular and intraspinal stem cell grafting. Thmflammatory and
antrinflammatory cytokines selectively secreted by grafted stem celis @tincert to save
motoneurons and to promote reinnervation of the target muscles.



Introduction

Morphology of spinal motoneurons

The cell bodies of spinal motoneurons lie in lamina IX in the Rexed of ventral horn (Rexed,
1954; Rexed, 1952; Jankowska anghtlberg, 1981; Schomburg, 1990). Motoneurons form

four separate columns in the human cord: the ventromedial, the ventrolateral, the dorsolateral
and the central column. (Romanes, 1964). Spinal motoneurons have larger soma diameter
than most othernervetes i n t he s-motaneutons bave thke.largdshsemaan the
spinal cord ranging bet wmaaneumrs arathedongeétinthen. T
mammalian body and innervate extrafusal muscle fibers. The other type of motoneurons is the
y-motoneuron, also called fusimotor neurons innervates intrafusal muscle fibers within the
muscl e spindl e. Tnhoet osnoenuar odhisa meatnegre so fb eyt we e n
motoneurons constitute a third distinct category of motoneuronsirthatvate itrafusal

fibers of muscle spindles with collaterals to extrafusal fibers.

The spinal mot oneurons are multipolar neu
motoneuron has 102 dendrites and the stem diameter of dendrites varies between 0.5 and 19

u m ullhéimet al, 1987a, 1987b). Dendrites typically show a binary manner. One dendrite
has two daughters and each dendrite tends to forf kBrminal branches. The dendrites of
yymot oneurons show s i mmobteneuromsédut tthe dertdribrancipngist er n
simpl er and dendri ti cetalrl®e8&a, 1981b).sTheadendrtes of( L a
motoneurons usually show transversally or longitudinally orientated patterns and form
dendritic bundles. The motoneurons that lie in the ventromediaimen form vertical and
longitudinal branches, whereas dendrites of motoneurons in the central and ventrolateral
columns form transversally and longitudinally placed dendritic bundles. On the other hand,
motoneurons in the dorsolateral columns rather nadial orientation (Scheibel and Scheibel
1966a, 1966b). This arrangement of dendrites contributes to a precise control of movement
and connection of segmental afferents.

The spinal motoneuron has generally one axon giving-6ffakon collaterals beforedving

the central nervous system (Cullheim and Kellerth, 1978). The first is the recurrent collateral
that projects back to the motoneuron and modifies the activity of the cell. The motor axon is

well myelinated in the peripheral nervous system. Wherattom of the motoneuron enters



the skeletal muscle, they loose the myelin sheath and the terminal fibres run along the surface
of the muscle fibres and finally form neuromuscular junctions. Thé&meuron and the
skeletal muscle fibers innervated byitdax i s cal l ed coll ectively
and Kellerth, 1987a, 1987b). Groups of motor units work together to regulate the contraction

of a muscle.

Reaction of motoneurons to ventral root avulsion

Adult motoneurons and their processes undemy@rsible degenerative changes after an
injury inflicting the axon far from the cell body, without loss of the affected motoneuron pool.
On the other hand, axonal injury close to the cell body of the motoneuron results in severe
changes which may eventuallead to death of motoneurons. Typical injuries affecting the
initial part of the motor axon are most frequently avulsion injuries of the ventral roots.
Therefore it is generally concluded that ventral root avulsion injuries are likely to result in
motoneir on | oss ( NOogr adi aehatl, 1994).b o v a , 1996; Kol

Morphological changes of motoneurons after ventral root avulsion

Morphological changes of damaged motoneurons are initiated within few days following
ventral root avulsion. The cell body of timeotoneurons becomes swollen and the nucleus
migrates toward the periphery of cells. Nissl (tigroid) bodiest @lescribed by Franz Nissl

(189 and by Mihéaly Lenhossék (1895) are mul
reticulum with attached bosomes (Johnston and Sears, 1989). Following avulsion or
axotomy this complex brakes up into several small units and tigroid bodies appear to dissolve.
This process is known as chromatoly$issél, 1894 e n h o s s é k , 1895) .
Neuronal injury results in thehange of mMRNA and protein synthesis, too. Tubulin, actin and

the regeneratioassociated protein GA®3 mRNA levels increase after axotomy but
expression of other proteins such as neurofilament proteins decreases (det|aiP88).

Dendrites are normally covered with numerous synaptic endings. Damage to the axon induces
retraction of dendrites and to loss of many synaptic contacts on the dendrites of motoneurons.
During and after regeneration and muscle reinnervation the motoneandritds regain their
dendritic area, but the pattern of edandrit
1992).



Motoneurons may develop regenerating axons following ventral root avulsion. The origin of
the newly developed axon could be the bellly or the dendrite, in this caske new axon is

cal |l ed “ de n dtrala ¥985h Axons framncell dody are able to extend for a long
distance within the gray matter (Havton and Kellerth, 1987). These aberrant axons usually
show abnormal projean patterns within the grey and white matter and they express growth
associated protein GAR3, store choline acetyltransferase (ChAT) and form beliken

swellings (Havton and Kellerth, 1987).

Glutamate-mediated cell death after ventral root avulsion

Ventral root injury of the spinal motoneurons induces biochemical cascades resulting in
glutamatemediated excitotoxic events (Millet al, 2001a). Glutamate is an excitatory
neurotransmitter in the central nervous system (CNS). Glutamate release idynfoiioaled

by rapid reuptake from the synaptic cleft. Glutamate receptors can be divided into two
groups: ionotropic NmethytD-aspartate (NMDA) and AMPA/kainate receptors or
metobotropic receptors (Hat al, 2002; Mills et al, 2001b). Metabotropic gtamate
receptors are {proteincoupled and their injurdependent activation induces numerous
intracellular cascades that have ldagting effect after injury (Millset al, 2001b). Injury
upregulates the subtypes of NMDA and AMPA/kainate receptors wilah a key role in
glutamatemediated excitoxic cell death (Beaté&eal, 2010). Activation of NMDA receptors
leads to the influx of G ions into neurons. Increased cytoplasmatic concentration df Ca
ions induces various secondary processes restiticgll death (Terro, 1998). Interestingly,
spinal neurons are more vulnerable to AMPA/kainate than to NMDA toxicity while cortical

neurons are rather vulnerable to NMDA toxicity (Regan, 1996).

Role of astrocytes and microglia after injury

Astrocytes

Asrocytes are located in the CNS and their morphology depends on their location but their
function and roles are similar in all regions of the CNS. Tavms ofastrocytesoccur in the

CNS: the fibrillary (mainly present in the white matter) and phmetophsmic astrocyte
(confined to the grey matteflot only the levels of excitatory neurotransmitter glutamate in

the synaptic clefts are modulated by them but they influence neuronal calcium, potassium



levels within extracellular space after action potentad (Parpuraet al, 1994; Walzet al,

1984). In addition astrocytes play key role in the maintance of the optimal pH of CNS via
converting carbon dioxide to water and proton (Hettal, 1988). Astrocytic' endfeet take

part of the blood brain barrig¢vise et al, 1975). The deletion of functional GFAP gene gives

rise to abnormal bloedrain-barrier function.

After a CNS injury the morphologyhe phenotypic characteristiagd the protein expression
patternof the astrocytesire altered. These responses contribute to glial scar and chemical
barrier formati on. The expression of S100p
trauma but other proteins such as many of developmental markers including nestin and
vimentin are stded to be expressed by astrocytes (Vijagaal, 1990; Corvincet al, 2003;
Clarkeet al, 1999. Moreover, the levels of inhibitory extracellular matrix molecules such as
ephrins and chondroitin sulphate proteoglycans are increased by astrocytesn@vorget

al., 2002). Those astrocytes that undergo these changes are called reactive astrocytes. The
reactive astrocytes can derive from astrocytes that are present at the time of the injury or from
progenitor cells that are found around the centrallcanghe subpial region of spinal cord
(Beattieet al, 1997). The glial scar formation is the other negative contribution of reactive
astrocytes to the unsuccessful regeneration. The glial scar forms a physical barrier around the
injury so the axons areohable to regenerate through this barrier (Beattad., 1997).

However, atrocytes have several actions that contribute to the endogenous repair and
neuroprotection of the CNS following injury. The astrocytes express various neurotrophic
factors that ppbably contribute to survival of the damaged neurons (lkedd, 2001, Krenz

and Weaver, 2000). Furthermore, they express glial glutamate transportet )(Giar is able

to reduce excitotoxic cell death after injury (Rothsteiral, 1996). Althoughthey produce
several molecules that inhibit growth of neurites, they also express extracellular matrix

molecules that are supportive to axon growth (Cestd, 2002).

Microglia

Microglia give around 120% of all glia cells of CNS. They derive from r® marrow
precursor cells and form the first line of defense. The activation status of the microglia can be
divided into three classes: resting microglia, activated microglia and phagocytic microglia

(Streitet al, 1988). In the healthy CNS microglia celire in resting status. However, the



resting microglia exhibit very extensive activity. They extend and retract their fine processes
throughout the neuropil to survey the local environment (Nimmergthal, 2005). In
addition to this they have many otheoles in the CNS. During embryogenesis they
phagocytose apoptotic neurons and promote the death of developing neuronseiBalssis
2007). The microglia act as a regulator of adult neurogenesis in the subventricular zone and
dentate gyrus (Battis&t al., 2006; Waltoret al, 2006).

Damage to cells of CNS results in the release of ATP, glutamate and changes of extracellular
ion content. Microglia cells are sensitive for these molecules and transform from resting status
to amoeboid form and start togess various cytokines and chemokines. They undergo rapid
ploriferation and begin to upregulate major histocompatibility complex (MHC) antigens and
other antigens that make them as antigen presenting cells (®Vaalg 2002; Hickey and
Kimura, 1988). Upn injury, microglia can be divided into two groups, M1 and M2 cells. In
general, the M1 state is a defensive one. The activation of classical M1 pathway leads to the
production of interleukifl-beta (IL-1 ) i R18 @L-1B)etwniorn necrosis factorpia
(TNF-alpha), proteases and chemokines. Activation of M1 status is rapid and persistent
(Kigerl et al, 2009). Nitric oxyde synthase is the most widely used marker to detect M1
activation. In contrast, M2 is an alternative form that is responsiblentoinflammatory
responses as it produces the -amtammatory cytokine IE10. The activation of M2 is
associated with encapsulation of parasites, matrix deposition and tissue remodeling. Mannose
receptor and arginase 1 facilitate to detect M2 activation.

Some studies have shown that microglia remove the presynaptic element from the cell body
and dendrites then their processes enwrap the cell body (&tadp 2007; Blinzinger and
Kreutzberg, 1968). These observations suggest that microglia may beehvinhsynatpic
stripping following peripheral nerve injury.

The microglial cells are able to produce numerous neurotropieaspprotective factors and
antrinflammatory proteins, including HL receptor antagonist ({Lra), IL-10, nerve growth

factor (NGF), transfroming growth factof ( BGF brain derived ne
(BDNF) (Aloisi et al, 1999; Liuet al, 1998; Kieferet al, 1998). The expression of these
factors improvethe survival of injured motoneuron and regeneration. Howevemadatifully
understood why activated microglia produce cytotoxic-ipfammatory proteins and

neurotrophic factors at the same time.



Effects of neurotrophic factors, pro- and anti-inflammatory cytokines on injured
motoneurons

Neurotrophic factors, proand antrinflammatory proteins are critical mediators of the post
traumatic reactions. Below a list of factors is provided that have been analyzed in our study
and might be acting on injured motoneurons. We investigated the expression of a number of
neurotrofic and immune factors known to play a role in the inflammatory and regenerative
events following spinal cord injury and cell damage.

Neurotrophic factors regulate motoneuron survival and appeare to be able to induce
endogenous regenerative processes. The nerve growth family includes several members such
as BDNF, neurotrophi3 (NT-3) and neurotrophid (NT-4). Members of this family act
through two types of receptors, the receptor tyrosine kinases Trk and the low affinity nerve
growth factor receptor p75. The activation of Trk receptors leads to the activatation of the
survival pathways, RaBRK and PI3K/pAkt. Numerous studies have shdkat endogenous
BDNF induces sprouting and axonal growth following peripheral nerve lesion and promotes
axonal regeneration of adult rat spinal motoneurons (Streppél 2002; Zhanget al, 2000;
Novikov et al, 1997). On the other hand, administratiof exogenous BDNF protects
motoneurons following ventral root avulsion (Zhaegal, 2000; Novikovet al, 1997).
Receptor for NI3 (Trk-C) is present in adult motoneurons but it is dewgulated following
axotomy or avulsion injury (Hammarbeeg al, 2000). In vitro studies have also shown that
NT-4 is a survival factor for motoneurons (Hendersbal, 1993). Exogenous application of

NT-4 in NT-4 knockout mice was able to induce improved regeneration compared to untreated
control (Englishet al, 2005).

The other potent factor in the transforming growth factor beta family is the glia derived
neurotrophic factor (GDNF) that is ableitmluce motoneuron regeneration after ventral root
avulsion (Pajendat al, 2014). GDNF binds to the spciGDNFfani | vy r ecept or o
proteins and the common transmembraneeceptor eret (Airaksinen and Saarma, 2002).

The receptor complex signal through the RET receptor tyrosine kinase leads to improved cell
survival, proliferation and differentiation (Sariond Saarma, 2003). Both receptors are
upregulated in motoneurons following ventral root avulsion, thereby GDNF is able to induce

motoneuron survival after avulsion injury.



The neuropoietic family includes interleukn (IL-6), also known as a piiaflammabry
protein. IL-6 is expressed by inflammatory cells, astrocytes, microglia and neurces. IL
interacts with the signdl r a n s d-sulunitroiglL-6 Beceptor complex (gp130) and protects
cerebellar granule neurons against NMib®luced apoptosis, mediatéy the JAKSTAT3

and the PI3KAkt signaling pathways (Litet al, 2011) However in motoneurons gpl130
expression is downregulated following avulsion injury. Therefore this cytokine has no direct
effect on injured motoneurons (Hammarbet@l. 2000).

Intedeukin-10 (IL-10) is regarded as an airtflammatory cytokine In glutamate induced
neurotoxicitylL-10 binds to the I£10 receptor (IELOR) that leads to the activation of janus
associated kinases/signal transducers and transcription factors and pHglpbsitol 3-
kinaseAKT pathwaysand enhances expression of antiapoptotoic peptide2 Bol Bcl X
(Zhou et al, 2009a) In lateral hemisection model overexpression oflL resulted in
increased neuronal survival in the anterior quadrant of the spinal cord and improved motor
function (Zhouet al, 2009b). 11-:10 might be a good candidate to prevent motoneuron death
following ventral root avulsion injury.

Interleukinl (IL-1-alpha and IE1-beta) is a highly inflammatory cytokine. -ll-alpha and
IL-1-beta can act on the 4L receptor (IL1R) and induce various intracellular signaling.
Following CNS trauma activated glial cellse the major source of 1L that is rapidly
released. Several studies have shown that florms a common link between vaus
intracellular cascades amtbntributes to the cell death in CNS diseadestlfwell and
Luheshi, 200R However, others have prded evidence that HL imparts neuroprotective
effect against excitotoxicity in a concentratid@pendent manner (Carlsenal, 1999).
TNF-alpha is produced by glial cells in the brain, andtegbuates to the pathogenesis of
inflammatory neurodegeneinat diseases (Traet al, 2008; Chacet al, 1995). Interestingly,
TNF-alpha can have both prand antiinflammatory outcomes. Probably Th#pha alone
causes only minor inflammatory changes but its expression in combination with other
cytokines can indee neurotoxicity (Chaet al, 1995). On the other hand, others studies have
reported that administration of TN#pha protects cultured neurons against an excitotoxic
death Carlson,et al, 1998). It has been suggested thatdiffierential effect of TNFalpha is
receptor dependent: TMNkpha contributes to the protection of neurons against chronic
NMDA-mediated excitotoxic death via activation of p55/TNFRI, but not p75/TNFRII



(Carlsonset al, 1998).

MIP-1-alpha, also known as Chemokine-Q@COmoitif) ligand 3 (CCL3) belongs to the family

of chemotactic cytokines (chemokines). MlRilpha induces the synthesis and release of
other preinflammatory cytokines such as-IL, IL-6 and TNFalpha from fibroblasts and
macrophages in the peripheral immune syst®taurer and Stebut, 2004). M{Ralpha can

act through Gorotein-coupled receptors and control the cytokine profiles in the injured CNS
(Mennicken et al, 1999) Mechanical injury, neuroinflammatory processes and

neurodegenerative processes induce chemeaketions via upregulated chemokine receptors.

Experimental therapeutic approaches to prevent motoneuron loss occuring after ventral

root avulsion

Ventral root avulsion is an axon injury occuring very close to the cell body. One of the
possible wagto rescue injured motoneuronstige reimplantation of the avulsed ventral root

or peripheral nerve graft implantation. These permissive conduits provide a trophic support
and regenerative pathways via vacated endoneural sheaths for the axon injured m@&oneuron
(Li and Raisman, 1994). Reimplantation of ventral root induces motoneuron survival and
i njured motoneurons' axons are able to rei
1996). However in the case of delayed surgical repair the proximal name sétracts and
reimplantation is not possible anymore.

Regenerating axons of motoneurons have two possible routesntervate the implanted
nervegraft or ventral root. One is that the regenerating motor axons grow along the pia matter
and reach the nerve graft (Rislieg al, 1992). The other way is that the motoneurons send
their axons through a negeermissive environment and the axons growigiitainto the
peripheral nerve graft (Carlstedt, 1997). It is well known that a number of factors promote not
only the motoneuron survival but the axon regeneration, too. Schwann cells release various
trophic factors that present an attractive force faynaxand these factors play key role in
guiding of axons. Two phenotypes (motor and sensory) of Schwann cells have been identified
by H6ke and his coll eagues (HOoke at al .,
upon deervation and reinnervatiomnother study by St al. (2013) has confirmed that
following reimplantation of avulsed ventral root induces better motoneuron survival and

regeneration than a peripheral nerve gratft.
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It has been shown, that reimplantion of an avulsed root combin&dtivéttreatment of the
antiexcitotoxic compound riluzole {@mino6-trifluoromethoxybenzothiazole) rescued the

maj ority of the injured motoneurons otherw
N6graad, 200 7etalP20X0) Earlier studs have shown that riluzole not only
prevented the death of the damaged lumbar and cervical motoneurons but also enabled them
to regenerate their axons into the reimplanted ventral root and thus provided functional
reinnervation for the denervated limbsme ul at ur etal( N g © dqt al,R2010)t ér
Another way to rescue injured motoneurons is the combination of intrathecal GDNF and
intraperitoneal riluzole application which improve motoneuron survival and induce a number
of axons to regeneratetinthe reimplanted ventral rofBergerotet al, 2004)

Recent attempts other than therapeutic efforts to reduce excitotoxicity to the damaged
motoneurons have been made to rescue adult motoneurons following avulsion injury,
including therapy only with @y neurotrophic factors (Blitet al, 2004; Eggert al, 2008;

Novikov et al, 1995).In these studieseurotrophic factors were applied near the denervated
motoneuron pool. Treated animals showed an increased survival of motoneurons, but
motoneurons diled to extend their axons into the reimplanted root and did not produce
functional recovery of the hind limbs.

A recent strategy to rescue injured motoneuron following ventral root avulsion is progenitor
and stem cell therapy (Set al, 2009). In genetly there are a great number of stem and
progenitor cells that can be used in the CNS to induce neuronal survival, axon regeneration or
replace missing cells. While many of these cell treatment strategies apply stem cells that bring
little or not significant improvement in morphological restoration and in function, there are
few therapeutic approaches where the applied cells are proven to be safe and effective at long
term (Bottaiet al, 2010).

Fate of NE-GFP-4C cells

In our studies we used a p8&ficiert clonal neuroectodermal stem cell line subclone-(NE
GFP4C) derived from E9 mouse embryonic forebrain (Sclete#l, 1997). These cells were
identified gene and phenotypically and expressed the green fluorescent protein (GFP)
(Schlett a n ). Whded romal sanditions ¢h® NEFRP-4C cells were able to

divide continuously and express several-ddferentiated neural stem cells markers without
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showing any neuronal differentiation. In the presence afatfis retinoic acid the NBEFP

4C cells sarted to differentiate into neurons and astrocytes and showeddefieied
characteristics of neuronal and glial physiology and morphology (Heebatf 2002 ; Tar
et al, 200 2; Schl ett an@FRPAMacdlawetesmaintainédirdcéntaor | f |
noncontact perinatal astrocyte-coltures, immature astrocytes enhanced the differentiation

of these neur al stem cel | stalf2005nTeangplantason @ n d &
NE-GFPR4C cells into newborn or postnatal intact brains getlitumotlike formation and

the grafted cells did not migrate and differentiate in the host tissue (Dezhelger2004). In

contrast to newborn or postnatal grafting, -BERP4C cells were able to survive and
proliferate for long time without forming artymorlike aggregates in the embryonic or adult

brain (Demeteet al, 2004). Furthermore, these neural stem cells were able to survive and
proliferate in the freezkesioned adult mouse brain cortices, althougfeBhtiation of these

cells wasnot dete t e d under t hes eet a,020Ml). tApplication of Z a d ¢
hypoperfusioAinduced hypoxia in the lesioned mouse cortices induced differentiation of
grafted neur al stem cells into neuronsg and
al., 2011).
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Aims of the study

In this study we intended
1) to test whether grafted neuroectodermal stem cells are able to rescue injured motoneurons

and promote the regeneration of their axons,

2) to study the effect and capacity of stem cells grafte@m@dus locations within and in the

vicinity of the injured spinal cord segment, and

3) to determine the factors which are responsible for the motoneesoning effect of
grafted stem cells.
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Material and methods

Maintenance of NE-GFP-4C stem cells

The clonal neuroectodermal stem cells {(SER4 C cel | s, a gift fron
Institute of Experimental Medicine, Hungarian Academy of Sciences, Hungary; also available
from ATCC, No. CRk2926 and Dr. Erné Duda, Bi ol ogic
Academy of Science, Hungary) were originally isolated freaa@old forebrain vesicles of
embryos of transgenic mice lacking the tumour suppressor gene p53, and were made to
produce eGFP as described previously-GER4C stem cells were maintained omuoloned

petri dishes (VWR International, Debrecen, Hungary) in Hijgitose Dulbecco Modified
Essential Medium (HDMEM, Sigma, Hungary) supplemented with 10% foetal calf serum
(Gi bco) at 3,7 FlGatthg celis dppenfdd a@ad 3 days and wereagasdsevery

2 days, using trypsin digestion and mechanical dissociation. The medium was changed daily.

All cell cultures underwent at least two, but no more than five passages before transplantation.

Ventral root avulsion-reimplantation and various transplantation paradigms

All together 184 female Spragiawley rats (Animal Research Laboratories, Himberg,
Austria, and Animal Facilities at the Faculty of Medicine, University of Szeged, weighing
180220 g body weight) were usefinimals survived for 2, 510, 14 or 16 days or for 1, 3 or

6 months. Out of these, ninetyur animals participated in retrograde labelling and
immunohistochemistry, 48 operated and 9 intact animals in semiquantitative and gPCR
studies, 8 animals in tension recording studies, Ifdala in functional blocking experiments

and 16 in CatWalk semiautomated gait analysis.

All the operations were carried out under deep ketamxytezine anaesthesia (ketamine
hydrochloride: 90 mg/kg body weight, Ketavet, Pharmacia & Upjohn Co.; xylazimgy/lkg

body weight, Rompun, Bayer Co.) and sterile precautions. To maintain the body temperature
at 37.& 0 . 5theCats were kept on a heating pad during the surgeayninectomy was
performed at the level of T481 vertebrae, the dura was opened andefid 4 ventral root

was pulled out leaving the dorsal roots intact. Then the cut end of the ventral root was inserted
into the lateral part of the spinal cord. To avoid damage to the cord, a small hole was created
on the lateral surface of the cord, aih@ avulsed root was inserted into the hole using a

watchmaker’'s forceps (Dumont, Switzerl and,
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to the cord, including its motoneuron pool, or to the reimplanted root (Fig)1Ahe control
experiments invaled either intact animals or rats whose L4 root was avulsed and reimplanted
without a stem cell graft (AR group, Fig. 1An group 2 animals (AR&R group) the

rei mplanted root Wsten calsappliedinm tbesel fibrin ynatdx (Baxtel 0
Ltd, Vienna, periradicular grafting of stem cells, Fig. 1B). Group 3 animals (intraradicularly
grafted rats, ARG R) received 3 i nj e‘each) alonga Dnimlengte m c
of the reimplanted root (Fig. 1C). The proximal injection was agph@nediately at the re
established ventral rospinal cord junction zone, the second and the third injections were
applied approx 1.5 mm from the junction zone and from the second injection site,

, ARG grot
stem cells injected into the caudal part of the L4 segment (Fig. 1D). The spinal cord was

respectively. Animals in group 4 (intraspinal graftingsof e m cel | s

covered with the remaining dura, the wound was closed and the animals were allowed to
recover (Nogradi a n d imaly surgived for 5100 1D Glays & O3l ) .
months.No immunosupressive treatment was applied.

fibrin clot with NE-GFP-4C %= NE-GFP-4C
NE-GFP-4C cells

A B: group 2 C: group 3 D: group 4

Figure 1. Schematic drawing depicting the various experimental paradigms

Three experimental surgical approaches are shown: (A) After avulsion of the L4 ventralt °3 x 1
stem cells were mixed in fibrin clot and applied around the reimplanted root (B, group ZRRG

ot her experiment al groups stem cells were?inject
cells at each site, group 3, in C, ARGR) o r’ cells were gtafied into the spinal cord along with
reimplantation of the avulsed root (D, group 4, ARG).

In the other experiments animals had 5x1&, 2x or 3x10 stem cells were injected into the
caudal part of segment L4. Adkperiments were carried out with the approval of the Animal

Protocol Review Board of City Government of Vienna and with that of the Committee for
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Animal Experiments, University of Szeged and rules regarding the care aofdamsmals for
experimental procedures were followed. All the procedures were carried out according to the
Helsinki Declaration on Animal Rights. Adequate care was taken to minimize pain and

discomfort.

Retrograde labelling

Three months after the seny, the animals were deeply anaesthetized as described above. On
the operated side, the ventral ramus of the left L4 spinal nerve was sectioned and the proximal
stump of the nerve was covered with a few Fast Blue (FB) crystals. Four days after the
applicdion of this fluorescent dye, the animals were reanaesthetized and were perfused

transcardially with 4% paraformaldehyde in 0.1 mol/l phosphate buffer (pH=7.4).

Semiquantitative PCR, list of tested factors

Spinal cords were homogenized twice for 10 se8 M0 | R L IMelBTOH Qmgen + 3
GmbH, Hilden, Germany) with a MagNaLyser (Roche, Rotkreuz, Switzerland) at a speed of
5,500 rpm with an intermediate pause for 5 min on ice. The resulting lysates were incubated
on ice and subjected to centrifugation18,000 rpm for 1 min at room temperature. The
lysates were subsequently used for RNA extraction with the QlAcube robot system (Qiagen)
and the RNeasy Mini Kit protocol for large samples (Qiagen). After DNasel treatment (Turbo
DNA-free Kit, Ambion, Austin TX, USA), the RNA was measured both qualitatively and
quantitatively with an Agilent 2100 Bioanalyzer (Agilent, Vienna, Austria). An RNA Lab chip
(Agilent RNA 6000 Nano Reagents) was used to determine the RNA integrity number. cDNA
was synthetized with High-Capacity Reverse Transcription Kit (Applied Biosystems, Foster
City, CA, USA) The appropriate 5' and@imers for PCR were designed manually and then
tested with AmplifX software (Mac version, Supplementary Table 1). The appropriate
conditions (e.gannealing temperatures) for each cytokine, chemokine and neurotrophic factor
were first est aPdR|usilge gositivg comtrol @ahsiseéng of mouse and rat
embryo tissue or injured mouse and rat spinal cord. To establish the quantificatios i
linear range, different cycle numbers were used depending on the target gelrafpha, IL-

1-beta, TGFbeta, MIRl-alpha and PDGRA | pha wer e ampl i fied at
hypoxanthineguanine phosphoribosyltransferaselPRT), the other cytokines dnthe
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neurotrophic factors were amplified at 35 cycles. ThePRR results for the cytokines,
chemokines and neurotrophic factors at each time point (2, 5, 10 and 14 days after surgery)
were expressed as a proportion of the corresponding intensity vathe &fPRT product

(densitometric measurement).

List of genes studied in injured and grafted spinal cords

Factor RefSeq accession | Sequence (5'to 3') sense
BDNF NM_007540 CTGGTGCAGAAAAGCAACAA
GDNF NM_010275 ACATAGGGGAACTGTGCAGG
IL-1-alpha NM_010554 AGACCATCCAACCCAGATCA
IL-1-beta NM 008361 GACCTTCCAGGATGAGGACA
IL-6 NM_031168 GAGGAGACTTCACAGAGGA
IL-10 NM_010548 ATGGCCCAGAAATCAAGG

NT-3 NM_001164035 TGCCGGAAGACTCTCTCAAT
NT-4/5 NM 198190 AAGGATGGGATCAGGGAAAG
PDGF—alpha NM:008808 GAGATACCCCGGGAGTTGAT
PDGFbeta NM 011057 CCAGATCTCTCGGAACCTCA
PTN NM_008973 TGTGAGGGCTTAAAACACCC
MCP-1 NM_011333 TCACCTGCTGCTACTCATTCAC
MCSF NM_007778 GAAAGTGAAAGTTTGCCTCGGTGCTCT
IVIIP-l-alpha NM:011337 GGGCATATGGCTTCAGACACCAGA
TGF-beta NM 011577 AGAACACCCACTTTTGGATCTCAG
TNF—alpha NM:013693 TCAGCGAGGACAGCAAG

Table 1. List of genes studied in injured and grafted spinal cords

Tissue staining and laser capture microdissection (LCM), quality control of RNA
All tissues were quicHrozen in liquid nitrogen and stored&0° C unt i | further
was performed with the Veritas instrument (Arcturus, CA, USA), equipped with a cutting
laser (349 nm) to cut a narrower outline around the region of interest and a capture laser (810
nm) to capture the entire region within thetlme. The procedure has been described
previousy.. I n brief, 10 um thick tissue secti on
cryostat (Leica I nstrument s, -fredtedhhique mqunteBe r me
onto special membrane slides (Malar Machines & Industries, Glattbrugg, Switzerland)

and stained immediately after cutting with the HistoGene LCM Frozen Section Staining kit
(MDS Analytical Technologies, Ismaning, Germany). The sections were then cleared in

xylene for 5 min and either ed directly for microdissection or stored-8&0 ° C wunt i |
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use. Regions of interest were cut and captured into CapSure Macro LCM caps (MDS,
Ismaning, Germany). The laser power setting ranged from 60 to 80 mW, and the pulse
settings from 1,700to 2,00 pupsec. Spot Ssize was deter mi |
adapted to each tissue type. During an LCM session, dissection of an area of approximately
200,000-250, 000 pm2 (~ 1,000 cells) led to ampl
remainng tissue on the slide was used for RNA quality measurement using the RNeasy Micro
Kit (Qiagen) for RNA isolation. The protocol including the DNasel treatment was carried out
directly on the columns. After the overall procedures, the RNA quality measusmere

analysed with the Agilent 2100 Bioanalyzer applying the RNA 6000 pico Lab chip (Agilent).

Quantitative RT-PCR (qRT-PCR)

A two-step gRTPCR was performed with the Higbapacity Reverse Transcription Kit
(Applied Biosystems) for cDNA synthesis angdjacent gPCR measurements were performed
with the Power Sybr Green Kit (Applied Biosystems). The cDNA was synthetized on a
StepOnePlus cycler (Applied Biosystems) and the qPCR was performed on the 7900HT
Sequence Detection System (Applied Biosystems).ekipeession levels of different genes of
interest(MIP-1-alpha, TNFalpha, IL-1-alpha, 16 and I-10) were measured by gfPICR.

The relative expression levels of these genes were calculated in relation to two different
housekeeping genes (glyceraldehy@8emhosphatalehydrogenase [GAPDH] an#iPRT)

using the ddCt method. As the data obtained with the use of GAPDH appeared to be more
reliable, these are presented here.

The primers of the assays used in this study were designed through the use of the Primer
Express software version 2.0 (Applied Biosystems). The hkeeping gene assays were
designed to detect mouse and rat mRNA transcripts and were based on mRNA alignments
(SECentral software, Cary, NC, USA) using the following reference genes: mouse BC082592
and rat X02231 sequences for GAPDH, and mouse NM_013556 and rat BC098629 for the
HPRT assay. In order to exclude the detection of DNA, the primers were located on different
exons. The primers used f o-1GGE @Td CGATDHCCa s s a
TACC-3°~ and an@CC3IENTIE@ACCBCCTICTF3 ; and for HPR
52 GGT GGA GAT GAT CTC TCAACT TTAAC-3°~ and anTGIT ATECAL : 5’
CACTTC GAGAGG TCG3 ™ .
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The genes of interest were designed to detect mouse and rat sequendé®, pomners used

for the different a §GCaGCT TALelGE TCT MITRG:3 ' s eamsde :
anti s eATEEGTT GGACCCAGGTCTCTF3' ; PDGF —TAGAGBEGCG 5
TAGGGGCTGA-5" and antisense: CAA TAC-5TTC TINFTa:-
sens-ACTGAACTTCGG GGTGATCGS5' and anTie AA&AGAACC 5°

TGG GAG TAG A-3"’ ;-1:1 Ls enAsGA CCASTCC AAC CCA GAT CA- 3 and

anti s e@GCTCT GAC TAC CTG TGATG3 ' ; | L10-:ATGs 6Q@CsCGAG 5
AAA TCAAGG-3’ and &HhAGASBMTTECCAAGG AGT TG3 ' | L6: S €
TTC CCTACT TCACAAGTCCGE ' and anTAC AAE GAGAAT T&C CAT
TGCA3 '’ ; PDGFn e-WTG GCF BGLAGT GAGATCCAG3' and anti se

GGG CTC TCAGACTTGTCT CCA3 "’

All assays were valated by using standard dilution series of a positive control over at least 4
log decades. The reaction efficiency was calculated from each standard curve via the formula:
E: 101/slope_1

Immunohistochemistry

For spinal cords 25 pym transverse sections
GmbH, Nussloch, Germany) and mounted onto gelaiated glass slides. N@pecific
binding sites were subsequently blocked with 3% normal donkey, goat or horse serum.
Primary antibodies were incubated overnight atC4 washed, and then incubated with
fluorescentconjugated secondary antibodies for 1 h at room temperature. The following
primary antibodies were used: antbuse ll-1-alpha, 16, TNFalpha and MIPLl-alpha

(1:50, all from R&D Systems, Minneapolis, MN, USA), amtouse 11-:10 (1:400, Biolegend,

San Diego, CA, USA)mouse antiGFAP (1:100 Santa Cruz Biotechnology, Inc, CA, USA),
polyclonal chicken amgreen fluorescent protein (GFP) (1:2,000, Chemicon), riyiltatied
Griffonia (Bandeira) simplicifolia lectin B(GSA-B4, 1:200, Vector Labs, Burlingame, CA,
USA), antimouse/rat IE1-alpha, -6, IL-10, TNFalpha and MIPL-alpha (1:200, all from
Abbiotec, San Diego, CA, USA), goat asctioline acetyltransferase (1:200, Millipore,
Billerica, MA, USA), antimouse M6 (mousspecific neuron marker, 1:400 DSHB, IA,
USA), anttmouse M2 (mousspecific astrocyte marker, 1:400, DSHB), anbuse MOG

(mousespecific oligodendrocyte marker, 1:50, R&D Systems, Minneapolis, Midj
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neurofilament 200kD (NF200, Abcam Ltd, 1:200, Camge, UK)and antiSSEA1 (stage
specific mouse embryonic antigén 1:400, DSHB). Secondary antibodies were used as
follows: Alexa Fluor 594 donkey antat, Alexa Fluor 546 goat antabbit, Alexa Fluor 546
donkey antigoat, Alexa Fluor 488 goat anthicken, Alexa Fluor 488 goat antabbit, horse
biotinylated antigoat 1gG (H+L) and horse biotinylated ambuse IgG (H+L).
Immunohistochemistry and lectin histochemistry were visualized with either the streptavidin
Alexa Fluor 546 conjugate or the streptin Alexa Fluor 488 conjugate (1:400, Invitrogen).

To validate TNFalpha and IEk1-alpha immunohistochemistry, MdeLa cells transfected
with TNFFal pha plasmid (a kind gift from Erné
Szeged, Hungary) and rat testvere used, respectively.

Fluorescence signals were detected in an Olympus BX50 epifluorescence microscope
equipped with a DP70 digital camera (Olympus Ltd, Tokyo, Japan). Confocal microscopic

i mages were obtained by usi natcenfocalOnicosogpe.s F I

Function-blocking antibody experiments

Adult female rats (n=5 in each set of experiments) were deeply anaesthetized and the
avulsionreimplantation of the L4 ventral root and transplantation of 3NEB-GFRA4C cells

were performeds described above. A miasmotic pump (Alzet Osmotic Pumps, Cupertino,

CA, USA; type 1002, 100 pl v 0 dblockire Jantidodids e d W
against MIP1-alpha, IL-1a, IL-6, TNFa | pha (4 wpg/ ml wor king cont
Sysems, Minneapolis, MN, USA) and 410 (Biolegend, San Diego, CA, USA) was placed
subcutaneously in the dorsal region. All antibodies were specific to mouse epitopes only. A
silicone tube (Degania Silicone Ltd, Kibbutz Degania, Israel, 0.3 mm in interaaletkr)
extended from the mirpump to the spinal cord and its distal end was inserted into the cord at
the site of grafting. The tube was fixed to the surrounding musculature w@itsugures

(Ethilon) to avoid moving in or out of the spinal cord. In #eo set of experiments osmotic
pumps filled with 1-1 0 anti body only (4 pg/ ml wor king
animals received pumps filled with physiological saline only. The pumps were removed 2
weeks after the operation. The animals suiif@ 3 months and were then processed for

motoneuron counts and histological analyses.
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Cell counts

The number ofretrogradely labelled cells waset er mi ned on 25 pupm th
sections. To avoid double counting of neurons present in congecséictions, the
retrogradely labelled neurons were mapped with the aid of an Olympus (Olympus Ltd, Tokyo,
Japan) drawing tube, and their locations were compared with those of the labelled neurons in
the previous section. All sections from the L4 motooear p o o | wer eetal,sed (
2007).

Quantification of astrocyte and microglia density

To assess the density GFAP-positive astrocytes andSA-B4-positive microglia in injured

and grafted ventral horns, we photographed injured, grafted and ctarabiatact horns for

each rat at a Xld primary magnification, using a Olympus BX50 epifluorescence
microscope at a distance of 0.5, 1, 1.5, and 2 mm rostral and caudal to the reimplanted ventral
root (n=5/group). With ImageJ Software (NIH), we meaduthe relative densities of GFAP

and GSAB4 immunoreactivity in the ventral horns. The background/autofluorescence of
unstained samples as reference intensity was then subtracted from the intensity of injured
grafted and of intact ventral horns in orderdetermine the final density. The GFAP and
GSA-B4 intensity of the injured and grafted ventral horns was then divided by that of the
contralateral intact ventral horns. We additionally performed automatic thresholding for each
image by using NIH ImageJ ware to determine the threshold for the specific signal. After

the threshold had been set, the density above the threshold was quantified.

Analysis of the locomotion pattern — the CatWalk semiautomated gait analysis

For determination and analysis of tharameters of the hindlimb movement pattern in the
different experimental paradigms, the '‘CatWalk' automated quantitative gait analysis system
was used (Noldus Ltd, Wageningen, The Netherlands, version 7). This coagsitted
method of locomotor analigsmade it possible to quantify several gait parameters, including
the duration and speed of different phases of the step cycle and print areas detected during
locomotion. The following parameters were taken into account during the analysis:

2
the print are (expressedinmn) : t he total floor area contac

phase,
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the print intensityexpressed in arbitrary units): the mean pressure exerted by one individual
paw during the floor contact;

the print width(expressed in mm): thgarameters describing the width of the print area,

the stance duratiofexpressed in s): the stance duration is the time of the stance phase,

the swing speetkxpressed in m/s): swing speed is computed from the swing duration and the
stride length.

the bag of support of the hind limg§BOS, expressed in mm): The base of support of the hind
limbs is the distance between the two hind paws of the rat (Hanetnalrs2001; Hammerst

al., 2006)

Muscle tension recording

The animals selected for tension reengd(n=4 in both the control and the intraspinal group)
were anaesthetized with ketamixydazine at the end of ther8onth survival period and the
tibialis anterior and extensor digitorum longus muscles of both the reinnervated and the
contralateral contil hindlimb were prepared for tension recording. These muscles were
chosen for tension recording because the motoneurons innervating them are mainly found in
spinal segment L4 (Lowriet al.,1984). The muscles of the contralateral leg were considered

to be suitable controls because their tension increased with age in a similar way to that for the
muscles of the normal, unoperated animals. The distal tendons were dissected free and
attached to strain gauges, and the exposed parts of the muscles wereigeptitmérebs'

saline solution. Isometric contractions were then elicited from the muscles by stimulating the
ventral ramus of the L4 spinal nerve with bipolar electrodes. The length of each muscle was
adjusted so as to produce the maximum twitch tenSorgle twitch and tetanic (4000 Hz)
contractions were displayed and recorded on a computer; all the additional recording
hardware and software were developed by Surg
Maximum tetanic tension was achievedaastimulation frequency of about 100 Hz. An
estimate of the numbers of motor axons supplying the muscles was obtained by stimulating
the L4 spinal nerve with stimuli of increasing intensity and recording the stepwise increments

of twitch contractions.
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Statistical analysis

The nonparametric ManfWhitney U test and the One way ANOVA test and Two way
ANOVA test with Tukey's all pairwise multiple comparison procedusese used to compare

the data on the groups. Values are reported throughout the thesssasns + ®P<E. M

0.05 was considered significant.
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Results

General observations, functional improvement, the CatWalk gait analysis system in the
different transplantation paradigms

The aim of the next experiments was to compare the therapsoténtial of 3 x 10
transplanted NESFR4C cells applied in topically different transplantation paradigms (see
Fig. 1). Behavioral analysis was started two weeks after surgery and the first signs of
functional recovery were observeeb4veeks after reimphtation of the ventral root. Control

(AR) and ARGPR (periradicular grafting) animals showed minimal improvement, i.e. their
affected hind limb was placed laterally with minimal dorsiflexion of the ankle joint and the
spreading reflex was minimal or corefgly missing. In contrast, animals that received grafts
into the L4 ventral root (ARGR, intraradicular grafting) or into the spinal cord (ARG)
developed a movement pattern closely similar to that of the intact hind limb. Movements of
the ankle joint, gsecially dorsiflexion was extensive and toe spreading was present.
Quantitative gait analysis obtained from the CatWalk automated gait analysis system showed
that the earliest differences in functional recovery between these groups appear from week 6
and hese differences became significant by week 8 to 10 (Fig. 2). Improved footprint
parameters (print area, intensity, print width, stance duration) in the groupsRARGI ARG
indicated an improved stability of foot placing, while parameters charactesfstiee step

cycle (swing speed and base of support of the hind limbs) showed improved movement
pattern in group ARGR and ARG animals (Fi?), too. Interestingly, animals that received
intraspinal or intraradicular stem cell grafts did not show sigmflgadifferent gait

parameters.

Retrograde labelling studies, number of reinnervating motoneurons in various grafting
protocols

The number of retrogradely labelled motoneurons, i.e those motoneurones that were able to
send their axons into the vacatedleneural sheaths of the reimplanted ventral root correlated
with the functional data. Control animals that had their ventral root avulsed and reimplanted
but received no stem cel/l graft (AR group)

= 5). Simlarly, in the spinal cords of AR®R animals which received a periradicular stem
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cel | graft, more retrogradely | abelled mot o
significant difference between these two groups (Fig. 3). On the other harichggohfNE-
GFPAC cells into the reimplanted root (ARI®, n = 5) or into the spinal cord (ARG, n = 5)

produced similarly good results: t he numbe.
711 + 14 SEM, respect i vel ynergating gells in3these twot [
groups comprised 58% and 61% of the intact

suggesting a very effective rescuing mechanism.
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Figure 2. Results of the CatWalk automated gait analysis

The gait analysis revealed sifjoant differences between the AR and AIR® groups and ARER

and ARG groups. The earliest significant differences in functional recovery between these groups
appeared from week 8 in case of some parameters. Both the parameters indicating improvgd stabili
of foot placing (print area, intensity, print width, stance duration) and that of improved step cycle

(swing speed and base of support of the hind limbs) suggested significant functional reinnervation in
group ARGIR and ARG animals. Note that the impeal parameters of animals in ARR and ARG

groups approached the graining levels. Asterisks indicate significant differences between groups
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AR and ARGPR and groups ARE and ARG by using the twaway measurement analysis of
variance (ANOVA) computed c c or di ng t o-wiseunkltglp compadasbnl progeduies, p <
0.05. The foot prints in the lower panel are taken from individual animals from each experimental
group (green prints: intact hind limb, red prints: operated hind limb). Note the redgwént size in

the case of intraradicular and intraspinal grafting paradigms.
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Figure 3. Bar chart showing the results of retrograde labelling studies from the L4 spinal

nerve
Transplantation of stem cells into the reimplanted vend@t (ARG IR) or into the spinal cord (ARG)
resulted in equally high numbers of retrogradely labelled motoneurons in the L4 segment (no
significant difference was found between these groups). Transplantation of the stem cells around the
reimplanted root (RG-PR) induced as limited reinnervation as reimplantation of the L4 root only
(AR, control aimals). * = Groups ARGR andARG were significantly different from animals in both

the AR and ARGPR groups, p < 0.01, Oweay ANOVA.



26

Differentiation and location of grafted neuroectodermal cells in various experimental

groups

The early differentiation and migration of the grafted cells was studied 5 and 10 days after
grafting in animals that received stem cells intraradiculary, periradicularly or intraspinally.

Rats that received stem cell grafts embedded in fibrin clots and placed around the reimplanted
ventral root (ARGPR group), formed a wetlefined tissue cuff around the reimplanted
ventral root 5 days after grafting (Figs. 4A. The stem cells express#ue stagespecific
embryonic antigerl (SSEA1), an early murine stem cell marker and most of them
maintained their GFP expression. However, by 10 days after grafting most of the cells became
dispersed and only few of them were found around the reimgdlaote (Figs. 5AB). At this

stage of development, these cells expressed the M2 and M6 antigens, characteristic of mouse
glial and neuronal phenotypes, respectively, but morphologically they remained rounded, and
undifferentiated (Figs. 58, M2 not showi In the animals that received intraradicular stem

cell grafts (ARGIR), numerous NESFR4C cells were found within the L4 ventral root 5
days after grafting (Figs. 4B). The cells formed clusters at the sites of injections and most

of them were still ald to express GFP. On the other hand, stem cells that expressedlSSEA
displayed a decreased or faint GFP expression, suggesting that the GFP expression pattern
decreases with differentiation. Ten days after grafting we found fewer grafted cells atghe site
of microinjections and most of the stem cells expressed SISB& many of them were
already able to differentiate to glial or neuronal phenotypes (M2+ astrocytes and M6+
neurons, Figs. 5IF). Interestingly, those intraradicularly grafted cells that vpéseed close

to the spinal cord were able to migrate closer to, but not into the injured cord via the
reimplanted ventral root and started to differentiate morphologically, too (Figg, M2 not

shown. The intraspinal grafts (ARG animals) formed a darguster of cells that first
expressed the SSERAantigen((Figs. 4tL) and then further differentiated to M2+ astrosyte

and M6+ neurons, respectivellfigs. 6BE). Five days after grafting mainly SSEA cells

were found in the graft (Fig. 41 and Fig8B-B'), whereas by 10 days after grafting the
presence of murine astrocytes and neurons was overwhelming (Fi§s). @uring the next

few days, the differentiated cells ceased their GFP expression and largely migrated away from
the implantation site, l@ang there only limited numbers of differentiated cells (16 days

survival, n=4, Figs. 6f5). Numerous stemceler i ved neurons (501z%38
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(465+x81) settled throughout segment L4 in t
6Hand6K)whi | e only very few (45+16) oligodendr
The first signs of axon outgrowth was also observed 10 days after reimplantation in these
samples: few regenerating axons visualized by neurofilamen2Q9FD) immunostainig

were seen in the reimplanted root of animals that received intraradicular or intraspinal grafts
of stem cells (Fig. 5F and 5I), while such regenerating neurites were infrequently seen in the
reimplanted ventral root of animals with periradicularly giftetem cells (Fig. 5C).
Interestingly, several regenerating axons were found in this latter group among the derivatives
of stem cells close to the reimplanted root (Fig. 5B).

Three months after grafting in the periradicularly treated animals (RR@roup only few

stem cellderived neurons and astrocytes were sporadically seen along the initial segment of
the reimplanted root, typically in the dorsal angle between the reimplanted root and the lateral
surface of the spinal cord (Figs. B). Greater numberof stem celberived neurons and

axons were found in the spinal segments of animals with intraradicular grafts-IARG
group). These cells were located mainly at the periphery of the root, not in close contact with
the regenerated axons (Figs.-HR Interestingly, a number of M2+ astrocytes and M6+
neurons appeared to have migrated into the ventral horn of the damaged L4 segment where
these cells were located around the reimplanted root and the reinnervating motoneurons (Figs.
7D-E). Although many cellexpressed M2 and M6 antigens on their membranes, only those
cells appeared morphologically differentiated which settled in the spinal cord.

The cells that stayed in the reimplanted root remained rounded and appeared morphologically
undifferentiated whileghey expressed murine surface antigens characteristic of mature cells
(Fig. 7D). In the spinal cords of animals that received stem cells intraspinally (ARG group),
relatively welldifferentiated derivatives of stem cells were found, scattered througeol th
segment (Fig. 6J and Fig. 7C). The stem cells and their derivatives were rarely seen in contact
with the injured motoneurons (Fig. 61). Three months after grafting, the astrocytes and
neurons were still confined nearly exclusively to the injured Lgmsat (Fig. 6J). By a

survival time of 6 months (n=5) their numbers had decreased critically (Fig. 6K).
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Figure 4. Location and early differentiation of grafted stem cells in various expermental

paradigms

A-D shows differentiating NESFR4C cells 5 days after transplantation around the reimplanted
ventral root. The cells appear as a tissue mass outside the epindiniimisplays intraradicularly

grafted stem cells just under the connective tissue shealtte odot (not labelled) anBL indicates

the location and gene expression pattern of intraspinally grafted stem cells, in both cases 5 days after
grafting. Note that many of the grafted GFP+ cells in all experimental paradigm expressl SSEA
murine stagespecific stem cell markeA-H are confocal images. Note that the confocal images were
obtained by the use of various optical thickness settings. Scale Adt andI = 100um, in the rest

of the figures = 2Qm.
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Mg

into the reimplanted root 10 days after grafting

A shows a hemicord that received a periradicular stem cell graft {AR@roup, Neurofilament
200kDa immunohistochemistryblue). Insets enlarged iB and C show the location of the M6+
grafted cells (red) within the ventral horn and the few NF200+ regenerating axons (arrows),
respectively. Note the few axons (arrows) terminating around the surviving stem @ll$niD a
section of a spinal cord is dispky with the reimplanted root, into which the stem cells were grafted
(NF200 kDa, ARGIR group).E andF show the proximal injection site in the reimplanted rdtNI6

mouse neuronal marker, red), and the site of reimplantation with numerous regengoatiaerows

in F, NF200 kDa immunohistochemistry). I@- to I microphotographs taken form intraspinally
grafted animals (ARG) are presented. Differentiating (M6 positive) stem cells (red) are located within
the cord, at the end of the reimplanted venmat (G andH). Numerous NF200kDa+ axons (blue and
indicated by arrows) entered the reimplanted root. Scale kbaDimndG= 100 p m, in the

figures = 20 pm.
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Figure 6. Differentiation and migration of grafted stem cells and their derivatives in the

spinal cord

A. Schematic drawing showing the surgical procedure of avulsion, stem cell grafting and
reimplantation of the avulsed L4 ventral root (ARG grouB)C. Expression of embryonic stem cell
marker SSEAL by the grafted stem cells 5 and 10 days after transplantdbdi. Initial
differentiation of the grafted stem cells to M6+ neurons and M2+ astrocytes, accompanied by the loss
of GFP expressionF,G. Dispasion of the differentiated stem cells from the site of grafting, where
only limited numbers of astrocytes and neurons of graft origin realNumerous M6+ neurons and
M2+ astrocytes are present in the cord 1 month after grafting, whereas MOG+ oligoyéssl are
rarely found.I. Only a few stem celtlerived neurons and astrocytes, but no oligodendrocytes are
located in the host cord 6 months following transplantatfoRistribution of M2+ astrocytes (green
dots) and M6+ neurons (red dots) in the e L4 segment one month following grafting in a

representative ARG animal. Each spinal cordesogsct i on represents a 100
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cord. The vast majority of the stem ed#irived cells are located the affected L4 segmenK. The
absdute numbers of stem cellerived neurons, astrocytes and oligodendrocytes are shown at various
time points after grafting, n=5. Data are presented as me& &M, p<0.05. The oreay ANOVA
analysis withTukey's poshoc tests was performeficale batin B-G= 5 0 OB'-E!t-=m, 200 pum,
200 gym and 99 00 (fmset s) ,

Figure 7. Localization of the derivatives of the grafted stem cells in various experimental
paradigms

A andB show sections of the spinal cord (ARRR group, periradicular grafting) taken at the level
where the reimplanted root (®IR) is closely apposed to the cord. The few retrogradely labelled

motoneurons (arrows, Fast Blue +, FB) colocalise with the numstousing ChAT + motoneurons
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(green) in the ventral horn. Few surviving undifferentiated cells (arrowheads, M6 + neuroasidh

M2 + astrocytes iB) settled in the dorsal angle between the reimplated L4 root and the dorsolateral
surface of the cordC shows surviving (ChAT + , green) and reinnervating (Fast Blue+) motoneurons
(arrows) in the ventral horn and stem adrived-like cells in the dorsal funiculus of an animal that
received intraspinal stem cell graft (ARG group). Inset provides high nigagioh view of the M6 +
cells.D andE display sections taken from intraradicularly grafted animals (AR@roup). Note the
greater numbers of retrogradely labelled motoneurons (arrows) within the pool of surviving
motoneuron pool (ChAT+, green), Stentl ederived rounded astrocytes and neurons are present in the
reimplanted ventral root (RYR, see inset for higher magnification ), however, many of these
cells migrated into the affected ventral horn and took up a more differentiated morphological

phenotype (arrowheads, M6 + and M2 + cells showD iandE, respectively). Scal

Stem cell grafts dramatically improve the reinnervation of hindlimb muscles by the

rescued motoneurons

To find out the most effective dose of stem cells weehaet experimentsvhere we
transplanted increasing numbers of stem cells (5xI16, 2x and 3x10stem cells, n=5 in

each group) to determine whether motoneuron survival and reinnervation of reimplanted
ventral root depend on the number of the grafted cell

Retrograde labelling from the ventral ramus of the L4 spinal nerve 3 months after grafting
revealed that large numbers of axons of surviving motoneurons (up to 65% of the total L4
motoneuron pool) were able to enter the reimplanted root and reinnerwatées in animals

that received a stem cell graft (3%1&tem cells) at the time of avulsion and reimplantation
(ARG animals, Figs. 8M). In the norgrafted control animals (AR animals, n=5), however,
only mini mal number s of totabintactri4 pool)consibuteddt® + 5 ,
the reinnervation of the hindlimb muscles (Fig. 8A). Increasing numbers of grafted stem cells
(5x10°, 1x, 2x and 3x10stem cells, n=5 in each group) proved to induce proportionally
increasing numbers of surviving moturons that reinnervated the targets, suggesting a
motoneurorrescuing mechanism dependent on the amount of factors secreted by the grafted
cells (Figs. 8AB). However, the number of grafted cells that could be utilized to rescue the
motoneurons and prorne their regeneration exhibited an optimum. Grafts involving more

than 3x10 stem cells (e.g. 5x2®r 1x1F stem cells) caused damage to the host cord, thereby
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compromising the regenerative effects of the grafted stem cells. Such grafts were therefore
excluded from the present study. In the subsequent work reported here each ARG animal
received 3x10 stem cells. Morphological reinnervation was confirmed by examinations
proving functional reinnervation. The higher numbers of motor units found in tftedgra

ani mal s ( 2€4=#11 [[ARG] motor units for thse tick¢k
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Figure 8. Reinnervation of peripheral targets by injured motoneurons rescued by

grafted stem cells

A,B. The extent of reinnervation of peripheral tagggépends on the number of grafted stem cells. In
control ani mals (AR), only 465 retrogradely |
31Pstem cells resulted in 736 €pPITheregténsondigitowuamt i n g
longus (EDL) and the tibialis anterior (TA) muscles of grafted (ARG) rats are innervated by
significantly greater numbers of motor axons than are the muscles of AR animals; individual twitch
contractions of motor units (MU) are shovn C, n=4. E,F. Greater numbers of reinnervating motor

axons produced greater maximum tetanic muscle contractions in ARG animals, n=4; individual tetanic
curves are shown iR Data are presented as meahS:E.M, p<0.05. Data were analysed by applying

the nonparametric MantWhitney U test or ongvay ANOVA analysis with Tukey's posioc tests
was used. ScalebarBs 100 pm.
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Stem cell graft downregulates glial microenvironment in the host cord

We next investigated the glial environment of the injureztoneurons in the ventral horn of
grafted (ARG) and control animals (AR). Both astroglial and microglial activity are known to
moderate cascades of negative effects on damaged neurons of the spinal cord, although the
nature of the microglia/macrophagiest participate in certain pathological processes is still
controversial Biber et al, 2007 Gaudetet al, 201). We therefore looked at the glial
reactions within the spinal cords of AR and ARG animals in the critical first 10 days after the
avulsion injury. At 5 and 10 days after grafting, neuroectodermal stem cell transplargation |

to significant decrease in the microglia/macrophage and astroglial reactions throughout

segment L4 of ARG animals relative to AR animals (Fig. 9).

Determination of secreted factors expressed in the grafted cord

These data suggested that, in viewhaf lack of physical contact between the injured and the
grafted cells, a paracrine secretory mechanism must be exerted by the graft to decrease the
activity of the glial cells of the cord and prevent motoneuron death. To determine the factors
acting in tle grafted cords, we performed a series of semiquantitative PCR analyses of the
segment L4 in ARG and AR animals, concerning neurotrophic and immune factors known to
play roles in spinal cord injuries and their experimental treatnigautti{oldi and Schwab,

1997 Ousman and David, 20D1t emerged that on postoperative days 2, 5, 10 and 14 there
was no difference between the AR and ARG animals (n=4 in each group) in the mRNA levels
of the investigatedheurotrophic factors (BDNF and GDNF), but the mRNA levels of the
interleukins IL-1-alpha, -6 and I-:10, TNFalpha and MIPl-alpha were significantly
higher in the ARG than in the AR animals, typically at 5 and 10 days following grafting.
However, the mRN production of these factors had declined by 14 days after grafting (Fig.
10).

Differential mRNA expression of cytokines in the stem cells graft and in the ventral

horns

To distinguish between graft and host immune factor production, we used the laser
microdissection technique to perform a gPCR analysis on identical parts of spinal cord
sections (ventral horns) taken from AR and ARG animals and from the stem cell graft (n=5 in

each group) The stem cell grafts and the ventral horns of the ARG animaisquod
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considerable amounts of the cytokines investigated, with appreciable increases by 10 days as
compared with 5 days after grafting (Figs. 1} IL-10 proved to be an exception, as it was
produced in greater amounts by the grafted cells 5 days aditingr In contrast, the ventral

horns of the AR animals produced increased amounts of the mRNAs of these factors at 5
days, with a moderate decline by 10 days after the avulsion injur¥0 llvas again an
exception: it was not produced in the controldsoat all (Fig. 11C). The cultured NEFR-4C

cells (native graft source) did not display detectable levels of the mRNAs of any of the
factors. At a survival time of 10 days, the ventral horns of the ARG animals exhibited
increased mMRNA levels of all thadtors, including IL10, relative to the mRNA levels of the

AR animals, suggesting a grafiduced upregulation of these factors at the mRNA level in the

host cord.
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Figure 9. Astrocytic and microglial/macrophage reactions in grafted and control spinal

cords

A-H. Reduced astroglial (GFAP) and microglial (GSA iBolectin) densities are shown in spinal
segment L4 of ARG animals. Asterisks indicate the significant differences in density between AR and
ARG animals at various distances from the site of avulsion, n=5. Data are presented as-mean +/
S.E.M, p<0.05. Ta twoway ANOVA analysis with Tukey's posioc tests was used. Scale baEin

250 pym.
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Figure 10. Results of semiquantitative PCR studies on the production of cytokines
Semiquantitative PCR analysis of cytokine mRNA levels in the injured (AR) or dréfeG) L4
segment. Only those factors are shown that displayed a significant difference at any timepoint. Note
the great amount of HLO mRNA produced in the grafted L4 segment of the ARG animals (n=4 in
each group). *=significant difference between #RG and AR animals at the same timepoint. The

nonparametric MansWhitney U test was used.
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Protein expression patterns of cytokines in the grafted cells and in the spinal cord

To test whether the mRNA levels are translated into protein productioprdteen expression
patterns of these cytokines were studied by immunohistochemistry. Through the use of
mousespecific antibodies, strong immunoreactivity to all five factors was found to be exerted
by the grafted cells at 5 days after grafting (Figs.-J)LAt was noteworthy that the majority,

but not all of the grafted cells were immunopositive for the cytokines tested. However, at 10
days postoperatively only the strong expression patterns®f TiNFalpha and MIPL-alpha

were maintained (Fig. 12B, Bnd E). The immunofluorescence ot1talpha and IE10 was
confined to some of the stem cells located at the periphery of the graft (Fig. 12A and C). On
the other hand, immunohistochemistry with aatimouse specific antibodies indicated that

the ventrbhorn neurons and glial cells of the ARG animals appeared to produce ey IL
IL-10 and MIR1-alpha. The expression patterns were uniform at both 5 and 10 days after
grafting. Confocal microscopic analysis of doulabelled sections revealed that tHelglL -

6, IL-10 and MIRl-alpha reactivity was confined to the astrocytes, and not to the
microglia/macrophages of the host cord, even though the degree of astrogliosis in the ARG
animals was limited (Fig. 13). A similar distribution pattern of thesekay#s was observed

in the AR animals, but the astroglial density was increased. Despite the relatively high mRNA
levels of IL-1-alpha and TNFalpha, no immunoreactivity to these factors could be detected as

compared with the biological positive controleds€Experimental Procedures).
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Figure 11. Elevated mRNA levels and immunohistochemical detection of cytokines
produced by the grafted stem cells

A-E. Relative gene expression levels of various cytokines in the ventral horns of AR and ARG animals
and in the grafts removed by laser microdissection. There were significant increases in the RNA levels
of all factors, and of 110 in the ventral horns and the grafts of ARG animals by 10 days after
grafting relative to the data at 5 days, n=410L.was produced only in the grafted cords, mainly by

the grafted cells at 5 days after transplantation. Ventral horns of 5d ARG animals are taken as 1 unit.
RNA levels of intact ventral horns are not shown as they were neglifffdlelmmunohistochemical
detection of the murine factors produced by the grafted cells at 5 days after transplantation. Note the
partial expression pattern shown by the grafted cdllse@ally in the case of MiB-alpha, partially

due to declining GFP activity. Data are presented as meg&EM, p<0.05. The orway ANOVA

analysis with Tukey's pos$toc test was used. ScalebaFimn 500 pm and 50 pum in
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Figure 12. Expression of various cytokines by the grafted stem cells in ARG animals 10

days after surgery

Immunofluorescence images of stem cell grafts in the ventral horns of ARG animals 10 days following
grafting. While the immunohistochemistry to-6, TNFalpha and MIPL-alpha still reveals a strong
expression pattern, Hl-alpha and IL10 protein expression is limited to a small ventral and peripheral
area of the graft. All immunohistochemical analyses were performed with rapasiic antibodies
against cytokines. Scale barARE= 2 00 pm.
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Figure 13. Confocal microscopic analysis of MIP-1-alpha, IL-6 and IL-10 expressions in

the host cord

Co-expression of MIPL-alpha A-B), IL-6 (C-D) and IL-10 (E-F) and microglial or astrocytic
markers (GSAB, isolectin or GFAP, respectively), detected at 5 and 10 days postoperatively in AR
and ARG animals. The cytokine expressions are localized to astrocytes and neurons in the ventral
horn. Microglial cells do not express the cytokines. Nd.OLimmunoreactity was detected in AR

animals (not shown). Scale bar for the MHRalpha and It6 panel s = 2 B0 papehs, for
200 pm.
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Function-blocking antibodies abolish the neuroprotective effects of the grafted stem cells

To test whether these cytokineseaindeed responsible for inducing the prevention of
motoneuron death, for 2 weeks we used osmotic pumps to infuse the mixture of function
blocking mousespecific antibodies produced against all five factors to the grafts (n=5, ARG +
5-factor neutralization Indeed, retrograde labelling from the ventral ramus of the L4 spinal
nerve revealed virtually as few reinnervating motoneurons after 3 months as in the AR
ani mals (57Taé&dt  ARGe Bt r al Figs.adA,Doand |k Hovebet, he [ AR
question remained as to whether the considerable amountidf (the only cytokine with
antrinflammatory effects in the peripheral immune system) produced by the grafted cells
would alone be able to prevent motoneuron death. In a seareln fanswer to this question,

we set up another functidslocking experiment (n=5, ARG + {lLO neutralization) in which

only the antlL-10 mousespecific functionblocking antibody was infused by osmotic pump

to the grafted cord. When the-IlO functionwas blocked in this way, the reinnervation was
dramatically improved in comparison with that in the AR and ARGfackor neutralization

ani mal s (195+10 r ei mrig. eldB; dnt ordergto test twioether uheo n s
application of an osmotic pump inckks a damage in the rescued motoneuron pool, pumps
filled with isotypespecific IgGwere used and no significant difference relative to the ARG
ani mals was found (n=5, ARG+ 1 gG; 695+44,
reinnervating motoneuron numis between the two neutralization groups reveals a strong
modulatory role for the other four factors in the injured c&iid.(14E and ) the blocking of

IL-10 produced by the grafted cells was only partially able to inhibit the beneficial effect of
the graft. To establish whether the major beneficial effect efi@Linvolves the survival

and/or the reinnervating capacity of the motoneurons, we made use eafhaline
acetyltransferase (ChAT) immunofluorescence to detect and count the surviving ahd inta
mot oneur ons, including those “silent motone
into the vacated endoneural sheaths of the reimplanted L4 root. The proportion of surviving
motoneurons compared to the total ChAfotoneuron pool in segmeb# was dramatically
increased in the ARG animals but not in the other experimental grbigpsl4Q, indicating

that IL-10 is mainly responsible for the survival of the motoneurons in this experimental
paradigm. On the other hand, the proportion of sumgi motoneurons that are able to

reinnervate peripheral targetBig. 14G was again improved after blockade of thel
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function, which suggests an important, but not overwhelming role f@0IL
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Figure 14. Function-blocking antibodies inhibit the effects of stem cell grafts on
motoneuron survival and regeneration

A. Retrogradely labelled (FBand surviving (ChAT) motoneurons in AR animals. Note the very few
reinnervating motoneuron®. Results of retrogme labelling in ARG animals (3x1Gtem cells).
Nearly all surviving (ChAT) cells seem to be able to reinnervate the ventral ©M. Limited
numbers of reinnervating cells can be seen in ARG animals treated with fuolcidding antibodies,

especially in the case of neutralization against all 5 factarDiagram showing the numbers of
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retrogradely labelled neurons in various expental paradigms. Neutralization treatment against all 5
factors resulted in as low numbers of retrogradely labelled neurons as in AR animals, while treatment
with isotypespecific IgGs (ARG+IgG) did not yield significantly less motoneuron survival compared
with ARG animals, n=5. F. The percentage of surviving injured motoneurons is shown by the
proportion of ChAT operated/intact motoneurons in animals with various experimental paradigms.
As neutralization of 1E10 considerably reduces the number of stimgi motoneurons, H10 appears

to be a strong survival factor for injured motoneurons, rG:5Percentages of reinnervating (FB
motoneurons in various groups (F&. ChAT motoneurons). Note the reinnervating ability of
motoneurons in ARG animals atite moderate ability after neutralization with-10 antibody, n=5.
*=gignificant difference between ARG and AR, ARG+D neutralization and ARG+&actor
neutralization groups (SEM, p<0.05). **=significant difference between AR@#IIneutralization
andARG+5factor neutralization groups (S.E.M, p<0.05). The-aagy ANOVA analysis with Tukey's
posthoc test was performed. Scale banib= 250 pm. Data a-1IS&EMpresente
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Discussion

Alternative route providing morphological and functional restitution of hindlimb
locomotion by regenerating spinal motoneurons

In this study we have provided evidence, that grafted embryonic neuroectodermal stem cells
are able to rescue the vast majority of damaged motoneurons otherwise destined to die.
However rescue of injured motoneurons by grafted stem cells was only successful if the stem
cells were placed into the affected segment of the spinal cord or into the reimplanted ventral
root of animals whose L4 ventral root was avulsed to bring about motordestn

Adult motoneurons survive if their axons are damaged far from the cell body, but most of
them die if the axonal injury is inflicted close to their soma. This latter type of injury is
manifested in case of human brachial plexus injuries, wher@rom®re ventral roots suffer
traumatic avulsion due to harsh physical forces (Carlstedt 2008). Ventral root avulsion injuries
can successfully be modelled in experimental animals and several experimental approaches
have been repat to rescue motoneuronsth avulsed axons. These experimental strategies

are of outstanding importance as the axons of the rescued motoneurons can be redirected to
their peripheral targets and this way improved reinnervation of denervated muscles can be
achieved (Carlstedt ar@ullheim 2000; Carlstedt 2008).

Earlier studies have shown that stem or progenitor cells grafted into the spinal cord following
avulsion and reimplantation of one or more spinal ventral roots are able to rescue damaged
motoneurons (Helkt al, 2009; Suet al., 2009). Furthermore, it has also been shown that
embryonic spinal cord grafts containing neural progenitors induce the survival of the injured
motoneurons and also promote the growth of the regenerating motor axons into the
reimplanted ventral rootnd then further along the peripheral nerves until motor fibres reach
the skeletal muscles and produce functional
et al, 2011).

Grafting NEGFR4C stem cells into the spinal cord or into the reimplanted akenbiot

resulted in equally good survival of injured motoneurons and functional reinnervation. It
appears feasible that stem cells placed into the spinal cord are able to rescue motoneurons as
they are very closely related to the injured motor pool of dfiected segment and the

paracrine mechanisms exerted by the graft have a direct effect on the damaged cord. On the
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other hand, stem cells transplanted in the reimplanted ventral root are not in the direct vicinity
of the motor pool. It can be argued, hawe that the amount of molecules secreted by the
grafted stem cells was able to reach the intraspinal axon segment and the cell body of the
injured motoneurons. The immunhistochemical analysis of the location and differentiation of
the intraradicularly gafted cells showed that large nhumbers of stem cells were present 5 and
10 days after the injury in the reimplanted root, closely related to the spinal cord and
regrowing axons that were already present in the root as 10 days after avulsion. It could be
noted that the distance between the intraspinal grafts and the rostralmost part of the rescued
L4 motoneuron pool is in fact not greater than that of an intraradicular graft and the rostral L4
motoneurons. It is thought that the diffusible factors producethéygrafts may reach the
furthermost parts of the L4 segment, no matter whether they are secreted by an intraspinal or
by an intraradicular graft. It has been reported that motoneurons after avulsion injury are
responding to rescuing strategies if theatimgent starts within 10 days following avulsion

( N6 g etaald R0O07). Therefore it appears likely that appropriate numbers of stem cells
located in the reimplanted ventral root were able to exert a motonmgomng effect similar

to that found in thease of intraspinally grafted stem cells. Moreover, the stem cells did not
migrate into the spinal cord within the first 10 days after grafting, thus their effect was exerted
from their original location. It was a surprising finding, that stem cells graféeiradicularly

(i.,e. around the reimplanted root in a fibrin clot) induced as little reinnervation as
spontaneously regenerating surviving L4 motoneurons in the control animals that did not
receive stem cells. The immunhistochemical analysis of théidocaf periradicularly placed

stem cells showed that the stem cells and their derivatives were always in the close vicinity of
the ventral root and the L4 spinal segment but likely not close enough to the injured motor
pool, therefore they could not exerdirect effect on the damaged motoneurons. This view is
further strengthened by results of the mapping of the sterd@alled astrocytes and neurons

in the treated spinal cords 3 months after grafting. While few hundreds of stederedid

glia- andneuronlike cells were found in the L4 segment of animals that received intraspinal
and intraradicular stem cell grafts, no such cells could be located in animals treated with
periradicular grafts. These findings suggest that theGFR4C cells were not lde to
migrate into the spinal cord from a periradicular location and as a consequence they were not

close enough to the injured spinal motoneurons in the critical period of the first 10 days after
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avulsion.

Transplantation of stem or neural progenitdisc@Hell et al. 2009, Suet al. 2009) producing
neurotrophic factors or virdlased overexpression of BDNF or GDNF in the spinal cord or in
the reimplanted ventral root (Blitst al, 2004, Eggerst al, 2008) induced prominent
survival of damagednotoneurons with avulsed axons, but these rescued motoneurons were
unable to send their axons into the reimplanted roots due to the enormous sprouting of
regenerating axons. On the other hand, our recent experiments have shown that
spatiotempraly limitedexpression ofhese neurotrophic factors may induce a limited but still
successful regeneration of motoneurons (Pajehdé, 2014).

Activation of astroglia and microglia following ventral root avulsion-reimplantation

In our study we have shown that redpinal ®uroectodermal stem cell transpition
significantly decreasedstroglia and microglia reaction within the affected L4 segment of
ARG animals rostral and caudal from the injury site at 5 and 10 days after grafting compared
with controls.

It is known that astrocytes have a complex role after CNS injury. In the mature intact CNS
they modulate the levels of the excitatory neurotransmitter glutamate, buffer excess potassium
in the extracellular space, and regulate neuronal calcium lvatiersonand Swanson 2000;
Norenberg, 1979; Schousbetal, 2004; rewieved in Walz 2000; Wadt al, 1984, Parpura

et al, 1994).

Astrocytes that are located at the site of injury become reactive and contribute to the glia scar
that inhibits axon regeneration.ottever, they produce various factors that protect neurons
and expressarious chemokines that can attract macrophages from the periphery to the site of
injury (Stracket al, 2002).

We found, that host astrocytes in the grafted comtiypced 11-6, 1L-10 and MIP-1-alpha.
Expression of these three cytokines were uniform at postoperative days 5 and 10 after grafting
even though the extent of astrogliosis was limited in grafted animals. A similar distribution
pattern of these cytokines was observed in thergbahimals, whereas the astroglial density

was increased. Although we assume that despite the similar protein expression pattern in the
two groups the decreased astitecyreaction in grafted animalshay provide better

environment to the motoneuron sunliva
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Following CNS injury nicroglia activation is characterized by a number of biochemical and
functional changes (Cullheim and Thams, 2007). Thus, activated microglia can phduce
methyld-aspartat§ NMDA) receptor agonists, free oxygen radicals, nitric oxide, proteases
and cytokines (Giuliaet al, 1993; Chacet al, 1992; Moore and Thanos, 199@h the first

10 days following avulsion injury limited microglia reaction could be detected in the L4
segment in intraspinally grafted animals compared with controls. This observation suggests

that a limited microglia reaction provides a better miliaunimtoneuron survival.

Immunomodulatory molecules produced by grafted neuroectodermal stem cells
prevented motoneuron death following ventral root avulsion

In this study the pro and antiinflammatory cytokines have been shown to prevent
motoneuron death after ventral root avulsion.

Recent findings form our and other laboratories suggest that the rescue of injured neurons
within the CNS by a composition ohtik and preinflammatory cytokines may be due to a
twofold mechanism: First, the glial reactions and glutamate toxicity in the host environment
are significantly reduced, second, at least some of the cytokines, especitllyate thought

to exert a diret neuroprotective effect on the injured neurons themselves.

Numerous studies have provided evidence that therdl@mmatory cytokine, 1£10, would
suppress mechanisms leading to cell death and decrease astroglia and microglia reactions
(Bachiset al, 2001, Boydet al, 2003). Administration of IL10 after traumatic or excitotoxic
spinal cord injury promoted the survival of injured neurons, improved recovery of motor
function and reduced tissue damage (Betteal, 1999; Jacksoet al, 2005). On thether

hand, in an other study in vivo application of10 did not enhance axon growth and motor
recovery (Takamiet al, 2002). Recently the antiflammatory cytokine IE10 has been
shown to induce a number of signaling cascades througlD Ikeceptor lading to the
activation of -mediated gnttafoptaié pathwéay ik Beurons (Zebual,
2009a, 2099b). As an end result, increased levels of2Bahd BcixL and reduced
cytochromeC release and caspase activation were found and these chamdhsught to
contribute to the survival of injured motoneurons.

Proinflammatory cytokines such as-1talpha, Il-6, TNFalpha rapidly produced in spinal

cord. These cytokines have overlapping function in the CNS. Recent studies have provided
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controversal date on the effect of these cytokines. They reportedly modulate glutamaterg
transmission, synaptic plasticity or NMDA activation and contribute to thevaliof injured
neurons Cooganet al, 1997;Li et al, 1997). Activation ofN f k BAK-STAT and/o PI3K-

Akt pathways activate various signal transduction pathways in the cells resulting in protection
against metaboliexcitotoxic insults, stabilize [Ca2+] homeostasis and increased expression
of the calciumbinding protein calbindin(Wanget al, 2009; Chengpt al, 1999

Mechanical injury and neuroinflammatory processes induce chemokine actions via the
upregulated chemokine receptors. MHalpha can act via @rotein-coupled receptors and

the control of cytokine profiles in the injured CNBo&si and Zlotnik, 2000; Mennickeet

al., 1999. However the exact role of MiP-alpha in neuroprotective mechanisms remains to

be elucidated in future studies.

Functional blocking of IE10 in our experiment has shown that blocking ofLlLsecreted by
grafted cells resulted in similar motoneuron survival as in control groupfactér blocking

group. Although the number of surviving motoneurons in théQLblocking group showed

the same results as a control group but number of reinnervating motoneasosgmficantly
greater than in factor blocking group. These data suggested thelt-dlpha, -6, TNF

alpha and MIPL-alpha have a major role in promoting regeneration than in inducing survival
of injured motoneurons.

These data strongly support thewithat acute or subcute exposure of the highly vulnerable
injured motoneuron pool to these prdlammatory cytokines is not deleterious, although
longer expression patterns of these cytokines is already thought to induce toxic effects. The
fact, that tle grafted stem cells remain clustered at the site of grafting for 10 days and show
only limited differentiation along with significant rates of cytokine expression levels suggest,
that this short period of time of stem cell differentiation provides seat@faneuroprotection

for the injured motoneurons along with considerable depression of macrophage and astrocyte
activation. It is noteworthy that the stem cell grafts induced expression of some of the
cytokines, including IE10 in the host ventral horand this was likely to contribute to their
neuroprotective effects. The rapid differentiation process and migration of stem cells appears
to cease cytokine expression after this beneficial period of time.

These data, in conjunction with our findings, sglgrsuggest that prmflammatory and arti

inflammatory cytokines selectively secreted by grafted stem cells act in concert to save
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motoneurons and to promote reinnervation of the target muscles. These results raise the
opportunity to investigate whethaxdal treatment of injured motoneurons with a vaefined
set and dose of cytokines may bring about the similarly great extent of cell rescue and

reinnervation as treatment with stem cells.

Conclusions

In conclusion, it can be stated that stem cells #ra able to rescue the vast majority of
injured motoneurons destined to die following transplantation into the injured spinal cord
segment are also able to induce the same effect if they are grafted into the reimplanted ventral
root, close to the axond the injured motor pool. These results suggest that the diffusible
factors that modulate the environment of injured motoneurons are able to reach the ventral
horn from more remote positions provided they are located still within the boundaries of the
spiral cord and related spinal roots.

Furthermore, cytokines produced by grafted neuroectodermal stem cells are likely to rescue
damaged motoneurons following ventral root avulsion injury via two distinct mechanisms.
Moreover, grafted stem cells interact withe host environment and induce a pattern of
cytokine expression by host neurons and astrocytes. It is suggested that -tlaadaptio
inflammatory cytokines have a stromgodulatory function in the CN$hat promote the
prevention of neuronal cell deathdainduce regeneration.



50

Acknowledgements

I am indebted to Prof. Ant al N6égr adi (He ac
Department of Anatomy, Histology and Embryology, Faculty of Medicine, University of

Szeged) for his professional mentorsai scientific guidance for my research.

I would | i ke to express my gratitude to Gz

design and consultive support.

Speci al thanks to all member Laboratory of

Atti | ané Kovacs, , Tamas Bel |l a4k, Zol t an Fekéc:c

| would like to express my thanks to my-aathor Dr. Gholam Pajenda (Department for
Trauma Surgery, Medical University Vienna, Vienna, Austria) who helped with the aurgic
procedure in Ludwig Boltzmann Institute for Experimental and Clinical Traumatology,

Vienna, Austria.

My thanks are due to my euthor colleagues, Georg Feichtinger, and Professor Heinz Redl
for their professional help in the semiquantitatve R@RBIysis that was performed in Ludwig

Boltzmann Institute for Experimental and Clinical Traumatology, Vienna, Austria.

The laser microdissection and gPCR measurements were performed in VetCORE Technology
Centre for Research at the University of VeterindMgdicine in Vienna, Austria. | am

indebted to Sonja Sabitzer and Professor Dieter Klein for their professional help.

Finally, | would like to express my special thanks to my family, and first of all, to my wife,
Rita PajerJ 6 z s a , wh o s uenppenot ef dy lifenand helged mesthrough the

difficult periods of writing my thesis.



51

References

Airaksinen MS, Saarma MThe GDNF family: signalling, biological functions and
therapeutic valueNat Rev Neurosc2002 3, 383394,

Aloisi F, De Simone R, Columb#&abezas S, Levi G. Opposite effects of interfegamma
and prostaglandin E2 on tumor necrosis factor and interleifkiproduction in microglia: a
regulatory loop controlling microglia prand antiinflammatory activitiesJ Neurosci Res,
1999 56,571-580.

Anderson CM, Swanson RA. Astrocyte glutamate transport: review of properties, regulation,
and physiological function$slia, 2000 32, 1:-14.

Bachis A, Colangelo AM, Vicini S, Doe PP, De Bernardi MA, Brooker G, Mocchetti I.
Interleukin10 prevents glutamatmediated cerebellar granule cell death by blocking caspase
3-like activity. J Neurosci2001 21, 31043112.

Bartholdi D, Schwab ME. Expression of prdlammatory cytokine and chemokine mRNA
upon experimental spinal cord injury in meusan in situ hybridization studiur J Neurosci,
1997 9, 14221438.

Battista D, Ferrari CC, Gage FH, Pitossi FJ. Neurogenic niche modulation by activated
microglia: Transforming growth factor beta increases neurogenesis in the adult dentate gyrus
Eur JNeurosci 2006 23, 83-93.

Beattie MS, Bresnahan JC, KomonJ, Tovar CA, Van Meter M, Anderson DK. Faden Al, Hsu
CY, Noble LJ, Salzman S, Young W. Endogenous repair after spinal cord contusion injuries
in the rat Exp Neurol,1997 148, 453463.

BeattieMS, Ferguson AR, Bresnahan JC. AMREceptor trafficking and injurinduced cell
death Eur J Neurosci2010 32, 2907.

Bergerot A, Shortland PJ, Anand P, Hunt SP, Carlstedioftreatmentwith riluzole and
GDNF is necessary for functional recovery aftemntral root avulsion injuryExp Neurol,
2004 187, 35966

Bessis A, Bechade C, Bernard D, Roumier A. Microglial control of neuronal death and
synaptic propertie$slia, 2007 55, 233-38.

Bethea JR, Nagashima H, Acosta MC, Briceno C, Gomez F, Marcilld8& K, Green J,
Dietrich WD. Systemically administered interleukifi reduces tumor necrosis factdpha
production and significantly improves functional recovery following traumatic spinal cord
injury in rats J Neurotraumal 999 16, 851863.

Biber K, Neumann H, Inoue K, Boddeke HW. Neuronal 'On' and 'Off' signals control
microglia Trends Neurosc2007 30, 596602.



52

Blinzinger K, Kreutzberg G. Displacement of synaptic terminals from regenerating motor
neurons by microglial cell€ Zellforsch Mikrosk Anat]1968 85, 145-157.

Blits B, Carlstedt TP, Ruitenberg MJ, de Winter F, Hermens WT, Dijkhuizen PA, Claasens JW,
Eggers R, van der Sluis R, Tenenbaum L, Boer GJ, Verhaagen J. Rescue and sprouting of
motoneurons following ventral ob avulsion and reimplantation combined with intraspinal
adeneassociated viral vectonediated expression of glial cell Iwgerived neurotrophic

factor or brainderived neurotrophic factoexp Neurol 2004 189, 30316.

Bottai D, Cigognini D, Madaschi,lAdami R, Nicora E, Menarini M, Di Giulio AM, Gorio A.
Embryonic stem cells promote motor recovery and affect inflammatory cell infiltration in
spinal cord injured micéexp Neurol, 2010 223, 45263.

Boyd, ZS, Kriatchko, A, Yang, J, Agarwal, N, Wax, MBatil, RV. InterleukinrlO receptor
signaling through STAB regulates the apoptosis of retinal ganglion cells in response to
stressinvest Ophthalmol Vis Sc2003 44, 52065211.

Brannstrodom T, Havton L, Kell ert mthéd €ze alflde st o
dendritic arborization patterns of axotomized cat spinal atpb@neuronsJ Comp Neurol,
1992 318, 45261.

Carlson NG, Bacchi A, Rogers SW, Gahring LC. Nicotine blocks -aRamediated
neuroprotection to NMDA by an alpHaungarotoxirsensitive pathwayJ Neurobiol 1998 35,
29-36.

Carlson NG, Wieggel WA, Chen J, Bacchi A, Rogers SW, Gahring LC. Inflammatory
cytokines IL-1 alpha, Il-1 beta, Il-6, and TNFalpha impart neuroprotection to an excitotoxin
through distinct pathways Immunol, 1999 163, 39633.

Carlstedt T, Cullheim S. Spinal cord motoneuron maintenance, injury and RoajrBrain
Res,2000 127, 50114. Review

Carlstedt T. Nerve fibre regeneration across the peripherdtal transitional zone) Anat
1997 190,51-6. Review.

Carlstedt T. Root repair review: basic science background and clinical out&eator
Neurol Neurosci2008 26, 22541. Review

Chao CC, Hu S, Ehrlich L, Peterson PK. Interletkirand tumor necrosis factatpha
synergistically mediate neurotaty: involvement of nitric oxide and of dhethylD-
aspartate receptorBrain Behav Immun1995 4, 35565.

Chao CC, Hu S, Molitor TW, EG Shaskan EG, Peterson PK. Activated microglia mediate
neuronal cell injury via a nitric oxide mechanisiimmunol, 1992 149, 27362741.

Cheng B, Christakos S, Mattson MP. Tumor necrosis factors protect neurons against



53

metabolieexcitotoxic insults and promote maintenance of calcium homeadtesison,1994
12, 13953.

Clarke SR, Shetty AK, Bradley JL, Turner, DReactive astrocytes express the embryonic
intermediate neurofilament nestieuroreport]1994 5, 18851888.

Coogan A, O Connor JJ. -nediated synaptic vansmigsion iNNthkD A r
rat dentate gyrus in vitro by lLb. Neuroreport1997 8,2107%211Q

Corvino V, Businaro R, Geloso MC, Bigini P, Cavallo V, Pompili E. S100B protein and 4
hydroxynonenal in the spinal cord of wobbler mideurochem Re<003 28, 341345.

Costa S, Planchenault T, Charri®ertrand C, Mouche, Y, Fages C, JabaS. Astroglial
permissivity for neuritic outgrowth in neurastrocyte cocultures depends on regulation of
laminin bioavailability Glia, 2002 37, 105113.

Cullheim S, Fleshman JW, Glenn LL, Burke RE. Membrane area and dendritic structure in
type-identified triceps surae alpha motoneuroh€omp Neurol]1987a 255, 6881.

Cullheim S, Fleshman JW, Glenn LL, Burke RE. Thd@aensional architecture of dendritic
trees in typddentified alphamotoneurons]J Comp Neurol1987b 255, 8296.

Cullheim S, Kelleth JO. A morphological study of the axons and recurrent axon collaterals of
cat sciatic alphanotoneurons after intracellular staining with horseradish peroxid€asap
Neurol,1978 178, 53757.

Cullheim S, Thams S. The microglial networks of the braith their role in neuronal network
plasticity after lesionBrain Research Review3007 55, 83-96.

Demeter K, Herberth B, Duda E, Domonkos A,
cloned embryonic neuroectodermal cells implanted into the adult, mevama embryonic
forebrain Exp Neurol 2004 188, 25467.

Eggers R, Hendriks WT, Tannemaat MR, van Heerikhuize JJ, Pool CW, Carlstedt TP,
Zaldumbide A, Hoeben RC, Boer GJ, Verhaagen J. Neuroregenerative effects of lentiviral
vectormediated GDNFexpression in reimplanted ventral raaisMol Cell Neurosci2008
39,10517.

English AW, Meador W, Carrasco DI. Neurotrop#ib is required for the early growth of
regenerating axons in peripheral nenisr J Neurosci2005 21, 26242634.

Gaudet AD, Popovich PG, Ramer MS. Wallerian degeneration: gaining perspective on
inflammatory events after peripheral nerve injuriNeuroinflammatiorn2011 8, 1-13.

Giulian D, Vaca K, Corpuz M. Brain glia release factors with opposing actions upon neuronal
survivd. J Neuroscil993 13, 29-37.



54

Ha BK, Vicini S, Rogers RC, Bresnahan JC, Burry RW, Beattie MS. Kaindteed
excitotoxicity is dependent upon extracellular potassium concentrations that regulate the
activity of AMPA/KA type glutamate receptord Neurobem,2002 83, 93445.

Hamers FPT, Koopmans GC Joosten EAJ. Cataatiisted gait analysis in the assessment of
spinal cord injuryJ Neurotrauma2006 23, 537548.

Hamers FPT, Lankhorst AJ, van Laar TJ, Veldhuis WB Gispen WH. Automated quantitative
gait analysis during overground locomotion in the rat: its application to spinal cord contusion
and transection injuried Neurotrauma001 18, 187201.

Hammarberg H, Piehl F, Risling M, Cullheim S. Differential regulation of trophic factor
receptor mRNAs inspinal motoneurons after sciatic nerve transection and ventral root
avulsion in the rat J Comp Neura)00 426,587-601.

Havton L, Kellerth JO. Regeneration by supernumerary axons with synaptic terminals in
spinal motoneurons of cafdature, 1987 325,711-4.

Hell RC, Costa MM, Goes AM, Oliveira AL. Local injection of BDNF producing
mesenchymal stem cells increases neuronal survival and synaptic stability following ventral
root avulsionNeurobiol Dis,2009 33, 290300.

Henderson CE, Camu W, Mettling Gouin A, Poulsen K,Karihaloo M, Rullamas J, Evans T,
McMahon SB, Armanini MP. Neurotrophins promote motor neuron survival and are present
in embryonic limb budNature, 1993 363, 266270.

Her berth B, Pat aki A, Jel it adszM,E.Scth antg e sk
sensitivity of proliferating neural progenitors during in vitro neurogendsiSeurosci Res,
2002 67, 57482.

Hertz L, Drejer J, Schousboe A. Energy metabolism in glutamatergic neurons, GABAergic
neurons and astrocytes in primaryteres Neurochem Re4,988 13, 605610.

Hickey WF, Kimura H. Perivascular microglial cells of the CNS are bone matesiwed and
present antigen in vivécience 1988 239,290-2.

H 6 k e Redlett R, Hameed H, Jari R, Zhou C, Li ZB, Griffin JW, Brushart TM. Schwann
cells express motor and sensory phenotypes that regulate axon regeneration. J [2@060sci,
26, 964655.

Ikeda O, Murakami M, Ino H, Yamazaki M, Nemoto T, Koda M. Acuteregplation of
brain-derived neurotrophic factor expression resulting from experimentally induced injury in
the rat spinal cordActa Neuropathol2001 102, 239245.

Jackson CA, Messinger J, Peduzzi JD, Ansardi DC, Morrow CD. Enhanced functional
recovery fromspinal cord injury following intrathecal or intramuscular administration of
poliovirus replicons encoding 4LO. Virology, 2005 336, 173-183.



55

Jankowska E, Lundberg A. Interneurones in the spinal. @eshds Neuroscil981 4, 230
233

Johnston IP, SearAT Ultrastructure of axotomized alpha and gamma motoneurons in the cat
thoracic spinal cordNeuropathol Appl Neurobioll989 15, 14963.

Kiefer R, Schweitzer T, Jung S, Toyka KV, Hartung HP. Sequential expression of
transforming growth factelbetal byT-cells, macrophages, and microglia in rat spinal cord
during autoimmune inflammatiod Neuropathol Exp Neurol998 57, 385-395.

Kigerl KA, Gensel JC, Ankeny DP, Alexander JK, Donnelly DJ, Popovich PG. Identification
of two distinct macrophage subset#thwdivergent effects causing either neurotoxicity or
regeneration in the injured mouse spinal cdrleurosci2009 29, 1343544.

Koliatsos VE, Price WL, Pardo CA, Price DL. Ventral root avulsion: an experimental model
of death of adult motor neurankComp Neurol1994 342, 3544.

Kérnyei Z, SzI avi k V, Szabdé B, Gocza E, C
interactions in astroglia/stem cell-caltures in the course of gliaduced neurogenesiSlia,
2005 49, 43044.

Krenz NR, Weaver LC. Nervgrowth factor in glia and inflammatory cells of the injured rat
spinal cordJ Neurochem2000 74, 730739.

Lagerback PA, Ronnevi AnQltrast@atdradl dtudyiohthe SynaptiCe | | e
contacts of alphanotoneurone axon collaterals. I. Gacts in lamina X and with identified
alphamotoneurone dendrites in lamina Vllrain Res,1981a 207, 24766.

Lagerback PA, Ronnevi LO, Cull heim S, Kell e
contacts of alpha-notoneuron axon collaterals. Tontacts in lamina VII. Brain Rek981b
222, 2941.

Lenhossek, v. " Ueber den Bau der Spinadgjanzellen des Menschen." ArchPikychiat u
Nervenkr, XXIX, 1895.

Li Y, Raisman G. Schwann cells induce sprouting in motor and sensory axons in the adult rat
spinal cord. J Neurosd994 14, 405063.

Li AJ, Katafuchi T, Oda S, Hori T, Oomura Y. Interlew@ninhibits longterm potentiation in
rat hippocampal slice8rain Res]1997 748, 3038.

Linda H, Risling M, Cull heim S. Dendr axons
dendrites generate new axons after central axotomy? Brain 86358, 32933.

Liu JS, Amaral TD, Brosnan CF, Lee SC. IFNs are criticaulators of IL1 receptor
antagonist and H1 expressin in human microglia. J Immundl998 161,1989-1996.



56

Liu Z, Qiu YH, Li B, Ma SH, Peng Y. Neuroprotection of interleuiinagainst NMDA
induced apoptosis and its sigitednsduction mechanism¥eumntox Res2011 19, 48495.

Lowrie MB, Krishnan S, Vrbova G. Permanent changes in muscle and motoneurones induced
by nerve injury during a critical period of development of the rat. Brain 83,428, 91
101.

Maurer M, von Stebut E. Macrophage inflamoratproteinl. Int J Biochem Cell Biol2004
36, 18826.

Mennicken F, Maki R, De Souza EB, Quirion R. Chemokines and chemokine receptors in the
CNS: a possible role in neuroinflammation and patterning Trends Pharmaa89$&o0, 73-
78.

Mills CD, Fullwood SD, Hulsebosch CE. Changes in metabotropic glutamate receptor
expression following spinal cord injurgxp Neurol,2001a 170, 24457.

Mills CD, Xu GY, McAdoo DJ, Hulsebosch CE. Involvement of metabotropic glutamate
receptors in excitatory amino aciddaGABA release following spinal cord injury in rak
Neurochem2001b 79, 83548.

Moore S, Thanos S. The concept of microglia in relation to central nervous system disease
and regeneratioriProg Neurobiol1996 48, 441460.

Morgenstern DA, Asher RA, Faett JW. Chondroitin sulphate proteoglycans in the CNS
injury responseProg Brain Res2002 137, 313332.

Nimmerjahn A, Kirchhoff F, Helmchen F. Resting microglial cells are highly dynamic
surveillants of brain parenchyma in vivecience2005 308, 131418.

Nissl F., Ueber die sogenanntera@ula der Nervenzellen. Neui@bntr,1894 13, 676.

Négradi A, Pajer K, Marton G. The role of
lost motor function of the injured spinal cokhn Anat,2011 193, 36270.

Négradi A, Szabdé A, Pintér S, Vrbovéa G. Del
rat spinal motoneuronsleuroscience2007 144, 4318.

Nogr adi A, Szabo A. Transplantation of em
motoneuones Restor Neurol Neuros@008 26, 21523. Review

Négradi A, Vrbova G. The effect of riluzol e
and grafted embryonic motoneurofsir J Neurosci2001 13, 1138.

Nogradi A, Vrbova G. Improved motdunction of denervated rat hindlimb muscles induced
by embryonic spinal cord graftS8ur J Neurosci1996 8, 2198203.



57

Norenberg MD. Distribution of glutamine synthetase in the rat central nervous sylstem
Histochem Cytochenm,979 27, 756762.

Novikov L, Novikova L, Kellerth JO. Brahderived neurotrophic factor promotes survival
and blocks nitric oxide synthase expression in adult rat spinal motoneurons after ventral root
avulsion Neurosci Lett]1995 200, 458.

Novikov L, Novikova L, Kellerth JO. Braiderived neurotrophic factor promotes axonal
regeneration and loAgrm survival of adult rat spinal motoneurons in vilkeuroscience,
1997 79, 765774,

Ousman SS, David S. MiPalpha, MCP1, GM-CSF, and TNFalpha control the immune cell
response that ediates rapid phagocytosis of myelin from the adult mouse spinal &ord
Neurosci 2001 21, 46494656.

Pajenda G, Her cher D, Marton G, Paj er K, F
Spatiotemporally limited BDNF and GDNF overexpression rescuesn@atons destined to
die and induces elongative axon growth. Exp Ne@dl4 261, 36776.

Parpura V, Basarsky TA, Liu F, Jeftinija K, Jeftinija S, Haydon PG. Glutamatiated
astrocyteneuron signalingNature, 1994 369, 744747.

Pintér S, SGhbvi AzkMaBton G, Nboégradi A. Incr
cervical motoneurons by riluzole after avulsion of the C7 ventral dobdeurotrauma2010
12, 227382

Regan RF. The vulnerability of spinal cord neurons to excitotoxic injury: casopawith
cortical neuronsNeurosci Lett,1996 213, 912.

Rexed B. A cytoarchitectonic atlas of the spinal cord in theJc&mp Neurol1954 100,
297-379.

Rexed B. The cytoarchitectonic organization of the spinal cord in thel €@dmp Neurol,
1952 96, 415495.

Risling M, S6rbye K, Cull heim S. Aberrant
after ventral root neuroma formation. Brain RE392 570, 2734.

Romanes GJ. The motor columns of the spinal.dérog Brain Resl964 11, 93116
Rossi D, Zlotnik A. The biology of chemokines and their recepfare Rev Immunol2000
18, 217242.

Rothstein, J D, Dykebloberg, M, Pardo, C A, Bristol, L A, Jin L, Kuncl, RW. Knockout of
glutamate transporters reveals a major role for astroglial pioainsn excitotoxicity and
clearance of glutamatBleuron,1996 16, 675686.



58

Rothwell NJ, Luheshi GN. Interleukin 1 in the brain: biology, pathology and therapeutic
target Trends Neurosc2000 12, 61825.

Sariola H, Saarma MJ. Novel functions and siigma pathways for GDNFCell Sci, 2003
116,385562.

Scheibel ME, Scheibel AB. Terminal axonal patterns in cat spinal cord Ist ed The lateral
corticospinal tractBrain Res1966a 2, 333-350.

Scheibel ME, Scheibel AB. Spinal motoneurons, interneurodsRenshaw cells A Golgi
study Arch Ital Biol, 1966b 104, 328353.

Schl ettt K, Her bert h B, Madar asz E. Il n wvit
neuroectodermal progenitor cells immortalized by-g&8ciency Int J Dev Neuroscil997
15, 795804.

Schl et t K, Madar asz E. Retinoic acid induce
line immortalized by p53 deficiency Neurosci Re4997 47, 40515.

Schomburg ED. Spinal sensorimotor systems and their supraspinal cold@ubsci Res,
1990 7, 265340.

Schousboe A, Sarup A, Bak LK, Waagepetersen HS, Larsson OM. Role of astrocytic transport
processes in glutamatergic and GABAergic neurotransmisdieurochem Int2004 45, 521
527.

Strack A, Asensio VC, Campbell IL, Schluter D, Deckert Ghemokines are differentially
expressed by astrocytes, microglia and inflammatory leukocytes in Toxoplasma encephalitis
and critically regulated by interferegammaActa Neuropathol2002 103, 458468.

Streit WJ, Graeber M, Kreutzberg G. Functiopksticity of microglia: a reviewGlia, 1988
1,301-307.

Streppel M, Azzolin N, Dohm S, Guntindgchius O, Haas C, Grothe C, Wevers A, Neiss
WEF, Angelov DN. Focal application of neutralizing antibodies to soluble neurotrophic factors
reduces collateradxonal branching after peripheral nerve lesiBar J Neurosci2002 15,
13271342.

Su H, Yuan Q, Qin D, Yang X, Wong WM, So KF, Wu W. Ventral roetmmplantation is
better than peripheral nerve transplantation for motoneuron survival and regeneration after
spinal root avulsion injury. BMC Sur@013 13-21.

Su H, ZW, Guo J, Guo A, YuaQ, Wu W. Neural progenitor cells enhance the survival and
axonal regeneration of injured motoneurons after transplantation into the avulsed ventral horn
of adult ratsJournal of Neurotraumap09 27, 67%80.

Takami T, Oudega M, Bethea JR, Wood PM, KlatmN, Bunge MB. Methylprednisolone



59

and interleukinlO reduce gray matter damage in the contused Fischer rat thoracic spinal cord
but do not improve functional outcomkeNeurotrauma2002 19, 653-666.

Tarnok K, Pataki A, K o \Stagedepeddent &fects bf edlb-cell K, M:
connections on in vitro induced neurogenesig J Cell Biol,2002 81, 40312.

Terro F, Yardin C, Esclaire F, Aytelievre C, Hugon J. Mild kainate toxicity produces
selective motoneuron déh with marked activain of C42+)-permeable AMPA/kainate
receptorsBrain Res,1998 809, 31924.

Tetzlaff W, Bisby MA, Kreutzberg GW. Changes in cytoskeletal proteins in the rat facial
nucleus following axotomyl Neuroscil988 8, 31819.

Tran TA, McCoy MK, Sporn MB, TanseMG. The synthetic triterpenoid CDD@ethyl ester
modulates microglial activities, inhibits TNF production, and provides dopaminergic
neuroprotection] Neuroinflammatior2008 5, 1-14.

Trapp BD, Wujek JR, Criste GA, Jalabi W, Yin X, Kidd GJ, StohlmarR&nsohoff R.
Evidence for synaptic stripping by cortical microglilia, 2007 55, 3608.

Vijayan VK, Lee YL, Eng LF. Increase in glial fibrillary acidic protein following neural
trauma Mol Chem Neuropatholl990 13, 107118.

Vise WM, Liss L, Yashon DHunt WE. Astrocytic processes: A route between vessels and
neurons following bloodbrain barrier injuryJ Neuropathol Exp Neurol975 34, 324334.

Walton NM, Sutter BM, Laywell ED, Levkoff LH, Kearns SM, Marshall GP, Scheffler, B,
Steindler DA. Microgla instruct subventricular zone neurogenéslg 2006 54, 815-25.

Walz W. Role of astrocytes in the clearance of excess extracellular potaNsiurachem Int,
2000 36, 291300.

Walz W, Wuttke W, Hertz L. Astrocytes in primary cultures: membrauential
characteristics reveal exclusive potassium conductance and potassium accumulator properties
Brain Res]1984 292, 367374.

Wang J, Crawford K, Yuan M, Wang H, Gorry PR, Gabuzda D. Regulation of CC chemokine
receptor 5 and CD4 expression and honnmamunodeficiency virus type 1 replication in
human macrophages and microglia by T helper type 2 cytokKinegect Dis,2002,185, 885

97.

Wang XQ, Peng YP, Lu JH, Cao BB, Qiu YH. Neuroprotection of interleGkagainst
NMDA attack and its signal tradaction by JAK and MAPKNeurosci Let2009 450, 1226.

Zador i A, Agoston VA, Demet er K, Hadi nger
Madar asz E. Survival and differentiation of
different oxygen level€Exp Neurol 2011 227, 13648.



60

Zhang JY, Luo XG, Xian CJ, Liu ZH, Zhou XF. Endogenous BDNF is required for
myelination and regeneration of injured sciatic nerve in rodé&nts J Neurosci2000 12,
41714180.

Zhou Z, Peng X, Insolera R, Fink DJ, Mata M-10 promotes neuronal survival following
spinal cord injuryExp Neurol, 2009a 220, 18390.

Zhou Z, Peng X, Insolera R, Fink DJ, Mata M. Interleukihprovides direct trophic support
to neuronsJ Neurochem2009b 110, 161727.



Appendix

61



