.u-b-l""'"'"
. g o dF""%

HEINRICH HEINE

UNIVERSITAT DUSSELDORI

Age-specific changes in regeneration potential
iIn CNS: molecular analysis on animal model of

traumatic spinal cord injury

Inaugural-Dissertation

zur Erlangung des Doktorgrades
der Mathematisch-Naturwissenschaftlichen Fakultat

der Heinrich-Heine-Universitat Dusseldorf
vorgelegt von

Anne Jarve

aus Tallinn

Dusseldorf 2011



Gedruckt mit der Genehmigung der
Mathematisch-Naturwissenschaftlichen Fakultat der

Heinrich-Heine-Universitat Dusseldorf

Referent: Prof. Dr. H. W. Muller
Korreferent: Prof. Dr. H. Aberle

Tag der mundlichen Prafung: 15.12.2011



To my family



TABLE OF CONTENTS

1.

2.
3.
4.

o ® N o WU

INTRODUCTION ..ottt ettt e e e s sae e e saae e ssae s sbe e e snseeesnseeennneeans 5
1.1.THE AGING CENTRAL NERVOUS SYSTEM (CNS) ..eeeiurieiiieeiieereieeeieeesireeseeesveeesveesene e 5
1.2. THE AGING SPINAL CORD ...utiiiiiiieitenieenite ettt ettt ettt et st saee s s sneesmees 7
02 B @lo Ty W [ole XY o] [ 1o | I A e Lot SR USRS 8
1.2.2.  CatecholAmiNergiC fiDEIS.........uuueeccueeeeeiieeeeeeeeeeceeeee e esstee e e s caeaeesstaeaesassaeaasanes 9
0 YT o Yo g I=d 4 | ol 11 2=1 SIS 9
1.2.4. Calcitonin gene-related peptide-immunoreactive fibers.............ccccevvvvveeeeeeeccennn. 10
1.3. TRAUMA IN AGING CNS ..ottt ettt e e ettt e e e e e st e e e e e s e sannaeeeeeesesaannnes 11
1.3.1. Spinal cord injury (SCI) demographics .............ccueeevueeeeeciieeeeeiiieeeeiciieeescveaeeceenn 11
N T YO o Yo 11 o Lo Lo T | VAU 12
1.3.3. L@SION SCAN .ttt s e e e e e e s e 13
1.3.4. Effect of age on regeneration processes in aged PNS............cccceeeeeevivveveeeeeesiinnns 14
1.3.5.  SClin QQEd QNUIMQIS .....cccceeeiieiiese ettt e ettt ee e e e e e sttt ta e e e e e e e ssstasaaaaaeeaasnns 15
1.3.6. Genome-wide expression StUAies Of SCl..........cccuweeevueeeeiiiiireeiiiieeeiciieeeciieaeeeceen 16
1.4. LESION MODEL AND TREATMENT OF SCl ...ceiuiiiiiiiiieiniieieeieesiee et 17
1.4.1. Experimental strategies to suppress collagenous lesion scar ...............ccccvveeune... 17
1.4.2. Experimental strategies to increase axonal SProuting............ccceeeeeevvvuveveeeeeeeseinnn. 18
AIM OF THE THESIS ... ..ot e s s 19
L@ 10 I I I 1RSI 20
PUBLICATIONS ..ottt s 21

4.1 DIFFERENTIAL EFFECT OF AGING ON AXON SPROUTING AND REGENERATIVE

GROWTH IN SPINAL CORD INJURY ....oeiiiiiiiiiiiiiiiiiiic i 23
4.2. SDF-1 STIMULATES NEURITE GROWTH ON INHIBITORY CNS MYELIN .....ccccceviiiiinnnins 37
4.3. AGE-ASSOCIATED CORTICAL TRANSCRIPTOME DURING SPINAL CORD REPAIR AFTER
TRAUMA o e 47
4.4. SDF-1/CXCL12: ITS ROLE IN SPINAL CORD INJURY ....coveviiiiinieiiniciinieicrieicsieeeeiesneeeenes 65
4.5. CHEMOKINES IN CNS INJURY AND REPAIR......cccortiiiiiiiiiiiiiiiiciccic s 71
GENERAL DISCUSSION ..ottt 108
SUMMARY e 112
ZUSAMMENFASSUNG ..o 113
REFERENCES ... 115
ABBREVATIONS ... e 122
ACKNOWLEDGEMENTS ...t 123



INTRODUCTION

1. INTRODUCTION

1.1 THE AGING CNS

Aging of brain and spinal cord is not well understood. It remains mystery, how neurons can
stay functional for more than 100 years. Aging affects most prominently the speed of
information processing, which gradually declines throughout the adult life span (Craik et al.,
1994). Age-related memory changes are attributed to reduced activation of the prefrontal
cortex as well as to reduction in white matter and in synapse density which is to some extent
compensated by activating larger cortical areas and even contralateral hemisphere (Hedden
et al.,, 2004; Bartzokis et al., 2003; Liu et al.,, 1996; Bourgeois and Rakic, 1996). Other
cognitive aspects are age-stable such as attention span or some get even better such as
emotional components of memory (Cartensen et al., 2011).

There is no significant loss of neurons in most regions of the aging neocortex determined by
the up-to-date stereological methods of neuronal quantification, in contrast to earlier reports
suffering from technical limitations (Burke and Barnes, 2006). Similarly, there is no significant
loss of dendritic branching in the aging hippocampus, moreover it can be even increased in
some hippocampal regions in aged individuals (Buell and Coleman, 1979). Counting of spinal
motoneuronsn of aged individuals and animals has revealed small losses (10-20%), even
when clinical symptoms of hindlimb motor incapacities were apparent (Johnson et al., 1995;
Kawamura et al., 1977; Tomlinson et al., 1977; Hashizume et al., 1988; Xie et al., 2000). Off
note, motoneurons of the 30-months-old rats had lost half of their bouton coverage,
surrounded by glial fibrillary acidic protein (GFAP)-positive processes and showed increased
alpha-calcitonin gene related peptide (CGRP) and detectable growth-associated protein-43
(GAP-43) immunoreactivity (Johnson et al., 1995). This might indicate that normal aging is
accompanied with damage to neuron integrity eliciting responses similar to axon severance
in adults. In contrast, a recent study found increased numbers of neurons in the cervical
spinal cord of aged female rats indicating that neurogenesis persists into old age (Portiansky
et al., 2011). Both the total area occupied by neurons and the number of neurons increased
significantly with age, the latter increase ranging from 16% (cervical segment C6) to 34%
(cervical segment C2). Taking the total number of cervical neurons the age-related increase
ranged from 19% (C6) to 51% (C3), C3 being the segment that grew most in length in the
aged animals. The ratio gray matter area to whole area did not change significantly between
the 30-month-old and 5-month-old rats. Such increase indicates that pre-existing neuroblasts
and/or possible neurogenesis might occur during the entire life span as proliferating neuronal

cells were identified.
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Gene expression microarrays provide a powerful technology for investigating brain aging as
expression of thousands of genes can be monitored in parallel (Schena et al., 1996; Lockhart
and Barlow, 2001; Lee et al., 2000; Jiang et al., 2001). It appears that aging changes the
expression of ca 4% of genes across different species (Yankner et al., 2008; Lu et al., 2004).
There is a robust age-associated induction of stress response genes such as antioxidant
defense, DNA repair, and immune function. It is possible that the wide-spread
neuroinflammatory response in brain aging is triggered by mitochondrial dysfunction
(Gemma et al.,, 2002). Aging mitochondria produce reactive oxygen species (ROS) which
may mediate oxidative damage of DNA. In young adult brain, DNA damage is repaired
efficiently, whereas it persists in the aged brain. It is proposed that during normal aging,
neurons likely survive in the presence of unrepaired DNA damage by silencing damaged
areas via transcriptional repression (Yankner et al., 2008). In fact, there are indications that
oxidative DNA damage accumulates in the promotors of a subset of age-downregulated
genes associated with synaptic function, protein transport, and mitochondrial function (Lu et
al., 2004; Ohno et al., 2006). However, some uncertainty remains as to whether the damage
can be random (Yankner et al., 2008). Indeed, aging downregulates genes involved in
mitochondrial function, vesicle-mediated protein transport, synaptic plasticity, including
glutamate receptor subunits, synaptic vesicle proteins, signal transduction systems that
mediate long term potentiation (LTP), several calcium binding proteins such as calbindin 1, 2
and calmodulin (Geula et al., 2003; Lu et al., 2004; Fraser et al., 2005). Altered calcium
homeostasis in the aged brain might contribute to altered synaptic plasticity and render
neurons more vulnerable to a variety of toxic insults mediated by calcium, such as
excitotoxicity.

In addition to mitochondrial/oxidative stress theory, another model of brain aging is proposed
based on microarray results. Alterations in neuronal activity (Demerens et al., 1996) or
metabolism (Kalman et al., 1997) might trigger chronic demyelination process, which then
activates myelin and cholesterol synthesis and reults subsequently in neuroinflammation
(Blalock et al., 2003). Interestingly, this study with the 4-, 14- and 24-month-old rats showed,
that nearly all genomic alterations began before midlife (75% of the maximal change
occurred between the young and mid-aged groups and the young and aged groups) (Blalock
et al., 2003). Majority of the aging- and cognition-related genes which were upregulated had
the maximal change between the young and aged groups — meaning these changes
continued to advance between midlife and late life. Some of the aging-associated gene
profiles can be reversed by caloric restriction, which also increases lifespan (Hyun et al.,
2006; Lee et al., 2000).
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C. elegans and Drosphila*

Rattus norvegicus

Mus musculus

Homo sapiens

Whole organism (1)

DNA repair proteins
Peptidase

Hydrolase

Carbon-carbon lyase
Mitochondrial membrane
Molecular function: carriers
Primary active transporters
lon transporters

*cross-species study

C. elegans

Whole organism (2)
Stress response genes

Insulin signaling pathway
Tc3 transposons

D. melanogaster

Thorax and abdomen

Stress response genes (3,4)
Oxidative stress genes (3)
Proteases (4)

Mitochondrial genes (3,4)
Metabolism (3,4)
Reproduction (3)

Hippocampus (CA1) (7)

Oxidative stress response

Protein processing

Inflammatory response
Glial/structure

Myelin-related proteins

Metal ion homeostasis
Growth/maintenance

Signal transduction (Ca®* related)
Negative transcriptional regulation
Mitochondrial and metabolism
Synaptic/neurite plasticty
Biosynthesis

Signaling (extracellularly regulated)
Extracellular matrix/structure
Protein trafficking

Neocortex and cerebellum (5)

Stress response genes
Oxidative stress response
Heat shock genes
Proteases

Inflammatory response
Cathepsins

Neural plasticity

CNS development

Cortex (6)

Proteases
Mitochondrial genes
Stress response genes
Neural plasticity
Synaptic transmission
ATPases

Prefrontal cortex (9)

Stress response genes
DNA repair genes
Inflammatory response
Metal ion homeostasis
Myelin-related proteins
Synaptic function
Vesicular fransport
Neuronal survival
Mitochondrial function
Amino acid modification
Ca?** homeostasis

Prefrontal cortex (8)

Glial enriched

Immune response/cellular defense
Growth factors

Microtubule structure & function

Neuronal enriched

Synaptic transmission

Ca** homeostasis

Voltage-gated ion channels

G protein—coupled receptors
Microtubule structure and function
Kinase-phosphatase

Table 1. Processes affected most by aging across species include upregulation of responses
associated with stress (red) and downregulation of mitochondrial genes (blue), from Yankner
et al., 2008: (1) McCarroll et al., 2004; (2) Lund et al., 2002; (3) Zou et al., 2000; (4) Pletcher
et al., 2002; (5) Lee et al., 2000; (6) Jiang et al., 2001; (7) Blalock et al., 2003; (8) Erraji-
Benchekroun et al., 2005; (9) Lu et al., 2004.

1.2.  THE AGING SPINAL CORD

Spinal cord is a part of CNS which controls voluntary movements and posture and receives
sensory information from limbs and trunk. It also controls viscera and circulation in thorax,
abdomen, pelvis (The Spinal cord, 2009). Spinal cord lays protected inside the canal of
vertebras surrounded with cerebrospinal fluid similarly to brain (Trepel, 2006). It is divided
into segments according to the places in which spinal nerves leave the spinal cord: 8 cervical
segments (C1-C8), thoracal (T1-T12), lumbar (L1-L5) and sacral (S1-S5), coccygeal cord (in
humans rudimental, in rat Co1-Co6). The spinal cord of rat is 9 cm long, whereas individual
segments of human spinal cord can be 1.5-1.6 cm in length. The longest is T6 with 2.2 cm
(The Spinal Cord, 2009). Spinal canal gets smaller and vertebra bigger with age (Ishikawa et
al., 2003; Tanaka, 1984). Transverse area of spinal cord increases from teenagers to adults
and then decreases at older age in humans determined by MRI (Ishikawa et al., 2003),

although in rats such decrease at older age is not observed (Portiansky et al., 2011).
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Spinal cord is composed of gray matter and white matter. White matter consist of millions of
descending and ascending axons, which bundle together to form axon tracts with similar
function, and also of glial cells. Ascending fibers project to brain transducing sensory
information such as touch and pain from periphery, whereas descending motor fibers project
from brain to spinal cord to initiate movements and regulate posture. Propriospinal (PS)
fibers connect spinal cord segments. The long PS fibers located to cervical spinal cord (C3-
C5) descend in ventral and lateral funiculi to the dorsal horn in lumbosacral spinal cord
(Alstermark et al., 1987a; Alstermark et al., 1987b) and coordinate limb movements
(Jankowska et al., 1974; Miller et al., 1973). The short PS neurons connect higher cervical
(C3-C4) segments with the lower cervical segments (C6-T1) and are involved in visual
guided hand movements (grasping) (Alstermark et al., 1987c; Alstermark et al., 1990). Spinal
cord gray matter contains mostly cell bodies of motoneurons and glial cells. Functions of the
body including locomotion is coordinated by interaction of different axon tracts, most of

important which are introduced below (Fig 1).

1.2.1. Corticospinal tract

The corticospinal tract (CST) is the biggest descending tract which innervates a-
motorneurons in the gray matter. This tract originates from the pyramidal corticospinal
neurons in layer V of the cerebral cortex. In rat the main component of the CST (70-90%)
decussates at the spinomedullary junction to form the dorsal CST (dCST) which runs in the
ventral-most part of the contralateral dorsal funiculus (Tracey, 1995). There are also
decussated fibers that run in the contralateral dorsolateral white matter and form the
dorsolateral CST (Brosamle and Schwab, 1997). The remaining fibers which do not
decussate run through the ipsilateral ventromedial funiculus and form the ventral CST
(Steward et al., 2004). dCST terminates mostly in the medial area of dorsal horn, in the
intermediate gray matter (Rexed Laminae 3, 4, 5 and 6), and to lesser extent on the
interneuron pools of the ventral horn (Elbert et al., 1999). In contrast to rodents, in primates
the dCST is allmost absent and thr dorsolateral CST makes up the major fraction of fibers, a
part of which is able to make direct synaptic contacts with motoneurons in humans. The
primary function of CST is controlling of learned motor skills, such as taking of things
(Whishaw et al., 1998), but also some aspects of locomotion and posture (Metz et al., 1998).
The rubrospinal tract (RST) originates from the nucleus ruber in the mesencephalon. Its
decussated projections run in the far lateral regions of the dorsal spinal cord. The RST
projects to gray matter interneurons which innervate a-motoneurons.

Aging does not decrease the numbers of CST neurons, and the proportion of myelinated
fibers is higher in the older animals (80374.2 + 6829.9) than in the younger intact animals
(62949.7 + 8419.7; p < 0.001) (Nielson et al., 2010; Leenen et al., 1989). Only a very small
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fraction of total axons (11.50 + 1.91; 0.014 + 0.002% of total) showed some signs of

degeneration in intact aged rats.

1.2.2. Noradrenergic and dopaminergic (catecholamineric) fiber tracts

The descending spinal catecholaminergic projections originate predominantly from the A11
dopamine-containing cell group (Skagerberg and Lindvall, 1985; Qu et al., 2006) and the A4-
A7 noradrenergic cell groups in particular Locus coeruleus (Hynes and Rosenthal, 1999;
Clark et al.,, 1993; Westlund et al., 1983) and from the C1-C3 groups of adrenaline-
synthesizing neurons in the medulla (Minson et al., 1990). Dopaminergic fibers descend in
the dorsolateral funiculus and near the central canal, the projections of coeruleospinal tract
(CoST) run in the ventrolateral funiculus of white matter (Sluka and Westlund, 1992).
Dopaminergic neurons synthesize from tyrosine dopamine, whereas the noradrenergic
neurons are able to convert it further to noradrenaline.

It is well known that dopamine plays an important role in controlling locomotion. Data
concerning the dopamine levels in the aged brain however, is quite conflicting (Dorce and
Palermo-Nietto, 1994; Reimann et al., 1993; Emerich et al., 1993). Goicoechea et al. (1997)
associated the reduced striatal dopamine levels with diminuation of general locomotion in the
25-months-old rats. Friedemann and Gerhardt (1992) found no age-related differences in the
striatal dopamine levels, dopamine metabolite and turnover in the 6- and 30-months-old rats.
Ponzio et al. (1982) measured decreased levels of dopamine and noradrenaline, but later it
was shown that only the dorsal regions of the lumbar and sacral spinal cord have changed
levels and not the ventral regions (Lovell et al., 2000; Ko et al., 1997). Ranson et al. (2003)
reported of reduced levels of TH-like immunoreactivity in regions containing preganglionic
neurons, which play an important role in controlling mictruration behaviours and sexual
reflexes. A decrease of more than half of neurons in the Locus coeruleus in man between the
age 10 and 100 has been reported, though this was most pronounced in the rostral part of
the nucleus which does not project to the spinal cord (Manaye et al., 1995). No significant
decline in the neuron numbers was observed between the ages of 12 and 32 months in rats
(Goldman and Coleman, 1981).

1.2.3. Serotonergic fibers

Serotonergic axons in the spinal cord mainly arise form Raphe nuclei (Tork 1990;
Skagerberg and Bjorklund, 1985). Neurons of Raphe magnus project in the dorsolateral
funiculus and terminate mostly in the ventral horn (Mason, 1999), whereas neurons of Raphe
obscurus and Raphe pallidus project in the ventrolateral part of white matter and terminate in
the intermediate gray matter and motorneurons in the dorsal horn (Tracey et al., 2004). The

serotonergic axons form synaptic connections with a-and y-motorneurons as well as with the
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preganglionic sympaththetic neurons in Substantia gelatinosa (Inman et al., 2003). Some few
local serotonergic neurons are located around the central canal and dorsal horn (Yoshimura
et al., 2006). The neurotransmitter serotonin (5-HT; 5-Hydroxytryptamin) plays a role in
important motor circuits by facilitating the exitation of motoneurons; the raphespinal tract
(RaST) executes neuromuscular reactions on motoric functions such as rhytmic movements
(Gerin et al., 1995), but also regulates autonomic, reproductive and excretory functions (Ono
and Fukuda, 1995; Mason, 1999; Deumens et al., 2005).

Aging may affect serotonergic system. Reports about the serotonin levels in the aged spinal
cord are controversial, whereas consistently it has been reported that the turnover of
serotonin is significantly higher in the spinal cord and brain of aged rats (Goicoechea et al.,
1997; Rodriguez-Gomez et al., 1995; Venero et al., 1993; Johnson et al., 1993). In several
studies, no age-related changes in 5-HT levels in the spinal cord of rats were found (Lovell et
al., 2000; Johnson et al., 1993; Algeri et al., 1983; Ponzio et al., 1982). In contrast, Ko et al.
(1997) as well as Goicoechea et al. (1997) reported that 5-HT levels in the spinal cord are
reduced. In the latter study, this correlated well with impaired exploratory behaviour in the
aged rats. Indeed, reduced serotonergic transmission is implicated in behavioural analysis
using an agonist for 5-HT, receptors, expression of which is lower in aged animals (Morgan
et al., 1987). In such a way reduced 5-HT transmission led to impaired motor performance in
both young and aged animals, although for aged animals it took twice as long to recover
(Freo et al., 1991). Johnson et al. (1993) reported that in the 30-month-old rats there were
less 5-HT axons with a normal morphology in the ventral horn and in the dorsal horn of the
lumbosacral spinal cord, whereas signs of degeneration were clearly less evident in the
thoracic and cervical spinal cord segments. These changes in axon morphology varied
between aged litter-mates and were apparent as disturbances of hindlimb function in about
40% of the aged rats. The serotonin transporter mRNA increases in aged rats suggesting
that compensatory mechanism exist, as to capture more serotonin from the synaptic cleft
(Meister et al., 1995). The attempts to quantify the 5-HT-containing neurons in Raphe nuclei
at young and old age have led to different results. In humans no difference was found
(Kloppel et al., 2001),whereas in rat the decline was 15%, however, it was not clear whether

the spinally projecting cathecholaminergic neurons were affected (Agnati et al., 1985).

1.2.4. Calcitonin gene-related peptide (CGRP) fibers

CGRP-labeled sensory axons are local sensory axons with synapses in the spinal cord.
These axons ascend for 1-2 segments. The CGRP-containing sensory fibers project to the
lamina I, outer layer of lamina Il and lamina V of the dorsal horn are probably transmitting
pain, temperature and damaging and undamaging mechanical stimuli (Ondarza et al. 2003).

CGREP is involved in trophic effects of muscle innervation in the peripheral nervous system

10
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(PNS) e.g. increases muscle contraction, elevation of cyclic AMP (cAMP) level, supporting
the synthesis of nicotine acetylcholine receptor, regulation of phosphorylation of these
receptors and formation of neuromuscular connections (Zheng et al., 2008). In development,
this neuropeptide is involved in sprouting of motor endplates and there is evidence that its
expression is influenced by neuronal activity, which suggests its putative role in regenerative

responses following injury (Wang et al., 1993).

dorsal CST CGRP-immunoreactive fibers

Corticospinal tract
Motocortex layer V

Locus coeruleus lateral CST

Locus subcoeruleus

Raphe magnus

Raphe nuclei:Raphe pallidus
Raphe obscurus}_/

ventral CST

TH-immunoreactive fibers 5-HT-immunoreactive fibers

Fig 1. Schematic presentation of fiber tracts important for locomotion: corticospinal tract
(CST, blue), rubrospinal tract (RST, yellow), serotonergic (5-HT, red), cathecholaminergic
(TH, green) and CGRP axon projections (arrows). Schema and immunostaining images by
A. J. based on Holstege and Kuypers, 1987 and The Spinal Cord, 2009). GM, gray matter,
WM, white matter.

1.3. TRAUMA IN AGING CNS

1.3.1. SCI demographics

Spinal cord injury (SCI) disables motor, sensory and autonomic functions being devastating

to both patients and people close to them. World-wide 2 million people are suffering from SCI

(Afshari et al., 2009) and 10.4 to 59 new incidences per million inhabitants of countries

across the world occur annually (Wyndaele and Wyndaele, 2006). The most notable

tendency is growing incidence of SCI among older individuals, predominate etiology of which
11
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is falls (Jackson et al., 2004; Furlan et al., 2008). The percentage of patients older than 60
years at the time of injury has increased from 4% to 11% since 2000 (NSCISC, 2011),
especially in elderly females (Furlan et al., 2005; Krassioukov et al., 2003; Sekhon and
Fehlings, 2001). The average age has increased from 28.7 years in the 1970’s to the current
age of 40.7 years (NSCISC, 2011) reflecting the reduced mortality rates (DeVivo, 2007;
Jakob et al., 2009), increasing median age of the general population as well as the life-long
activity of older generation.

Aging-associated physiological changes have been accepted as a major reason for
increased susceptibility to acute injury and for slow recovery (Gershkoff et al., 1993).
Analysis of large clinical database of SCI patients in Canada (n=485) revealed that mortality
was higher among patients older than 65 years, but importantly, among survivors motor and
sensory outcomes did not depend on age (Furlan et al., 2008). In the same study, analysis of
post-mortem spinal cord tissue revealed no significant age-related differences for extent of
myelin degeneration or number of intact axons within sensory, motor and autonomic spinal
cord tracts post-SCIl. The analysis of data gathered by European network of 17 SCI
rehabilitation centers (237 traumatic SCI subjects) surprisingly showed that elderly patients
had a better recovery of motor deficit. However, elderly patients had difficulties in translating
an improvement in neurological outcome into functional changes (Jakob et al., 2009). The
authors suggested that the unexpectedly good findings in elderly patients might be explained
by the “ischemic preconditioning”-like mechanisms. Such transient ischemic attacks induce
neuroprotective mechanisms on a cellular level resulting in smaller overall damage which is
common in stroke patients (Moncayo et al., 2000). Since post-traumatic ischemia plays an
important role as a secondary lesion mechanism after SCI (Tator and Fehlings, 1991) and is
more prevalent among the older than younger SCI subjects, it might contribute to

neuroprotection in older SCI patients.

1.3.2. SCI pathology

Immediately after injury, damage to blood vessels leads to bleeding and ischemia. Microglial
cells get activated within minutes to hours. Immune cells start to infiltrate, first neutrophils
followed by monocytes (Hawthorne and Popovich, 2011). Within weeks cystic cavitations and
the lesion scar forms involving much larger damaged area than by the initial injury (Fitch et
al., 1999). The secondary tissue damage comprises cell death and also demyelination of
axons (Lin et al., 2007).

The distal axon stump will be degraded in the Wallerian degeneration process (von
Meyenburg, 1998; Oudega et al., 1999), whereas the rostral part of the axon builds retraction
bulb and retracts (die back). CST axons have reported to retract up to 2.5 mm from the site

of injury (Bernstein and Stelzer, 1983; Oudega et la., 1999). The reactions to axotomy as
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well as to a lesion scar are not homogenous in different axon tracts (Brazda and Miiller,
2009). Compared to callosal neurons which become dystrophic and rapidly die back into
white matter (similarly to CST axons), axotomized serotonergic fibers persist the penumbra
of the lesion and sprout within regions containing many inflammatory cells, laminin and high
levels of chondroitin sulfate proteoglycans (CSPGs). By in vitro imaging it was recently
demonstrated that the growth cones of serotonergic neurons remain more active similarly to
the growth cones of the embryonic dorsal root ganglion neurons (DRG) when interacting with
inhibitory CSPG-rich substrates (Hawthorne et al., 2011). Despite of that, all attempts of
injured axons of various tracts to regrow cease, because of the growth inhibitory surrounding
and insufficient intrinsic growth capacities.

Nonetheless, axon death after transection is not so common as previously thought. Recent
design-based counts of myelinated axons revealed no decrease in axon number in the
medullary pyramid after SCI, regardless of injury level, severity, or time after injury —
meaning that no obvious retrograde cell death takes place in dCST (Nielson et al., 2010).
Injury, however, may reduce an age-dependent increase in the number of myelinated axons
that would otherwise occur (Leenen et al., 1989) and affect ongoing myelination of axons
during aging as the spinal cord-injured rats had fewer myelinated axons in the medullary

pyramid at one year after injury than the aged matched controls (Nielson et al., 2010).

1.3.3. Lesion scar

At CNS injury site forms a lesion scar, which seals the damaged area. The lesion scar
consits of a fibrotic scar inside the lesion site, which is rich of collagen type IV (Col V),
produced by different cells that infiltrate the lesion site: meningeal fibroblasts, astrocytes,
endothelial cells (Klapka and Miuller, 2006; Hermanns et al., 2000). The fibrotic scar is
surrounded by the glial scar containing reactive astrocytes expressing GFAP (Grimpe and
Silver 2002; Silver and Miller 2004; Fawcett and Asher, 1999). The major impediment for
axon regrowth is dense fibrotic scar because it facilitates the accumulation of various axon
growth inhibitory molecules such as the myelin-associated glycoprotein (Filbin, 2003),
semaphorins (Pasterkamp et al., 1999; Pasterkamp and Verhaagen, 2001; Goldberg et al.,
2004), ephrins (Miranda et al., 1999; Benson et al., 2005) and different CSPGs (Bartus et al.,
2011; Morgenstern et al., 2002).

1.3.4. Effect of age on regeneration potential in peripheral nervous system (PNS)

In contrast to the limited regeneration attempts of injured axons in the CNS, peripheral axons
show spontaneous regeneration after axotomy and therefore, much more information about
age-specific changes in regeneration capacities in the PNS is available compared to the
CNS.

13
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The potential for regeneration in the PNS remains throughout life, although delay and decline
in efficacy is often reported (Kerezoudi and Thomas, 1999). The age-related decline in nerve
regeneration after injury may be attributed to changes in neuronal, axonal, Schwann cell and
macrophage responses. Delay in initiation of regeneration is associated with reduced axonal
transport as well as with slower clearance of myelin debris (Gutmann, 1942; Hofteig et al.,
1981) and Wallerian degeneration (Choi et al., 1995) in older animals. Several myelin
abnormalities in elderly subjects may be due to a decrease in the expression of the major
myelin proteins (PO, PMP22, MBP). Axonal atrophy may be explained by a reduction in the
expression and axonal transport of cytoskeletal proteins, decline in nerve conduction
velocity, muscle strength, sensory discrimination, autonomic responses, and endoneurial
blood flow. Interestingly, biophysical studies of cultured sensory neurons revealed that the
speed of regeneration was reduced by 40% in adult compared to neonatal neurons (11.5
pm/hour vs 8.2 um/hour). The slower regeneration speed was assigned to 3 times higher
axonal stiffness (viscosity) of adult neurons determined by the force calibrated towing
needles (Lamoureux et al., 2010).

Nonetheless, no difference was detected in the elongation rate of the regenerating sensory
axons (Gutmann et al.,, 1942; Campbell and Pomeranz, 1993) or completedness of
reinneravation (Navarro and Kennedy, 1988; Vaughan, 1992). Pestronk et al. (1980) found
despite of reduced sprouting capacity in aged rats, that there is a population of faster-
growing fibers which is the same at all ages.

Myelination by Schwann cells is not affected by age (Vaughan, 1992), but the formation of a
1:1 Schwann cell to axon relationship which precedes remyelination is delayed (Tanaka and
Webster, 1991) and the amount of trophic and tropic factors secreted by reactive Schwann
cells and target organs are lower in older subjects than they are in younger subjects.
Interestingly, reduced regeneration capacity of aged nerves has been associated with
reduced numbers of endoneurial macrophages in aging nerves, as suppression of
macrophages led to significantly smaller numbers of the regeneration fibers in mice (Tanaka
et al.,, 1992). Willcox and Scott (2004) demonstrated that the expression of growth-
associated molecules [alpha(1)-tubulin, neurofilament NF-L] is reduced with age. At motor
nerve terminals, the capacity to produce ultraterminal sprouting secondary to partial
denervation is more pronounced in young animals (Pestronk et al., 1980), but not the
capacity to eliminate terminal sprouts or reinnervate (Robbins and Nakashiro, 1993).
Frequency and accuracy of reoccupation of the sites of motor nerve terminals are impaired —
more often nerve terminals greatly overshoot the original border in old animals (Robbins and
Nakashiro, 1993). Nerve transection is more likely to result in loss of the parent neurons
following nerve transection in younger than in older animals (Romanes, 1946; La Velle and

La Velle, 1984; Schmalbruch, 1984). Axon reaction (chromatolysis) is more intense and does
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not return to normal as rapidly in old animals, although the degree of retrograde axonal

atrophy is less, which suggests a diminished dependence on growth factor support.

1.3.5. Spinal cord injury in aged animals

There are limited numbers of experimental studies that have investigated how the age at the
time of SCI affects the pathology and outcome (Table 1). Only few of these works have used
rodents which can be qualified as aged, as an average life span of rats is around 24 months
(Deerberg et al., 1980). Despite of unavailability of very aged animals for experimental
research, particularly the studies with rats older than 18 months are of interest if parallels

between elderly patients are to be drawn.

Publication SCI model Age
Kumamaru et al. (2011) Age-related differences in cellular 1 and 2.5
and molecular profiles of inflammatory responses after | Contusion months
spinal cord injury. J Cell Physiol. Mice
Siegenthaler et al. (2008) Myelin pathogenesis and Contusion 2,12 and
functional deficits following SCI are age-associated. Exp T10 24 months
Neurol. 213:363-71. female SD
. : . 2 and 12
Siegenthaler et al. (2008) Voluntary running attenuates age- | Contusion months
related deficits following SCI. Exp Neurol. 210:207-16. T10
male SD
Genovese et al. (2006) Increased oxidative-related | Clip 3 and 18
mechanisms in the spinal cord injury in old rats. Neurosci | compression | months
Lett. 393:141-6. T5-T8 male SD
Chaovipoch et al. (2006) 17beta-estradiol is protective in 2 and 12
. - . Complete
spinal cord injury in post- and pre-menopausal rats. J crush T8-9 months
Neurotrauma. 23:830-52. female SD
Unilateral 40 days
Gwak et al. (2004). Effect of age at time of spinal cord injury hemisection 2 and 12
on behavioral outcomes in rat. J Neurotrauma. 21:983-93. T13 months
male SD

Table 2. Studies of experimental SCI in aged animals. SD, Sprague-Dawley rats.

Experimental studies of SCI in aged rats observed an age-dependent decline in locomotor
recovery (Gwak et al., 2004; Genovese et al., 2006; Siegenthaler et al., 2008) and increased
inflammatory reactions (Genovese et al., 2006) as well as increased myelin pathology and

reduced remyelination (Siegenthaler et al., 2008).
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1.3.6. Genome-wide expression studies in SCI

Microarray experiments combined with advances in bioinformatic approaches to analyze the
resulting datasets allow studying SCI pathology as well as the effects of therapeutic
interventions in animal models in unbiased way. High-density oligonucleotide microarray
platforms make it possible to measure transcript levels of virtually all genes on the rat
genome simultaneously, compared to only some selected groups at the early days of array
studies. It is thus possible to go further from hypothesis-driven research.

In the last decade several array works have been conducted to investigate the gene
expression response in the CNS after brain injury (Salin and Chesselet, 1992; Abankwa et
al., 2002; Bareyre et al., 2002; Raghavendra Rao et al., 2003; Kiry et al., 2004; Israelsson et
al., 2006). Only little is known about the transcriptional response in affected brain regions
following SCI, because most of the studies have concentrated on the lesion site in the spinal
cord and nearby tissue (De Biase et al., 2005). A study from our laboratory could show that
SCI elicits massive changes in gene expression in the cortex, starting as early as 1 day post-
operation (dpo); these responses increased over time peaking at 3 weeks post injury and
decreasing slightly thereafter at 60 dpo (Kruse et al., 2008). Moreover, upon treatment with
AST, the dCST transected young animals showed significant changes in the expression
pattern of regulated genes which are growth-associated and neuroprotective (Kruse et al.,
2008; Kruse, in press). The differences in transcriptomes of intact, axotomixed and
regenerating neuronal systems represent the corresponding state of neurons.

Transcriptomic profiles of SCI in aged animals are unknown. In stroke, distinct gene
expression profiles in aged and young animals have been reported with growth-inhibitory
molecules induced earlier and growth-promoting factors with delay in aged peri-infarct cortex
(Carmichael et al., 2003). Moreover, genome-wide expression analysis of aged and young
animals revealed that different transcriptomes were responsible for stroke-induced sprouting
of cortical neurons (Li et al.,, 2010). Nonetheless, selected genes representing the
regenerative response were similarly induced in both 3-and 20-month-old rats after stroke
indicating that the potential for regenerative response of brain still remained at older age
(Petcu et al., 2008).
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1.4. LESION MODEL AND TREATMENT OF SPINAL CORD INJURY

1.4.1. Experimental strategies to suppress collagenous lesion scar

Only in recent years, treatments have been developed which are able to induce regeneration
in mature CNS and, therefore, may provide a basis to investigate the regeneration potential
in the aging CNS. The fibrotic lesion scar forming after CNS injury is a major impediment for
axonal regeneration (Stichel and Miller, 1998; Hermanns and Miiller, 2001; Klapka and
Miiller, 2006; Brazda and Miuller, 2009). The attempts to suppress the Col IV-containing
lesion scar by enzymatic digestion led to extensive bleeding as the basal membrane
surrounding blood vessels was also degradated (Feringa et al., 1979; Guth et al., 1980). For
this reason, an innovative pharmacological approach was established in the Molecular
Neurobiology Laboratory of the University of Dusseldorf which suppresses the formation of
this regeneration barrier via targeted inhibition of de novo biosynthesis of collagen by an iron
chelator (2,2-bipyridine-5,5’-dicarboxylic acid; BPY-DCA) (Stichel et al., 1999).

The iron chelator is required for scavenging Fe?*, a co-factor for the prolyl 4-hydroxylase,
which is a key enzyme in collagen synthesis. Resulting iron-deprivation transiently inhibits
the formation of the stable triple collagen helices. This scar-suppressing strategy (anti-
scarring treatment; AST) was at first successfully implemented by a postcommissural fornix
transection as a brain lesion model in rat (Stichel et al., 1999) and has been independently
reproduced by Kawano et al. (2005), who showed that loss of spontaneous regeneration
capacity of nigrostriatal dopaminergic axons in early postnatal development can be
effectively counteracted by prevention of collagen biosynthesis and scar formation.

AST was successfully applied also by the lesion model in the spinal cord in a modified form
(Hermanns et al., 2001; Klapka et al., 2005). In addition to local injections of the iron
chelator, AST in these studies included an application of 8-bromo-cyclic AMP (cAMP), further
suppressing the scar formation by inhibiting the prolifearation of fibroblasts (Berry et al.,
1983) and astrocytes (Liesi and Kauppila, 2002) which are the major producers of Col IV.
Both cell types express connective tissue growth factor (CTGF) which is involved in
proliferation and production of extracellular matrix (ECM). Via increasing the intracellular
levels of cyclic AMP (cAMP), CTGF-mediated effect would be decreased resulting in reduced
proliferation and production of ECM (Duncan et al., 1999).

The dorsal hemisection model at T8 includes transection of dorsal CST, lateral RST and
dorsal columns, as well as parts of the RaST and CoST with a Scouten wire knife. The CST-
transection leads to transient functional deficits in rats, whereas permanent functional deficits
are observed when the RST is transected simultaneously together with CST, indicating the
compensatory ability of RST (Kennedy, 1990).

Suppression of scar formation by AST has been shown to promote long-distance

regeneration of cut CST axons, neuroprotection of projecting cortical neurons and functional
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improvement of treated young adult rats after SCI (Klapka et al., 2005). In addition,
significantly increased density of descending CST, serotonergic raphespinal,
catecholaminergic coerulospinal tracts and increased denstity of sensory CGRP-
immunoreactive fibers into the lesion zone at 5 weeks, and further enhanced the number of
the descending axons into and beyond the lesion zone at 12 weeks post-injury upon AST

has been demonstrated (Schiwy et al., 2009).
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Fig 2. Schematic presentation of collagen biosynthesis.

1.4.2. Experimental strategies to increase axonal sprouting

In recent years axonal sprouting has been recognized as an important contributor to rapid
spontaneous locomotor recovery after acute SCI via reorganization of connections (Bradbury
and McMahon, 2006; Maier and Schwab, 2006; Fouad and Tse, 2008). New intraspinal
circuits include contacts between sprouting axons and the long PS neurons that bridge the
lesion and arborize on lumbar motoneurons (Bareyre et al., 2004). Several approaches have
been shown to increase axonal sprouting following SCI such as neutralizing Nogo-A
(Raineteau et al., 2002) and enzymatic degradation of CSPGs in lesion area by
Chondroitinase ABC (Hafidi et al., 2004). Previously a study from our laboratory could show
that injury-induced sprouting of CST (Opatz et al., 2009) can be further enhanced by local
intrathecal infusion of a chemokine stromal cell derived factor (SDF-1)/CXCL12 into the
lesion area (Opatz et al., 2009).
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2. AIM OF THE THESIS

The influence of aging on the regenerative growth potential of central nervous system (CNS)
axons following spinal cord injury (SCI) is not known. Only in recent years, treatments have
been developed which are able to induce regeneration in mature CNS and, therefore, may
provide a basis to investigate the regeneration potential in aging CNS. The aim of this thesis
is to analyse age-dependent changes in the regeneration capacity of injured axons in the
model of SCI in rat. Experimental studies of SCI in rats show a decline in locomotor recovery
as well as an increase in myelin pathology and in oxidative stress with age, suggesting that
aging may have negative impact on axon plasticity in CNS similarly to peripheral nervous
system (PNS). In that case, it should be attempted to reactivate the regeneration capacity in
the injured spinal cord of aged animals by following therapeutic strategies - suppression of
collagenous lesion scarring (anti-scarring treatment, AST) which has been shown to enhance
regeneration of various axon tracts, and by infusion of chemokine stromal cell-derived factor
1 (SDF-1) which increases sprouting of corticospinal tract (CST) in young animals. We also
would determine whether the treatment-promoted regeneration capacity is reduced at older
age and whether the decline in regeneration potential in different axon tracts is similar with

increasing age or whether there are neuron-specfic differences.

1. The effect of old age on axonal regeneration and sprouting would be studied in
geriatric (older than 22 months) and young (2-3 months) rats in the dorsal
hemisection model of SCI at thoracic level T8. (i) Rostral sprouting of serotonergic (5-
HT), catecholaminergic (TH) and anterogradely traced CST following intrathecal SDF-
1 infusion, and (ii) regenerative growth of these descending tracts and sensory CGRP
axons into the lesion area following AST would be quantified using
immunohistological methods at five weeks after spinal cord hemisection.

2. Using genome-scale transcriptional profiling, the age-dependent changes on
transcriptomic level will be studied. These might reflect the regenerative growth
potential in aging CNS. We want to investigate whether the AST-induced
regeneration program, identified in young animals, can be activated in aged animals.
Both SCI and aging produce profound changes in gene expression; therefore, aging
might interfere with the success of such therapeutic interventions. We would
investigate the extent and nature of the difference between the dynamic cortical (layer
VIVl of sensorimotor cortex) gene expression profiles of aged and young rats
following thoracic corticospinal tract (CST) transection (the dorsal hemisection SCI)
with and without AST at 1, 7 and 35 dpo, which represent the acute, subacute and

chronic stages of SCI, respectively.
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3. OUTLINE

The studies were intiated by establishing hemisection SCI model in very old rats together
with the triple-staining immunostaining protocol in order to investigate the effect of old age on
two types of axon growth after SCI: rostral sprouting and regenerative growth into lesion site,
along with the infusion of the stromal cell-derived growth factor-1 (SDF-1/CXCL12) and anti-
scarring treatment (AST), respectively (Chapter 4.1). As we could determine that SDF-1
infusion enhances sprouting of CST, 5-HT and TH fibers in young and aged animals, we
wanted to know whether these effects could have been elicited by direct mechanisms,
therefore the expression of SDF-1 receptors on these axon tracts was analysed (CST in
young animals, chapter 4.2 ; CST, 5-HT, TH in young and aged animals, chapter 4.1).
Dynamic cortical gene expression profiles at 1, 7, 35 days following SCI in young and old
rats were analysed with the aim to determine how aging affects the responses to SCI and
whether the AST-induced regeneration program can be activated in aged animals (chapter
4.3). In Chapters 4.4 and 4.5, the role of SDF-1 in SCI and that of chemokines in CNS injury

such as SCI, traumatic brain injury and stroke, respectively, were analysed and discussed.

Gene profiling Sprouting

v

Regenerative
growth

AST SDF-1

Fig 3. Schematic overview of the three main topics of this thesis.
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The demographics of acute spinal cord injury (SCI) are changing with an increased incidence in older age.
However, the influence of aging on the regenerative growth potential of central nervous system (CNS) axons
following SCI is not known. We investigated axonal sprouting along with the efficiency of the infusion of the
stromal cell-derived growth factor-1 (SDF-1/CXCL12) and regenerative growth along with the anti-scarring
treatment (AST) in young (2-3 months) and geriatric (22-28 months) female rats following SCI. AST included
local injection of iron chelator (2,2’-dipyridine-5,5’-dicarboxylic acid) and 8-bromo-cyclic adenosine
monophosphate solution into the lesion core. Axon outgrowth was investigated by immunohistological
methods at 5 weeks after a partial dorsal hemisection at thoracic level T8. We found that aging significantly
reduces spontaneous axon sprouting of corticospinal (CST), serotonergic (5-HT) raphespinal and
catecholaminergic (TH) coerulospinal tracts in distinct regions of the spinal cord rostral to the lesion.
However, impairment of axon sprouting could be markedly attenuated in geriatric animals by local infusion of
SDF-1. Unexpectedly and in contrast to rostral sprouting, aging does not diminish the regenerative growth
capacity of 5-HT-, TH- and calcitonin gene-related peptide (CGRP)-immunoreactive axons at 5 weeks after
SCI. Moreover, 5-HT and TH axons maintain the ability to react upon AST with significantly enhanced
regeneration in aged animals. These data are the first to demonstrate, that old age compromises axonal
plasticity, but not regenerative growth, after SCI in a fiber tract-specific manner. Furthermore, AST and SDF-1
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infusions remain efficient, which implicates that therapy in elderly patients is still feasible.

© 2011 Elsevier Inc. All rights reserved.

Introduction

The demographics of acute SCI are changing. Although mostly
young people are affected, the percentage of patients older than
60 years at the time of injury has increased from 4% to 11% since 2000
along with the average age from 27 years in 1970s to 40 years since
2005 (NSCI, 2010). Thus, there is considerable clinical interest in
determining the consequence of aging on the regenerative capacity of
injured CNS axons in order to develop SCI therapies that remain
effective at older ages.

Regenerative capacity of injured axons in the spinal cord is age-
dependent. While neonatal animals regenerate very well, spontaneous
regeneration of the mature CNS is limited (Schwab and Bartholdi, 1996).
However, there are no studies describing the growth capacity of spinal
axons at older ages. In the aging CNS biological systems involved in
synaptic function, mitochondrial energy metabolism, and stress
resistance change (Boveris and Navarro, 2008; Kyrkanides et al., 2001;
Yankner et al., 2008), possibly turning the CNS more susceptible to

* Corresponding author. Fax: +49 211 8118411.
E-mail address: hanswerner.mueller@uni-duesseldorf.de (H.W. Mueller).
! Present address: Spinal Cord Therapeutics GmbH, D-40699 Erkrath, Germany.
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doi:10.1016/j.expneurol.2011.07.002

trauma. Indeed, experimental studies of SCI in aged rats observed an
age-dependent decline in locomotor recovery (Genovese et al., 2006;
Gwak et al., 2004; Siegenthaler et al., 2008) and increased inflammatory
reactions (Genovese et al., 2006) as well as increased myelin pathology
and reduced remyelination (Siegenthaler et al., 2008). None of these SCI
studies, however, investigated age-dependent axonal growth responses,
which is considered a key predictor of neurological outcome in SCI
(Fehlings and Tator, 1995; Medana and Esiri, 2003). In brain, it has been
demonstrated that catecholaminergic axons sprout less in the senescent
rat in response to denervation of the septum and hippocampus (Scheff et
al., 1978). On the other hand, it has been demonstrated that olfactory
sensory neurons and retinal ganglion cells regenerate well at old age
(24 months) following axotomy (Luo et al, 2010; Morrison and
Costanzo, 1995), suggesting that aging might severely impair the
regenerative capacity of CNS axons in a neuron-specific manner.

Only in recent years, treatments have been developed which are
able to induce regeneration in mature CNS and, therefore, may
provide a basis to investigate the regeneration potential in aging CNS.
The fibrotic lesion scar forming after CNS injury is a major
impediment for axonal regeneration (Brazda and Muller, 2009;
Klapka and Muller, 2006; Silver and Miller, 2004). A scar-suppressing
treatment (anti-scarring treatment; AST) that has been established in
our laboratory and which includes local injections of an iron chelator
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(2,2’-bipyridine-5,5’-dicarboxylic acid; BPY-DCA) and 8-bromo-cyclic
adenosine monophosphate (8-Br-cyclicAMP) into the lesion core has
been shown to promote long-distance regeneration of cut corticospinal
tract (CST) axons, neuroprotection of projecting cortical neurons and
functional improvement of treated young adult rats after SCI (Klapka et
al, 2005). In addition, we recently showed significantly increased
density of descending CST, serotonergic raphespinal (5-HT, RaST),
catecholaminergic coerulospinal [tyrosine hydroxylase (TH), CoST]
tracts and increased density of sensory calcitonin gene-related peptide
(CGRP)-immunoreactive fibers in the lesion zone at 5 weeks, and
further enhanced numbers of descending axons in and beyond the
lesion zone at 12 weeks post-injury upon AST (Schiwy et al., 2009). In
recent years axonal sprouting has been recognized as an important
contributor to rapid spontaneous locomotor recovery after acute SCI via
reorganization of connections (Bradbury and McMahon, 2006; Fouad
and Tse, 2008; Maier and Schwab, 2006). We have shown previously
that injury-induced sprouting of CST (Opatz et al., 2009) can be further
enhanced by local intrathecal infusion of the chemokine SDF-1 into the
lesion area.

Having established these AST and SDF-1 treatment strategies in
young adult animals, we have now investigated their effectiveness to
promote axon growth in aged animals and explored whether the
responses observed depend on the nature of the descending motor
tracts mentioned above. At 5 weeks after partial dorsal hemisection
and treatment we have quantified the effect of aging on two types of
axon growth: (i) sprouting rostral to the site of injury in serotonergic,
dopaminergic and anterogradely traced corticospinal tract (CST)
following intrathecal SDF-1 infusion, and (ii) regenerative growth of
these descending tracts and ascending CGRP axons into the lesion area
following AST using immunohistological methods.

Materials and methods
SCI and treatments

Young adult (178-242 g; 9-14 weeks) and geriatric (258-485 g;
22-28 months) female Wistar rats (HanTac:WH; Taconic, Denmark)
received a partial dorsal hemisection at thoracic level T8 under
isoflurane anesthesia (Forene, Abbott, Germany; 2-3% in O, and NO,
at a ratio of 1:2). The dura was opened at T8 and the dorsal CST
(dCST), lateral rubrospinal tracts and dorsal columns, as well as parts
of the RaST (Heise and Kayalioglu, 2009) and CoST (Rajaofetra et al.,
1992), were cut with a Scouten wire knife (Bilaney, Germany) to the
depth of the central canal (Fig. 1A) (Klapka et al., 2005). After dura
suture the animals either received AST, SDF-1a or corresponding
buffer solutions. AST was applied as described in Klapka et al., 2005
with minor changes, not affecting the treatment efficacy. Similarly to
the previous protocol, 8 x 0.2 pl injections of iron chelator BPY-DCA
(2,2’-bipyridine-5,5'-dicarboxylic acid, 40 mM in Tris buffer), 4
injections into the lesion site and 2 injections each at a distance of
1 mm rostral and caudal to the lesion using a glass capillary
penetrating the spinal cord for 1 mm were made. Instead of 4 mg
solid 8-Br-cyclicAMP, 4x0.25 pl of 8-Br-cyclicAMP (100 pg in Tris
buffer) was injected into the lesion site (Fig. 1B). The lesioned control
animals received Tris buffer following the same injection protocol. The
lesion site was covered with a piece of Elvax (ethylene vinyl acetate; a
gift from Erbsloh GmbH, Velbert, Germany) copolymer sheet loaded
with BPY-DCA for AST-treated animals or Tris buffer for control
animals. The overlying tissue was sutured, and the animals (n =8-10/
group) were allowed to recover.

SDF-1a infusion protocol is described in Opatz et al., 2009. Briefly,
after dura suture and filling the catheter, a small hole was made into
the dura at a distance of 5 mm caudal to the lesion (Fig. 1D). The
intrathecal catheter (#0007740, Alzet; 0.36 mm outer diameter;
0.18 mm inner diameter) was inserted into the subarachnoid space
and directed towards the side of injury. The catheter was connected to
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Fig. 1. Schematic illustrations of the partial dorsal hemisection, application of
treatments and quantification of regenerative axon growth. (A) Dorsal columns,
including dorsal corticospinal tract (dCST) and gray matter, were transected with a
Scouten wire knife at thoracic level 8 as shown in a cross section of the spinal cord. Two
treatments were applied in this study. (B) In one experiment, aged and young animals
either received anti-scarring treatment (AST) to promote regenerative axon growth or
buffer injection into the spinal cord after dura suture. In these groups, axon profiles
were quantified in the glial fibrillary acidic protein (GFAP)-immunonegative scar area
in every other sagittal section (C, right box). (D) In the other experiment, the aged and
young rats received an intrathecal catheter connected to an Alzet osmotic minipump
either to infuse stromal cell-derived growth factor-1ac (SDF-1) to promote axon
sprouting, or vehicle into the lesion site for 1 week. In the latter animal groups, axonal
sprouting was quantified in 12 cross sections per animal within a region up to 20 mm
rostral to the lesion site (C, left box).

an osmotic minipump (Alzet, model 2001) loaded with 200 ul of
either SDF-1ac (10 M in 0.4% BSA/PBS buffer; R&D Systems) or
vehicle alone (0.4% BSA/PBS buffer). Following fixation of catheter and
minipump, the lesion site was covered with a piece of Elvax sheet
loaded with Tris buffer. The overlying tissue was sutured, and the
animals (n=>5-6 animals/group) were allowed to recover. Applica-
tion of either SDF-1ax or PBS/BSA buffer was carried out at a flow rate
of 1 pl/h over a time period of 7 days. One week after lesion, the pump
was removed in a second surgery.

Survival time for all the animals in these studies was 5 weeks.
Three weeks prior to sacrifice CST was traced with biotinylated
dextrane amine (BDA) (Klapka et al., 2005). Post-operative care
included treatment with antibiotics (Baytril; Bayer Health Care,
Germany) for 1 week and manual bladder emptying. Institutional
guidelines for animal safety and comfort were adhered to, and all
surgical interventions and pre- and post-surgical animal care were
provided in compliance with the German Animal Protection Law
(State Office, Environmental and Consumer Protection of Northrhine
Westfalia, LANUV NRW).

Immunobhistology

Isoflurane-anesthetized animals (Hypnorm, Janssen-Cilag, Germany)
were perfused transcardially with ice-cold 1 M phosphate-buffered
saline (PBS) for 2 min and 4% paraformaldehyde in 0.1 M PBS (PFA;
Merck, Germany) for 15 min. Spinal cords were removed and postfixed
for 24 h at 4 °C in the same fixative and cryoprotected in 30% sucrose at
4 °C before cutting into coronal or parasagittal serial 50 um sections
using a freezing microtome.

For the analysis of regenerative axon growth, every second free-
floating 50 um parasagittal spinal cord section per animal was triple-
stained. The triple-staining protocol for the analysis of regenerative
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axon growth is as follows: washing with PBS, blocking with 5% donkey
serum for 1h at room temperature (RT), incubation with primary
antibodies against TH/CGRP/GFAP or 5-HT/BDA/GFAP (Table 1) in
PBS/5% donkey serum overnight at 4 °C. Streptavidin Oregon green
488 (MoBiTec, Germany; 1:1000) was used for BDA visualization.
After overnight incubation sections were washed with PBS and
incubated with secondary antibodies for 1 h at RT: donkey anti-goat
Alexa 594, donkey anti-rabbit Alexa 488 and donkey anti-mouse
Alexa 647 (Molecular Probes) or donkey anti-rabbit Alexa 594 and
donkey anti-mouse Alexa 647, respectively.

For the analysis of rostral axonal sprouting in coronal free-floating
50 um sections prepared from the 2 cm piece of spinal cord rostral to
lesion, 5-HT and TH were separately stained in adjacent sections. For
the evaluation of rostral sprouting the anterogradely traced CST was
stained with DAB as described in Opatz et al. (2009). Briefly, slices
were incubated with an avidin-biotin-peroxidase complex (ABC,
Vector Laboratories) at 4 °C overnight. The next day, tissue was
washed in PBS and reacted in 0.015% diaminobenzidine (DAB; Sigma)
for 1 min. A brown staining reaction was obtained by adding 0.004%
H,0, to the DAB solution, and the staining process was stopped by
washing with PBS buffer. The sections were mounted onto slides and
embedded in Fluoromount-G (Dako). Images were taken with a
BZ8000 Keyence fluorescent digital microscope. Filters for GFP, Texas
Red, and Cy5 were used to take images of Alexa 488, Alexa 594 and
Alexa 647, respectively.

For double staining of SDF-1 receptors and axon tracts, free-floating
coronal spinal cord sections were pretreated for 20 min with 3%
hydrogen peroxide in PBS to quench any endogenous peroxidase
activity, then blocked in 5% donkey and horse serum and 0.1% Triton-X-
100 in PBS for 1h at RT. Samples were stained with the following
primary antibodies in 3% horse serum and 0.1% Triton-X-100 in PBS at
4 °C over night: goat-anti-CXCR4 and goat-anti CXCR7 simultaneously
with the above mentioned antibodies for 5-HT or TH. BDA was stained
with streptavidin Oregon green 488. For SDF receptor signal amplifica-
tion, a TSA (Tyramide Signal Amplification) fluorescence procedure
(Perkin EImer-NEN, Boston, MA, USA) was used in the double-stainings
of 5-HT and TH with SDF receptors. Therefore, after incubation, sections
were rinsed extensively (3x, for 15 min each) with PBS and incubated
for 1 hin a 1:150 dilution of biotin-conjugated horse anti-goat antibody
(Vector, Burlingame,CA, USA) directed to the primary CXCR4 and CXCR7
antibody. Donkey anti-rabbit Alexa 488-conjugated antibody (1:250
dilution) was used as secondary antibody against 5-HT or TH. Sections
were then washed with PBS (3x, for 10 min each). Briefly, sections were
incubated for 30 min in a 1:100 dilution of streptavidin-conjugated
horseradish peroxidase (Amersham Pharmacia Biotech, UK). Then
sections were rinsed extensively with PBS and incubated in a 1:50
dilution of Fluorescein Cy5-conjugated Tyramide (Perkin Elmer-NEN,
Boston, MA, USA) for 5 min. Double staining of receptors and BDA was
performed without TSA fluorescence procedure and Alexa-conjugated
secondary antibodies were used to detect the SDF receptors. Slices with
receptor double stainings were analyzed using a Zeiss LSM 510 confocal
microscope. Three laser lines emitting at 488, 543 and 633 were used to
excite Alexa 488, Alexa 594 and Cy5, respectively. The channels were
recorded separately, and 4 serial stack images of 1-2 pum thickness were

Table 1

Antibody specifications.
Antibody  Type Host Commercial source Dilution
CGRP Polyclonal IgG Goat 1720-9007, Serotec, UK 1:1500
TH Polyclonal IgG Rabbit  ab112, Abcam, UK 1:750
GFAP Monoclonal IgG1  Mouse  MAB3402, Chemicon, USA 1:500
5-HT Polyclonal IgG Rabbit  Se100, Biologo, Germany 1:30
CXCR4 Polyclonal IgG Goat sc-6190, Santa Cruz, USA 1:100

CXCR7 Polyclonal IgG Goat sc-107515, Santa Cruz, USA  1:100

collected and projected into a single plane. The digitalized pictures were
saved in TIF format.

Axon quantification

For assessment of regenerative axon growth of each fiber population,
axon profiles were counted throughout all focal planes of every second
parasagittal 50 um tissue sections (10-20 sections/animal) in the GFAP-
negative lesion area (Fig. 1C).

To quantify rostral sprouting of 5-HT- and TH-labeled axons,
images of the central canal, dorsal horn, ventral horn and white
matter near intermediolateral column were captured in a series of 12
coronal sections obtained at every 1.5 mm in a spinal cord segment up
to 20 mm rostral to the lesion border (Fig. 1C). In Image], the original
tif images were converted to 8-bit before the application of the
‘smallest Hessian’ was performed (Grider et al., 2006). The resulting
images were converted to a binary image by setting a threshold for
pixel intensity at which 5-HT or TH positive axons were above
threshold (Grider et al., 2006). After setting the threshold, a rectangle
of 500x 350 or 350x 500 pixels in size, respectively, for the above
mentioned spinal cord areas was placed over the image and the
percent area occupied by 5-HT or TH positive axons was determined.

Quantification of CST sprouting was performed by counting the
BDA-labeled axon profiles in gray matter using a light microscope. For
normalization of tracing efficiency, the number of counted fiber
profiles was divided by the pixel density of the dorsal CST measured
by Image] for each animal.

Statistics

For all data the two-sided Mann-Whitney U-test for paired
comparison and Holm-Bonferroni correction for multiple testing with
the type I error rate o« =0.05 was applied using WinStat software
(Version 2005.1 for Microsoft Excel). The paired comparisons were
made to test for significant elevation in axon profiles of treated
compared to control animals as well as young compared to aged
animals; four comparisons per fiber population in total. The experi-
mental groups were considered significantly different at p <0.05.

Results

Aging does not decrease the density of axon profiles growing into the
lesion core in response to scar inhibition

The majority of injured axons in both aged and young control
animals stopped at the border of the lesion (Fig. 2). Nonetheless, all axon
populations, except CST, showed some in-growth into the primary
fibrous scar area in young and, interestingly, also in aged animals lacking
treatment (gray bars in Figs. 2M-0). According to these values, aging did
not impair the spontaneous capacity of CGRP, TH and 5-HT axons to
grow into the fibrous scar area at 5 weeks post-injury.

When AST was applied immediately after hemisection to tran-
siently suppress fibrotic scarring, enhanced 5-HT, TH and CGRP axon
densities could be observed in the region of the secondary or delayed
scar at 5 weeks post-injury and treatment. The results showed a
remarkably enhanced regenerative axon growth in aged animals
which was significant for TH and 5-HT fibers in treated vs. control
animals (Mann-Whitney U-test, Figs. 2N,0). In young animals the
significance level of all three fiber systems was marginally missed
after Holm-Bonferroni correction. The CGRP axons showed a clear
trend towards a more prominent in-growth into the scar area under
AST in both young and aged animals. None of the tracts was found to
regenerate beyond the site of injury into the intact distal spinal cord
tissue within 5 weeks post-injury. In contrast to the other tracts
studied, CST axons were not found beyond the border of the fibrous
scar in both age and treatment groups (data not shown). We also
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Fig. 2. Regenerative growth of 5-HT, TH and CGRP axons in young and aged rats. Representative immunobhistologically stained 50-pm-thick sagittal spinal cord sections of young (A-C) and
aged (G-I) control animals (Ctrl) and anti-scarring treatment (AST)-treated young (D-F) and aged animals (J-L). Corresponding quantification of axon profiles within the lesion core (M-0).
Orientation dorsal = up, caudal = right. In the aged and young control animals, majority of the calcitonin gene-related peptide (CGRP)-, tyrosine hydroxylase (TH)- and serotonin (5-HT)-
immunoreactive axons (green) did not cross the border of the glial scar (dotted line) in 5 weeks post-injury, whereas in AST-treated animals, numerous axons of these tracts did grow into
the GFAP-immunonegative lesion area (asterisk). Note that ascending CGRP tract axons grow into the lesion caudally. Scale bar = 50 pm. (M-0) Axon profiles in the GFAP-negative fibrous
scar region of every second sagittal section of each animal were counted and presented as axon profiles per section in each experimental group. There were significantly more TH- and 5-HT-
immunoreactive axon profiles in the lesion core of AST-treated aged animals compared to buffer-treated controls. *p<0.05, Mann-Whitney U-Test, Holm-Bonferroni correction. Error bars:
SEM.
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quantified the GFAP-negative area of damaged tissue in which the
axon profiles were counted and found that the lesion area did not
differ significantly between the aged and young animal groups ruling
out that alterations in lesion size determined the differences in the
number of regenerating axons (Suppl. Fig. 1). Together these results
indicate that aging does not impair the regenerative capacity of, at
least, 5-HT, TH and CGRP axons and these axon tracts remain
responsive to AST in old age.

Rostral sprouting of CST after SCI and SDF-1 infusion is impaired by aging

CST was visualized by anterograde labeling, whereby the tracing
efficacy was not worse in the aged animals (data not shown).
Nonetheless, we calculated the sprouting index (labeled CST axon
profiles in the entire gray matter of the cross section divided by the pixel
number of labeled fibers in the dorsal CST) to count for tracing variations
in individual animals. Even if the absolute number of CST axons (higher
than the number of traced axons) would decrease with aging, not
supported by the literature (Leenen et al., 1989 and Nielson et al., 2010),
our analysis of the sprouting capacity would be independent of that. In
coronal sections of intact spinal cord of young and aged animals we did
not observe CST axons in the gray matter suggesting that axons which
we detected in gray matter of lesioned animals must have sprouted after
SCI (data not shown). Similarly to our recent study (Opatz et al., 2009),
SDF-1 significantly increased rostral CST sprouting in young animals
(Mann-Whitney U-test; Fig. 3A, striped bars). In the aged control rats,
only a very low number of axon arbors were extending from the dorsal
CST into gray matter. However, significantly more collateral axon
sprouts were seen in the aged rats that had received SDF-1. Although the
SDF-1-mediated elevation of axonal sprouting was significant and about
twofold in aged animals it never reached the level of CST sprouting in
young animals. We further observed an interesting difference in the
distribution of axon sprouts in the gray matter in aged and young
animals. Whereas in young animals sprouting axons were observed
both in dorsal and ventral gray matter (Opatz et al., 2009), in aged rats
sprouting CST axons were restricted to dorsal gray regions (Figs. 3B-E).

Aging impairs rostral sprouting of 5-HT and TH axons after SCI and SDF-1
infusion in distinct regions of spinal cord rostral to the lesion site

Here we studied whether hemisection SCI induces rostral sprouting
of 5-HT and TH axons in young and aged animals and whether sprouting
can be further enhanced by SDF-1 treatment.

Fiber distribution was similar in intact and injured aged and young
animals for both serotonergic raphespinal (5-HT, RaST) and catechol-
aminergic coerulospinal [tyrosine hydroxylase (TH), CoST] tracts. A
dense plexus of 5-HT axons and TH axons was present in the
intermediolateral column (IML), around the central canal (CC), but 5-HT
and TH fibers were more diffusely distributed throughout the ventral
horn (VH) and the dorsal horn (DH). Fig. 4 gives an example of axonal
sprouting of TH fibers around CC, before and after setting a threshold in
order to select and count axonal structures.

Serotonergic innervation in the intact aged and young animals did
not differ in the spinal cord regions investigated and axon densities
were even somewhat higher in aged animals, except for the white
matter region (Figs. 5E-H). Johnson et al. (1993) also found no
differences in 5-HT axon densities in the thoracic and cervical regions
of 2-3-months-old and aged 30-months-old rat spinal cords. The area
occupied by 5-HT positive axon structures around CC was significantly
smaller in the aged control group than in the young control group,
whereas no significant age-dependent differences in lesion-induced
5-HT axon sprouting were observed in the areas VH, DH and WM
(Fig. 5). Age-dependent differences in rostral axon densities between
lesioned aged and young control groups are more pronounced for TH-
immunoreactive axons. Significantly lower TH axon densities of
lesioned aged control animals were observed in the areas CC, DH and
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Fig. 3. Quantification of CST sprouting rostral to the lesion following local intrathecal SDF-1
or vehicle infusion. (A) Sprouting index presents the number of biotinylated dextran amine
(BDA)-labeled CST axon profiles in the entire gray matter of the cross section divided by the
pixel number of labeled fibers in the dorsal CST multiplied by 1000 for each animal to
account for differences in BDA labeling between individual rats. Twelve 50 pm thick cross
sections taken at every 1.5 mm in a region rostral to the lesion border were analyzed per
animal. Aging significantly reduced CST sprouting in vehicle- and SDF-1-treated animals.
SDF-1 infusion significantly increased sprouting in both young and aged animals. (B, C)
Cross sections rostral to the lesion site with labeled CST in aged vehicle-treated animal (B)
and in aged SDF-1-treated animal (C). Gray matter (GM). (D, E) Higher magnification of
BDA-traced fibers of the regions which had the highest density of fibers boxed in (B, C),
respectively. Scale bar=50pm. *p<0.05, **p<0.0005 Mann-Whitney U-Test, Holm-
Bonferroni correction. Error bars: SEM.

WM but not in the region of the VH. However, the significantly lower
TH axon density in the dorsal horn and white matter regions of the
lesioned aged animals compared to young is due to the significant
age-specific decline in the TH innervation of these regions in the intact
aged animals (Figs. 5I-L). Similarly to 5-HT, lesion-induced sprouting
of TH is significantly reduced in the central canal region as innervation
in this region was not changed with aging.

SDF-1 increased 5-HT axon densities only around CC in aged
animals, whereas SDF-1 in young animals significantly enhanced 5-HT
sprouting densities in the areas CC, DH and WM. In contrast, rostral
sprouting of TH axons was enhanced by SDF-1 in the areas of CC, DH
and WM of young rats and in the areas CC and DH of aged animals,
respectively. Interestingly, the ventral horn seems to be the only area,
thus far, in which rostral sprouting of both 5-HT and TH fibers
following partial dorsal hemisection is not affected by aging
regardless whether SDF-1 treatment is applied or not (Fig. 5B).

Age-dependent and fiber tract-specific expression of SDF-1 receptors
CXCR4 and CXCR7

We investigated whether the two known SDF-1 receptors, CXCR4
and CXCR7, are expressed on CST, 5-HT and TH axons in the spinal
cord of aged animals. Recently, we have shown that both receptors are
localized on CST axons in young rats (Opatz et al., 2009) and thus SDF-
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Fig. 4. Rostral sprouting of tyrosine hydroxylase (TH)-immunoreactive axons around the central canal region and corresponding images after processing with Image]. Cross sections
of the vehicle-treated aged (A, E) and young rats (C, G), and SDF-1-treated aged (B, F) and young (D, H) animals. Image analysis with Image] included conversion to a binary picture
by setting a threshold for pixel intensity such that TH-immunoreactive axon structures were above the threshold and the percent area occupied by the labeled axons could be

determined as in Grider et al. (2006). CC, central canal. Scale bar =100 um.

1 might directly exert its effect on CST. Confocal laser scanning
microscopy of double-stained BDA-labeled CST and CXCR4 in aged
animals revealed localization of CXCR4 on CST axons (Figs. 6A-C, see
also Supplementary Movie 1, boxed area from Fig. 6A). The patchy
distribution of CXCR4 on CST axons in old animals resembles the
staining seen in young rats. However, CXCR7 could not be detected on
CST fibers in aged animals (Figs. 7A-C), which is in contrast to young
rats. Further, none of the SDF-1 receptors could be detected on 5-HT
or TH axons in spinal cord of both young (Figs. 6 and 7D-I),
respectively, and aged animals (data not shown). We found that both
SDF receptors are expressed on astrocytes (Suppl. Fig. 2), in the
ventral horn cell population, probably motor neurons (Figs. 7D-F and
data not shown, respectively) and CXCR4 very strongly in the
ependymal cell layer around central canal (Figs. 6G-I).

Discussion

Here we demonstrate that rostral axon sprouting in traumatic SCI
is markedly impaired at old age, but axon re-growth into the lesion
zone is not. Moreover, AST and SDF-1 treatment led to significant
improvement in both regenerative axon growth and rostral sprouting

in geriatric rats indicating that therapy from spinal cord trauma in
elderly patients is still feasible.

Rostral sprouting

Our results are the first to indicate that aging impairs the sprouting
capacity of CST, RaST and CoST axon tracts in the injured spinal cord.
These observations fit the overall notion of the decline of CNS
plasticity with increasing age. This is commonly explained with
systemic changes in CNS such as increased inflammation (Jurgens and
Johnson, 2010; Kyrkanides et al., 2001; Yankner et al., 2008) and/or
reduction of axon growth support (Hayashi et al., 1997; Hoffman et
al,, 1992). Reduced axon densities observed here reflect impaired
lesion-induced sprouting capacity and not impaired innervation in the
intact aged animals, as (i) for CST we calculated a sprouting index
which was independent of tracing efficacy and absolute numbers of
CST fibers, and as (i) serotonergic innervation and TH-fiber density in
the central canal region of intact aged animals was comparable to
young. However, the decreased densities of TH-fibers in the dorsal
horn and white matter regions in the lesioned aged animals could be
explained by impaired innervation in intact aged animals. On the
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Fig. 5. Rostral sprouting of 5-HT- and TH-immunoreactive axons is impaired by aging in region-specific manner. Quantitative assessment of 5-HT- (E-H) and TH-immunoreactive (I-L) axon
densities rostral to the injury around the central canal CC (A, E, I), in the ventral horn VH (B, F,J), dorsal horn DH (C, G, K) and white matter WM (D, H, L) regions upon SDF-1 or vehicle infusion,
respectively, in sections of the lesioned animals and in corresponding areas of the intact animals. Axon density in E-L is presented as percent of area occupied by 5-HT- or TH-immunofluorescent
structures in the regions of interest boxed in A-D in the respective cross sections. Aging impaired lesion/vehicle-induced sprouting around the CC for 5-HT- and TH-immunoreactive axons (E)
and (1), respectively. The significant differences in the axon densities in the DH and WM regions for TH-immunoreactive axons (K, L) were due to significantly decreased innervation of these
regions in aged intact animals. SDF-1 increased 5-HT axon densities around the CCin aged and around the CC and in the DH, WM in young animals (E and E, G, H, respectively), whereas TH axon
sprouting was enhanced by SDF-1 around the CC and in the DH and WM in both young and aged animals (I, K and L, respectively). SDF-1 effect was significantly reduced by aging around the CC
and in the WM for 5-HT axons (E, H) and around the CC and in the DH and WM for TH axons (I, K, L). *p<0.05, ***p<0.0005 Mann-Whitney U-Test, Holm-Bonferroni correction. Error bars: SEM.

other hand, it could be possible (but is still unproven) that
perineuronal nets (Celio et al., 1998; Rhodes and Fawcett, 2004)
around axons and synapses may restrict plasticity predominantly in
the aged rather than in the young CNS.

As shown here, aging impaired rostral sprouting capacity in a tract-
and region-specific manner. Among the fiber tracts investigated, the CST
was most severely affected. In 22-months-old rats the rostral sprouting
response of CST was only about 25% of the sprouting activity found in
young adult (2-3-months-old) animals. Compared to CST, age-
dependent differences in the magnitude of sprouting in RaST (5-HT)
and CoST (TH) were smaller. Among the latter fiber tracts TH axons were
more susceptible to aging than serotonergic fibers, as age-dependent
reduction in sprouting capacity of TH axons reached significance in at
least 3 out of 4 spinal cord cross sectional regions (CC, DH, WM) as
compared to only one region (CC) for 5-HT axons. Importantly, aging did
not affect sprouting in the VH, in which serotonergic and noradrenergic
innervation was found to modulate locomotion (Rajaofetra et al., 1992;
Rekling et al., 2000). Increased density of these tracts in the VH might
contribute to recovery from SCI by elevating the muscle tone (Muir and
Steeves, 1997). Innervation of the DH contributes to the complex
circuitry that modulates sensory information, among which dopami-

nergic innervation is established in anti-nociception (Millan, 2002). We
observed no signs of neuropathic pain in aged and young animals during
our experiments, although TH density was less increased in aged
animals after SCI than in young animals. Using the plantar test no
evidence of increased neuropathic pain in SDF-treated young animals
could be observed (N. Brazda, personal communication). It has
previously been shown by Gwak et al. (2004)that young animals
develop more robust central neuropathic behaviors than middle-aged
rats after SCI. Furthermore, aging-impaired sprouting around central
canal and in the lateral white matter suggests that optimal maintenance
of regulation of sympathetic outflow (Allen and Cechetto, 1994; Jacobs
et al,, 2002) might be affected in aged animals.

SDF-1 elicited increased rostral axonal sprouting at old age.
Moreover, the magnitude of enhanced sprouting, which SDF-1
added upon the spontaneous lesion-induced sprouting response,
seems to be similar in aged and young animals. However, in all fiber
systems tested the levels of SDF-1 induced sprouting in aged animals
are significantly lower than in young rats. In CST, which bears both
SDF-1 receptors (CXCR4, CXCR7) in young rats and the CXCR4 in aged
animals, intrathecal infusion of SDF-1 elicited a two-fold increase in
sprouting, but compared to young animals, this increase started from
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Fig. 6. Axonal localization of CXCR4 receptor. (A) Confocal analysis of CST axons double-stained for BDA (green) and CXCR4 (red) revealed that CXCR4 is present on many CST axons
(arrowheads). (B, C) Boxed area in (A) is enlarged in (B, C). (D-F) No localization of CXCR4 receptors (E) on 5-HT-positive axons (D) could be detected. (G-I) Ependymal cell layer
around central canal shows strong CXCR4 expression (H) which does not colocalize with TH-positive axons (G). Although there appears some yellow labeling in (I), no colocalization
was observed on none of the Z-stack plane images (data not shown). The images in A-C were taken from the dorsal corticospinal tract of SDF-1-treated intact aged animals, the
images in D-F from the intermediate gray regions and the images in G-I from the central canal area in spinal cord cross sections from young injured animals. Scale bar in A, G-I =50 pm, in

B-C=10 pm, D-F =20 um.

a markedly lower level. As both G-protein coupled SDF-1 receptors are
present on CST axons, the chemokine-induced sprouting response is
probably due to direct ligand-receptor interactions. Tysseling et al.
(2011) could, however, not detect CXCR4 expression on the
corticospinal axons and motor neurons, probably because they used
GFP-transgene mice and not immunohistology, where the immuno-
reactivity has to be enhanced with tyramide signal amplification
(TSA) (Banisadr et al., 2002). Moreover, Dugas et al. (2008) showed
that purified corticospinal motorneurons express CXCR4 receptors.
On the other hand, TH and 5-HT fibers bear no detectable levels of
the SDF-1 receptors, indicating that SDF-1-stimulated sprouting
enhancement observed for RaST and CoST is most likely due to
indirect (paracrine) effects presumably mediated via astrocytes, a cell
type which carries both SDF-1 receptors (Supplementary Fig. 2), or via
neuronal progenitor cells from the ependymal cell layer around
central canal and/or infiltrating macrophages expressing strongly
CXCR4 (Fig. 6; Tysseling et al., 2011). Determination of the individual
functional roles of the SDF-1 receptors awaits the generation of
conditional knockout mutants for both receptor genes in future
studies. Nonetheless, CXCR7 has recently been considered to function
as a scavenger receptor regulating chemokine responsiveness
(Naumann et al.,, 2010; Sanchez-Alcafiiz et al., 2011) rather than

transducing signaling (Balabanian et al., 2005; Burns et al., 2006). This
is in contrast to CXCR4, which, upon ligand binding, has been
described to elevate intracellular cAMP levels (Chalasani et al., 2003)
and subsequent induction of regeneration-associated genes such as
Arginase I, which catalyzes production of polyamines (Cai et al.,
2002).

SDF-1 is the first compound identified that effectively increases
plasticity after trauma in aged spinal cord. Previously, increasing
axonal plasticity in subcortical regions triggered by anti-NogoA
treatment was shown to improve motor task performance after
stroke in geriatric rats (Markus et al., 2005). Thus improving axonal
sprouting in spinal cord and brain may not only improve plasticity in
young rats but also in aged animals.

Axonal regeneration

Axonal regeneration differs from rostral sprouting, as lesioned
axons proximal to the lesion grow out to overcome the lesion zone
and reinnervate the target area distal to the site of injury rather than
remodeling local circuitry. Here we demonstrate that AST-promoted
regenerative axon growth into the scar area can be initiated in several
lesioned fiber tracts in spinal cord. We found that the majority of TH,
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Fig. 7. Localization of CXCR7 receptor. (A-C) CST axons (A) of aged animals lack CXCR7 immunoreactivity (B). A round cell in (B, arrowhead) is most likely an infiltrating macrophage. The
5-HT-positive fibers (D) are in close proximity to but do not colocalize with CXCR7-immunoreactive structures in the ventral horn which probably represent large motor neurons
(E, arrowheads). TH-positive (G) fibers do not bear CXCR7 receptors (H).Images in A-C were taken from the dorsal corticospinal tract of intact aged animals and images in D-F and G-I from
the ventral horn regions and from the intermediate gray regions in spinal cord cross sections from young injured animals, respectively. Scale bar in A-I=25 pm.

5-HT, CST and CGRP axons stopped at the border of the lesion in both
young and aged injured control animals. Upon AST substantial
numbers of TH, 5-HT and CGRP axons had grown into the scar. We
had expected to find a somewhat reduced axon growth capacity at old
age compared to young animals (Gwak et al., 2004; Siegenthaler et al.,
2008). However, to our surprise, the degree of AST-promoted growth
of 5-HT and TH axons in aged animals was, in fact, at least as vigorous
as in young rats (see Figs. 2N, O).

The numbers of axons found in the lesion area were highest for
CGRP followed by 5-HT, TH and CST in aged animals repeating the
order detected at young age (Schiwy et al., 2009). This order
presumably reflects the declining inherent regenerative growth
capacity of the particular neuron types, not taking into account,
however, the overall but unknown numbers of axons present in the
individual spinal tracts. Although we could not detect CST fibers
entering the scar area in both age groups within 5 weeks, CST axons at
the border of the lesion indicated that the fibers may have, at least,
overcome the distance of die-back as it has been reported that in the
absence of any treatment, the CST degenerates up to a millimeter
rostral to the lesion (von Meyenburg et al., 1998). Note, that we have
previously found CST axons traversing the lesion zone in young AST-
treated animals in long-term (12 weeks post-injury) experiments
(Klapka et al., 2005; Schiwy et al., 2009).

The importance of the current study is that aged rats still retain the
potential to initiate axon regeneration, a prerequisite for the growth
beyond the scar to the targets and functional recovery. We have
shown previously in long-term experiments that significantly
increased numbers of CST, 5-HT and TH axons in young animals
grow not only into the lesion but also beyond the site of injury upon
AST (Schiwy et al., 2009). At the 5 week timepoint used in this study,
we did not expect that axons would grow beyond the scar and re-
establish connections, because the time period is too short. The axon
growth we demonstrate is, therefore, unlikely of functional relevance.
However, carrying out long-term studies for 12-weeks or more with
the 24-28-month-old animals, which are already older than the
average life span of Wistar rats and show a very high probability to die
and/or develop tumors during the experiment (Deerberg et al., 1980)
would have been unethical.

Our data clearly demonstrate that the inherent growth potential of
damaged TH, 5-HT and CGRP axons remains preserved till senescence
(in rats for at least up to an age of 2 years), allowing regeneration of
those fibers when inhibitory growth barriers such as scarring are
suppressed. Our observation is in line with the very recent report of
Furlan et al. (2010) showing that axonal pathology in geriatric
patients is very similar but not worse compared to young patients.
Furthermore, it was previously demonstrated that age does not affect
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the ability of axons of the olfactory sensory neurons and of retinal
ganglion cells to regenerate after injury (Luo et al., 2010; Morrison
and Costanzo, 1995). Our dissenting results in aged rats, with
impaired rostral sprouting on the one hand, and the unimpaired
regenerative axon growth on the other hand, are not necessarily in
conflict with published data, as both axonal growth modes might be
based on distinct molecular mechanisms such as organization of the
microtubule cytoskeleton (Witte and Bradke, 2008), activity of
specific set of genes (Smith and Skene, 1997) and signaling pathways
and different requirements for growth signals (Bernstein-Goral et al.,
1997). It is generally assumed that the molecular machinery which is
fully active during elongating axon growth is suppressed to some
extent when the arborising mode is switched on (Fawcett et al., 2001;
Rossi et al., 2007). Different effectors of a signaling pathway may
make the difference. For example, the Ras effector Raf promotes axon
elongation, whereas another Ras effector, Akt, causes an increase in
axon caliber and branching (Markus et al. 2002). As SDF-1 reduces
axon elongation but promotes axon branching in hippocampal
neurons (Pujol et al.,, 2004), it was hypothesized that SDF-1 may
activate the Ras-Akt pathway as shown in several neuronal models
(Floridi et al., 2003; Peng et al., 2004) but not Raf-1.

Conclusions

This study shows, for the first time, that aging restricts axonal
plasticity while concomitant regenerative axon growth is not
impaired in SCI. Despite tract specific differences in spontaneous
axonal growth responses in the injured spinal cord of young and aged
rats, we observed significant supporting effects on axon sprouting and
regenerative growth upon therapeutic interventions with both SDF-1
and pharmacological suppression of scarring in both young and aged
animals. This finding is of particular importance in light of our
increasingly active older population.

Supplementary materials related to this article can be found online
at doi:10.1016/j.expneurol.2011.07.002.
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SUPPLEMENTARY MATERIALS

MATERIALS AND METHODS

Quantification of lesion size and cyst volume

Serial GFAP-stained 50 um parasagittal sections (spaced 200 um apart) including the lesion
area were used for quantification of damaged spinal tissue and cyst volume. The GFAP-
immunonegative lesion areas were outlined and measured using ImageJ. Lesion volume was
calculated using the Cavalieri’s estimation method (Rosen and Harry, 1990). For cyst volume,

cystic cavities were outlined and areas summed per slice.

SUPPLEMENTARY FIGURES

Supplementary Figure No significant differences in the volume of damaged tissue and

cystic cavities between buffer- and AST-treated aged and young animals. (A) Damaged

tissue was defined as GFAP-immunonegative lesion area including cavities. Such areas were
outlined and measured with ImageJ in the 50-um-thick sagittal sections spaced 200 pm apart
spanning the entire lesion. Acquired area values were used for the calculation of volume with
Cavalieri principle. (B) Mean volume of cystic cavitations was calculated similarly to the
damaged area volume. Mann-Whitney U-Test, Holm-Bonferroni correction. Error bars:

SEM.
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Supplementary Figure £ZXCR4 and CXCR?7 receptor expression on astrocytes. Confocal
analysis of astrocytes double-stained for GFAP (red) and CXCR4 (green) revealed that
CXCR4 (A) as well as CXCRY7 (B) is present on astrocytes. Pictures were taken in spinal cord

cross sections from young animals. Scale bar = 10 um.
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Impaired axonal regeneration is a common observation after central nervous system (CNS) injury. The
stromal cell-derived factor-1, SDF-1/CXCL12, has previously been shown to promote axonal growth in the
presence of potent chemorepellent molecules known to be important in nervous system development. Here,
we report that treatment with SDF-1a is sufficient to overcome neurite outgrowth inhibition mediated by
CNS myelin towards cultured postnatal dorsal root ganglion neurons. While we found both cognate SDF-1
receptors, CXCR4 and CXCR7/RDC], to be coexpressed on myelin-sensitive dorsal root ganglion neurons, the
distinct expression pattern of CXCR4 on growth cones and branching points of neurites suggests a function of
this receptor in chemokine-mediated growth promotion and/or arborization. These in vitro findings were
further corroborated as local intrathecal infusion of SDF-1 into spinal cord injury following thoracic dorsal
hemisection resulted in enhanced sprouting of corticospinal tract axons into white and grey matter. Our
findings indicate that SDF-1 receptor activation might constitute a novel therapeutic approach to promote
axonal growth in the injured CNS.

Stromal cell-derived factor-1

© 2008 Elsevier Inc. All rights reserved.

Introduction

Limited central nervous system (CNS) recovery (Ramén y Cajal,
1928) has been ascribed to multiple factors such as the absence of
neurotrophins (Lu et al., 2004; Blackmore and Letourneau, 2005) or
the formation of a lesion scar acting as a regeneration barrier at the
site of injury (Stichel and Miiller, 1998; Fawcett and Asher, 1999;
Klapka and Miiller, 2006). Furthermore, myelin-associated inhibitors,
MAIs, were shown to contribute to regenerative failure (Schwab and
Bartholdi, 1996; Fournier and Strittmatter, 2001; Filbin, 2003;
Domeniconi et al., 2005). In postnatal mammalian CNS injury, Nogo-
A (Chen et al, 2000; GrandPré et al., 2000), myelin-associated
glycoprotein (MAG, McKerracher et al., 1994; Tang et al., 2001), and
oligodendrocyte-myelin glycoprotein (OMgp, Wang et al., 2002;
Vourc'h and Andres, 2004), are efficient axonal outgrowth inhibitors.
Interestingly, these molecules were described to abrogate axonal
outgrowth upon interaction with a common tripartite receptor
complex (Fournier et al, 2001; Filbin, 2003; Domeniconi et al.,
2005) in a manner which largely depends on neuronal age and origin
(McKerracher et al., 1994; Mukhopadhyay et al., 1994; DeBellard et al.,
1996; Ng and Lozano, 1999). Recent studies documented that this
impaired tolerance of inhibitory cues is related to the intrinsic state of

* Corresponding author. Fax: +49 211 8118411.
E-mail address: hanswerner.mueller@uni-duesseldorf.de (H.W. Miiller).
1 These authors contributed equally to this study.

1044-7431/$ - see front matter © 2008 Elsevier Inc. All rights reserved.
doi:10.1016/j.mcn.2008.11.002

the affected cells (Song et al., 1998; Ng and Lozano, 1999; Blackmore
and Letourneau, 2005). In dorsal root ganglion (DRG) neurons, an
increased sensitivity towards the myelin-associated axon growth
inhibitor MAG coincides with a molecular switch at postnatal day
three/four (P3/P4) which is characterized by decreased intracellular
cAMP levels (DeBellard et al., 1996; Cai et al., 2001).

Cyclic AMP regulates numerous cellular processes through
different signalling pathways (Antoni, 2000), and elevation of
intracellular cAMP levels turned out to be a tool for increasing the
regenerative capacity of neuronal cells (Cai et al., 1999; Neumann
et al., 2002; Qiu et al., 2002).

One of the extrinsic factors which can promote cAMP-dependent
alteration of axonal outgrowth behaviour was shown to be the
chemokine SDF-1/CXCL12. Recent studies on guidance cues in
embryonic neural development revealed an improvement in neurite
outgrowth in the presence of potent neurorepellent molecules such as
semaphorin 3A and slit after application of this chemokine (Chalasani
et al., 2003, 2007). The a-chemokine SDF-1 is the only known ligand
for CXCR4, a coreceptor of T-tropic HIV-1 strains (Oberlin et al., 1996;
Nagasawa et al.,, 1998). While CXCR4- and SDF-1-deficient mice show
similar developmental defects and die perinatally (Nagasawa et al.,
1996; Ma et al., 1998; Lu et al,, 2002), SDF-1 was recently shown to
signal through an additional receptor, CXCR7/RDC1 (Balabanian et al.,
2005).

In this study, we analyzed the ability of SDF-1cx to overcome CNS
myelin-associated outgrowth inhibition of myelin-sensitive postnatal
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Fig. 1. SDF-1a mediates neurite outgrowth on adult CNS myelin substrate. On a laminin substrate cultured postnatal (P6) DRG neurons show extensive neurite outgrowth (A, E),
whereas neurite outgrowth was significantly impaired on a culture substrate containing CNS myelin (B, E). The addition of SDF-1a to DRG cultures plated on a CNS myelin substrate
results in improved neurite outgrowth (C). Further preincubation of the neurons with SDF-1c prior to plating of the cells on myelin leads to a significant and dose-dependent increase
in the proportion of outgrowing neurons (D, F) when compared to myelin controls lacking the chemokine supplement (B, F). LM, laminin; LM/MY, laminin/myelin. Results in (E, F) are
shown as mean +SEM and are derived from three independent experiments (n=3) each in which the percentage of neurons displaying three or more neurites with a length of at least

the cell body diameter was determined. Values are normalized for numbers of untreated cells growing out on laminin (E) or on myelin (F), respectively. *p<0.05, **p<0.01;
*#**¥p<0.001 (student's t-test).
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Fig. 2. CXCR4 is expressed on DRG neurons. The cognate receptor to SDF-1, CXCR4, is expressed on cultured DRG neurons, where it is located in a characteristic pattern on
neurofilament (NF)-positive cell bodies and neurites (A-C, in C arrow and arrowheads, respectively). CXCR4-immunoreactivity on neurites is prominent near branching points (D, E,

arrowheads) and at growth cones (E, arrow). Cell surface localization of CXCR4 is confirmed by confocal laser scan microscopy (F-H). Pictures chosen for presentation are
representative of at least five independent experiments (n>5).
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DRG neurons following preconditioning with this chemokine and
investigated the distinct localization and distribution of both CXCR4
and CXCR7/RDC1 receptor molecules in these neurons. Furthermore,
we identified both SDF-1 receptors on injured CST axons in spinal cord
and observed significantly enhanced axonal sprouting upon contin-
uous local infusion of SDF-1a into the spinal cord lesion.

Results
SDF-1a abrogates impaired axon outgrowth on CNS myelin

To test the neurite growth inhibitory effects of a CNS myelin
preparation applied in this study, P6 DRG neurons were plated on
substrates composed of either laminin or laminin plus myelin. After
24 h, neurons were immunostained for neurofilaments to visualize
cell bodies and neurites and were screened for outgrowth perfor-
mance. Quantitative analysis of neurite growth on culture substrates
with or without myelin revealed a severe impairment of outgrowth
in the presence of myelin. Neurite growth was significantly
decreased by approximately 80% in comparison to DRG neurons on
a myelin-free laminin substrate (Figs. 1A, B, E). The outgrowth
impairment of DRG neurons on myelin was not due to a reduction in
cell adhesion, as the number of neurons attached to myelin-coated
surfaces was even slightly increased as compared to the laminin
control (data not shown).

To assess whether SDF-1a is able to reverse myelin-induced
neurite outgrowth inhibition, this chemokine was applied to P6 DRG
neurons at a concentration range of 50-500 ng/ml for 24 h.
Quantitative analysis revealed that in the presence of SDF-1a up to
35% more P6 DRG neurons developed three or more neurites on
myelin-coated slides (Figs. 1B, C). Outgrowth improvement was most
prominent, although statistically not significant, at a concentration of

500 ng/ml of SDF-1a (data not shown). Conversely, DRG neurons
grown on laminin alone displayed no marked effects following
application of this chemokine.

Preincubation with SDF-1 significantly enhances neurite outgrowth
activity on myelin

To test whether the growth-promoting effect of SDF-1a can be
increased by a preincubation period prior to cell seeding, dissociated
DRGs were incubated with SDF-1a at a final concentration of 50-
500 ng/ml for 1 h and were then plated on a laminin or laminin plus
myelin substrate. Following preincubation and plating, cells were
cultivated in the presence of SDF-1« for additional 23 h, then fixed
and stained for neurofilaments. Quantitative analysis demonstrated
that cells pretreated with SDF-1a showed significantly enhanced
outgrowth on myelin with a doubling of the number of neurons
displaying three or more neurites (Figs. 1D, F), compared to control
cultures lacking SDF-1a preincubation (Fig. 1F). Neither preincubation
alone nor cultivation of neurons in the presence of SDF-1a without
pretreatment led to a significant increase in the number of cells
showing neurite outgrowth (data not shown) demonstrating that
pretreatment was necessary, but not sufficient, to induce significantly
enhanced neurite growth on a CNS myelin substrate.

SDF-1 receptors CXCR4 and CXCR7/RDC1 are coexpressed on cultured
DRG neurons

We have characterized the spatial and temporal distribution of
the two known G protein-coupled receptors for SDF-1, CXCR4 and
CXCR7/RDC1, on myelin-sensitive P6 DRG neurons by double-
immunofluorescence. Neurons were counterstained for neurofila-
ments to visualize cell bodies and neurites. Staining for CXCR4

50 pm

Fig. 3. CXCR4 and CXCR7/RDC1 are coexpressed on cultured DRG neurons. CXCR4 and CXCR7/RDC1-immunoreactivity show distinct localization patterns in early cultures of P6 DRG
neurons (A-C). While both receptors to SDF-1 are coexpressed in P6 DRG neurons, a region-specific distribution of CXCR4 (A), but not CXCR7/RDC1 (B), is observed within 5 h after cell
plating. Arrowheads indicate CXCR4-immunoreactivity at the tips and bases of outgrowing neurite stumps. After 24 h in vitro, CXCR7/RDC1-immunoreactivity is evenly distributed
on CXCR4-positive cell bodies and neurites in a granular pattern (D-F). Pictures chosen for presentation are representative of at least three independent experiments (n2>3).
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showed a strong expression of this receptor in nearly all of the DRG
neurons after 24 h in vitro (Figs. 2A-C). Immunocytochemical analysis
at higher magnifications revealed that CXCR4-immunoreactivity was
distributed in a characteristic patchy pattern (Figs. 2C-E) along
neurites, where it was predominantly localized at branching points
and at the growing tips of neurites. A patchy distribution of CXCR4
could also be observed on the outer surface of neuronal cell bodies
(Fig. 2C, arrow), as demonstrated by confocal laser scanning
microscopy (Figs. 2F-H, see also Supplementary movie 1 and 2).
CXCR4-immunoreactivity gradually decreased during prolonged
culture periods and was barely detectable on neurofilament-positive
neurites after 72 h while, at the same time, staining for CXCR4

remained strong on cell bodies, where it became more evenly
distributed (data not shown). A very similar staining pattern could
be obtained using a second anti-CXCR4 antibody from a different
provider (data not shown).

The second known receptor for SDF-1, CXCR7/RDC1, was expressed
and evenly distributed on the cell surface of nearly all DRG neurons,
both on neurites and cell bodies colocalizing, in part, with CXCR4
(Figs. 3A-F). A region-specific distribution of CXCR4-immunoreactiv-
ity on neuronal cell bodies and on neurites could already be observed
within 5 h in vitro, where it was preferentially localized to the tips of
outgrowing neurite stumps as well as to sites where processes
emerged (Figs. 3A, C arrowheads). Conversely, CXCR7/RDC1 was
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Fig. 4. Quantification of SDF-1a-induced axon sprouting of the lesioned dorsal corticospinal tract (dCST) following local intrathecal chemokine infusion. (A, B) Camera lucida
reconstructions of coronal spinal cord sections rostral to the lesion site (indicated by arrowhead in E) with labelled dCST in (A) PBS/BSA infused control rat (n=6; gm, grey matter; wm,
white matter) and in (B) SDF-treated animals (n=5). (C, D) Higher magnification of BDA labelled fibers of the regions boxed in (A, B), respectively. Scale bar in C, 50 pm. (E) Schematic
parasagittal section of the spinal cord including the lesion and the counting area (large horizontal bar: 1-20 mm rostral to the lesion). Arrowhead indicates the position where the
sections shown in A and B were taken. (F-H) Diagrams show the mean of total CST fibers (F), CST fibers in grey matter (G) and CST fibers in white matter (H) per animal counted in
twelve 50 um sections taken at every 1.5 mm in a region rostral to the lesion as indicated by the large horizontal bar in E. In all areas counted, SDF-1 treated animals show higher
numbers of fiber fragments than controls. ***p<0.001 (Student's t test). Data are represented as mean+SEM.
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evenly distributed in these cells both at early (Figs. 3B, C) and at late
(Figs. 3E, F) stages of cultivation. Our findings demonstrate that
both cognate receptors to SDF-1, CXCR4 and CXCR7/RDC1, are pres-
ent on cultured P6 DRG neurons but appear in different distribution
patterns.

Intrathecal infusion of SDF-1a into lesioned rat spinal cord promotes
sprouting of corticospinal tract axons

To confirm the neurite outgrowth promoting effects of SDF-1ax in
vivo, we applied this chemokine in a rat model of spinal cord injury.
Animals underwent a dorsal hemisection of the spinal cord including
the major part of the dorsal corticospinal tract (dCST) and subse-
quently received an intrathecal infusion of either SDF-1ax or PBS/BSA
buffer over a period of 1 week. After 5 weeks, animals were sacrificed,
BDA-labelled CST axons were immunohistochemically visualized
(Fig. 4,A-D) and in each animal axon sprouting was analyzed by
counting the fiber fragments in the white and grey matter of 12 coronal
sections taken from a region between 1 and 20 mm rostral to the lesion
site (Fig. 4E, large horizontal bar). The total number of counted axons in

100 pm

the control group was 59.9 +2.8. This was significantly increased in rats
which received the SDF-1ac chemokine, reaching 150.4+5.6 fibers/
animal (Fig. 4F).

In the buffer-infused control animals, BDA-labelling revealed only
little sprouting of the dorsal CST in the grey (39.4+2.3 fibers/animal,
Fig. 4G) and white matter (22.7+1.4 fibers/animal, Fig. 4H), respec-
tively. The density of CST fibers was significantly higher in the SDF-1a-
treated rats, reaching 116.8£6.1 fibers/animal in grey (Fig. 4G) and
40.7£2.1 fibers/animal in white matter (Fig. 4H) regions, respectively.

We further investigated whether the SDF-1a receptors were
expressed in intact and lesioned spinal cord of rat. In both intact and
lesioned spinal cord numerous BDA-traced CST axons showed
immunoreactivity for CXCR4 (Figs. 5A-D) and CXCR7/RDC1 (data not
shown). Confocal images revealed that both receptors were present
along the axons but tended to be enriched in branching points or
endbulb-like structures (Figs. 5E-L). Triple-staining for BDA, CXCR4
and CXCR7/RDC1 revealed that occasionally both receptors coloca-
lized along the same axon fragment (Figs. 5M-P). Immunostainings
were confirmed by using a second set of anti-CXCR4 or anti-CXCR7/
RDC1 antibodies from a different provider (data not shown).

10 pm

Merge 10 pm

Fig. 5. Both CXCR4 and RDC1 are expressed on numerous CST axons in vivo. (A-C) Confocal analysis of BDA-traced CST axons double stained for BDA (B) and CXCR4 (C) reveals that
CXCR4 is present on many CST axons (arrowheads in A). Boxed area in (A) is enlarged in (B, C). CXCR4 is enriched in putative branching points and endbulbs of axons (F, G arrowheads).
(I-K) Similarly, immunoreactivity for CXCR7/RDC1 is observed in endbulb-like structures (J,K arrowheads). (D, H, L) Images were taken from regions at the grey/white matter border
in coronal spinal cord sections taken at 5-10 mm rostral to the lesion from an SDF-1a-treated animal (boxed areas). (M-P) Triple-staining of BDA (M), CXCR4 (N) and CXCR7/RDC1 (O)
reveals that both chemokine receptors occasionally overlap along axon fragments (P, merged). (G,) Nuclei are visualized by DAPI labelling.
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Discussion

Increasing the regenerative capacity of adult neuronal cells is a
challenging aim of modern neurobiological research. Myelin proteins
were reported to be among the major impediments to neuronal repair
in the injured adult mammalian CNS (Filbin, 2003; Schwab et al.,
2005) contributing to neurological deficits which accompany spinal
cord injury, presumably by acting through activation of a Rho-
dependent pathway (Domeniconi et al.,, 2005; Alabed et al., 2006;
McKerracher and Higuchi, 2006). In this study, we show that neurite
outgrowth of postnatal DRG neurons is significantly impaired on rat
CNS myelin compared to laminin-only control substrate, and we
demonstrate that the a-chemokine SDF-1 is able to promote neurite
outgrowth of myelin-sensitive neurons. Application of SDF-1a to
postnatal DRG neurons resulted in an efficient abrogation of growth
inhibition and led to improved neurite outgrowth in a dose-depen-
dent manner.

Our observations are in accordance with recent findings by
Chalasani et al. (2003, 2007) showing that SDF-1 abolishes inhibitory
effects of potent repulsive guidance molecules such as semaphorin 3A
and C or slit-2 on embryonic retinal ganglion cells. In our study,
neurite growth-promoting effects of SDF-1aw on inhibitory myelin
were significantly increased if cells underwent a preincubation phase
in the presence of this chemokine prior to plating on myelin substrate.
However, SDF-1a pretreatment of neurons revealed to be necessary,
but not sufficient, for neurite outgrowth on a CNS myelin substrate, as
withdrawal of SDF-1a after pretreatment largely led to an abrogation
of the growth supporting effects. Thus, pretreatment with SDF-1c
may act as a conditioning process which facilitates subsequent neurite
outgrowth on myelin-coated surfaces. Similar priming effects have
been reported for neurotrophins, cAMP or conditioning lesions
(Neumann and Woolf, 1999; Cai et al., 1999; Neumann et al., 2002)
to improve regenerative capacities. Recent evidence suggests that
SDF-1 elevates intracellular cAMP levels through a CXCR4-dependent
pathway (Chalasani et al., 2003).

We have also characterized the expression and distribution of the
G protein-coupled SDF-1 receptors CXCR4 and CXCR7/RDC1 in myelin-
sensitive DRG neurons. CXCR4 is prominently expressed on cultured
P6 DRG neurons at early stages of cultivation and is localized to both
cell bodies and neurites in a characteristic pattern with preferential
appearance at branching points and growth cones. As these structures
represent regions of directional growth, CXCR4 might affect neurite
branching and/or neurite extension in these cells. Interestingly, a
similar region-specific axonal distribution of CXCR4-immunoreactiv-
ity was described for hippocampal neurons (Pujol et al., 2004).

Until recently, CXCR4 was regarded as the only SDF-1 receptor
(Lazarini et al., 2003; Kucia et al., 2004). However, it could be shown
that the former vasoactive intestinal peptide-receptor CXCR7/RDC1 is
activated by SDF-1 (Balabanian et al., 2005). As neuronal localization of
the CXCR7/RDC1 receptor has not been described thus far, we
characterized its spatial and temporal expression patterns on DRG
neurons. CXCR7/RDC1 is coexpressed with CXCR4 on P6 DRG neurons,
where it could be mapped to cell bodies and neurites. In contrast to the
distinct localization of CXCR4, CXCR7/RDC1 is more evenly distributed
and its expression remains prominent during the entire period (72 h)
of cultivation. SDF-1 may thus activate two different receptors on DRG
neurons and presumably affect multiple signalling pathways.

Our in vitro observations on the neurite growth supporting function
of SDF-1ax on inhibitory CNS myelin substrate were further corrobo-
rated by in vivo studies in a model of traumatic spinal cord injury in rat.
Following local intrathecal infusion of SDF-1a into the lesion area, we
observed extensive sprouting of transected CST axons into grey and
white matter of the rostral stump. Conversely, in injured control
animals lacking SDF-1a infusion axon sprouting was very limited.

Both cognate receptors to SDF-1a, CXCR4 and CXCR7/RDC1, are
expressed by numerous CST axons in intact and lesioned spinal cord.

This is in line with the observations that these receptors are present at
low constitutive levels in intact mature cortex neurons (Schonemeier
et al., 2008). The presence of CXCR4 and CXCR7/RDC1 receptors in the
injured spinal cord, as shown here, suggests direct interactions of SDF-
Tawith its neuronal receptors to promote axon sprouting. However, it
should be noted that, besides direct interactions with neuronal SDF-1
receptors, indirect axon growth-promoting mechanisms could be
activated through binding of SDF-1a to receptor-bearing nonneuronal
cells. Furthermore, at the current stage it cannot be excluded that in
order to react with a regenerative sprouting response, axonal tips or
branching points need to express both receptors, CXCR4 and CXCR7/
RDC1. Determination of their individual functional roles awaits the
generation of conditional knockout mutants for both receptor genes as
well as viable receptor-deficient double mutants.

Taken together, we have characterized SDF-1a as a potent activator
of in vitro as well as in vivo neurite regeneration and demonstrated its
capacity to overcome CNS myelin-induced neurite outgrowth inhibi-
tion of both postnatal PNS and adult CNS neurons. We were able to
demonstrate coexpression of both receptor proteins in cultured rat
DRG neurons as well as on sprouting CNS axons. Further experiments
will be required in order to elucidate the complete pathway employed
by SDF-1a to abrogate myelin-induced inhibition of axon growth.

Experimental methods
Animals

Postnatal day 6 (P6) Wistar rat pups were used for preparation of
primary cells and adult Wistar rats (200-250 g) were used for spinal
cord injury. Animals were bred within the institutional animal facility
under pathogen-free conditions and in temperature- and humidity-
controlled housing. All experiments were conducted in compliance
with the German Animal Protection Law.

Preparation of DRG neurons

DRG neurons were isolated from P6 Wistar rats according to
DeBellard et al. (1996). Briefly, rats were anaesthetized and decapi-
tated. DRGs (Th8-L6) were harvested, mechanically dissociated and
incubated in 0.25% trypsin/EDTA and 0.3% collagenase type I in DMEM
at 37 °C and 10% CO, for 30 min. For each experiment, the DRGs of four
animals were combined. Following dissociation, the cells were
resuspended in DMEM medium (Gibco) containing 10% fetal bovine
serum (PAA), nerve growth factor-2.5S (10 ng/ml, Sigma), glutamine
(20 mM, Gibco) penicillin/streptomycin (500 U/ml; Gibco) and 5’-
fluoro-2’-desoxyuridine, 5’dFUrd (100 nM, Sigma).

Preparation of myelin from adult rat brain

Myelin was prepared from brains of adult female Wistar rats as
previously described (Cai et al., 2002). Briefly, whole brains were
collected and frozen at -20 °C. The brain stem was harvested and
myelin was prepared by ultracentrifugation in a sucrose step gradient.
Following determination of total protein amount (Biorad) using
bovine serum albumin (fraction IV; Sigma) as a standard, the myelin
preparation was diluted to a final protein concentration of 10 pg/ml in
10 mM HEPES buffer (pH 7.15).

Immunocytochemistry

Cultured P6 DRG neurons were fixed in 4% paraformaldehyde (PFA)
at room temperature for 10 min and preincubated in normal goat
serum at a final concentration of 3% in phosphate buffered saline
(PBS). Samples were stained with the following primary antibodies at
4 °C over night: rabbit polyclonal antibody NA 1297 directed against
the NF-L, NF-M, and NF-H forms of neurofilament (1:2000, Biotrend),
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mouse monoclonal antibody MAB170 to CXCR4 (12G5 clone; 1:100,
R&D Systems), rabbit polyclonal antibody BP2211 to CXCR4 (1:100;
Acris), rabbit polyclonal antibody IMG-71142 to CXCR7/RDC1 (1:100,
Imgenex), and isotype control antibody 550339 to mouse monoclonal
IgGoa (1:50, BD Biosciences). For detection of primary antibodies,
samples were stained with Biotin-, Alexa 594- or Alexa 488- (1:500,
MoBiTec) conjugated anti-mouse or anti-rabbit secondary antibodies
at room temperature for 2 h and finally mounted in Fluoromount-G
(SouthernBiotech). For staining of neurofilaments, Triton was applied
at a final concentration of 0.05% in PBS. Picture acquisition on a Nikon
Eclipse TE 200 microscope and data analysis were performed using
the Lucia software (Nikon).

Neurite outgrowth assay

For the neurite outgrowth assay, 8-well Permanox labtek chamber
slides (Nalge Nunc) were coated with poly-p-lysine (1 mg/ml, Sigma) at
room temperature for 1 h and subsequently with laminin (1 pug/ml,
Sigma) at 37 °C for 1 h. For myelin coating, myelin preparation from
adult rat brain was left to dry on poly-p-lysine/laminin coated slides at
room temperature over night at a final concentration of 2 pg of total
protein/well. After washing the coated slides once with PBS, the cells
were seeded at a final density of 5x10 cells/well and incubated in
DMEM medium containing 10% fetal bovine serum, nerve growth
factor-2.5S (10 ng/ml, Sigma), penicillin/streptomycin (500 U/ml,
Gibco), and 5'-fluoro-2’-desoxyuridine (100 nM, Sigma). Cells were
left to grow under different conditions at 37 °C and 10% CO, for up to
24 h, fixed with 4% PFA and then stained for neurofilaments. For
quantitative analysis, nine pictures were taken randomly per well at 4x
magnification and the number of neurons showing neurite outgrowth
as well as the total number of neurons were determined. We defined
neurite growing neurons as neurofilament-positive cells showing
three or more neurites each with a length of at least the cell body
diameter (Ng and Lozano, 1999; Qiu et al., 2005). In stimulation
experiments, cells were incubated with SDF-1a (350-NS, R&D
Systems) at a final concentration of 50-500 ng/ml. SDF-1ac was
applied in a preincubation step at 37 °C and 10% CO, for 1 h prior to cell
plating.

Spinal cord surgery and infusion of SDF-1a

Spinal cord surgery in adult female Wistar rats (200-250 g), which
included transection of the dorsal corticospinal tract (CST), was
performed as described previously (Hermanns et al., 2001). The dura
was opened at the thoracic level 8 (Th8), and the dorsal CST and dorsal
columns were transected using a Scouten wire knife (Bilaney,
Germany). Following surgery, the dura was sutured. After filling the
catheter, a small hole was made into the dura at a distance of 5 mm
caudal to the lesion. The silicon tube catheter was inserted into the
subarachnoid space and directed towards the side of injury. The
catheter was connected to an osmotic minipump (Alzet) loaded with
200 pl of either SDF-1ax (10 uM in PBS/BSA; R&D Systems) or PBS/BSA
buffer. Following fixation of catheter and minipump, the overlying
tissue was sutured, and the animals were allowed to recover.
Application of either SDF-1a or PBS buffer was carried out at a flow
rate of 1 pl/h over a time period of 7 days. One week after lesion, the
pump was removed in a second surgery.

Anterograde CST axon tracing and immunohistochemistry

Three weeks before sacrifice, all rats received CST axon tracing as
described previously (Klapka et al., 2005). A total volume of 3.2 pl
biotinylated dextrane amine (BDA, 10%, Molecular Probes) was
stereotactically injected into both hemispheres of the sensorimotor
cortex. After five weeks, the rodents underwent injection of a lethal
dose of hypnorm/dormicum and were then transcardially perfused

with 4% PFA (Merck). The spinal cord was removed, postfixed in 4%
PFA, and cryoprotected in sucrose (30%, Sigma) for 3-5 days. Spinal
cord samples were serially sectioned in a coronal plane in 50 um thick
slices using a freezing microtome. Immunostaining of spinal cord
slices for BDA was performed as described previously (Klapka et al.,
2005). Briefly, free floating sections were washed in PBS followed by
incubation with an avidin-biotin-peroxidase complex (ABC, Vector
Laboratories) at 4 °C over night. The next day, tissue was washed in
PBS and reacted in 0.015% DAB for 1 min. A brown staining reaction
was obtained by adding 0.004% H,0, to the DAB solution, and the
staining process was stopped by washing with PBS buffer. The sections
were mounted onto slides and embedded in DPX (Fluka). Images were
captured with a Keyence BZ-8100E microscope.

For detection of receptor expression in vivo, 50 um free-floating
cryostat coronal spinal cord sections were preincubated in 5% donkey
serum and 0.1% Triton-X-100 in PBS for 1 h at RT. Samples were
stained with the following primary antibodies in 3% donkey serum
and 0.1% Triton-X-100 in PBS at 4 °C over night: rabbit polyclonal
antibody sc-6190 directed against CXCR4, (1:100, Santa Cruz), mouse
monoclonal antibody MAB170 to CXCR4 (12G5 clone; 1:100, R&D
Systems), rabbit polyclonal antibody ab12870 to CXCR7/RDC1 (1:100;
Abcam) and mouse monoclonal antibody MAB4227 to CXCR7/RDC1
(1:100; R&D Systems). For detection of primary antibodies, samples
were stained with Alexa 594- or Alexa 488- (1:300, MoBiTec)
conjugated anti-mouse or anti-rabbit secondary antibodies, respec-
tively, and for triple staining BDA was stained with streptavidin-
conjugated Alexa 350 (Invitrogen) at room temperature for 2 h and
finally mounted in Fluoromount-G (SouthernBiotech).
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AGE-SPECIFIC TRANSCRIPTOMES IN SCI

Abstract

Both spinal cord injury (SCI) and aging produce profound changes in gene expression;
therefore, aging likely interferes with the success of such therapeutic interventions which
were tailored for young patients. Using genome-scale transcriptional profiling, we found
that the age-dominated profiles of rat sensorimotor cortex during the acute and subacute
phases of thoracic corticospinal tract transection could be shaped to resemble
regeneration-associated profiles by local pharmacological treatment to suppress fibrotic
scarring. The anti-scarring treatment (AST) consisted of an iron chelator and cAMP that
were applied to both aged (22 months) and young adult (2 months) rats suffering from
SCI. In combination with previous studies demonstrating regenerative axon growth upon
AST in aged animals, these findings support the feasibility of successful AST therapy in

elderly patients.

Introduction

There is a growing incidence of spinal cord injury (SCI) among older individuals. The
percentage of patients older than 60 years at the time of injury has increased from 4% to
11% since 2000, and the average age has increased from 28.7 years in the 1970’s to the
current age of 40.7 years [27]. Considering the recent and future dramatic increases in
the aging population, there is substantial clinical interest in developing SCI therapies that
are effective, regardless of age.

Aging has a profound effect on gene expression [40], whereby down-regulation of
mitochondrial genes and up-regulation of the genes involved in inflammation mediate the
conserved hallmarks of aging [40, 41]. Dysfunction of energy metabolism and increased
inflammation are only two of the important factors that may render an aged nervous
system more vulnerable to injury and/or diminish the efficacy of therapies originally
established for the young. Transcriptomic profiles of SCI in aged animals have, thus far,
not been defined. Following stroke, distinct gene expression profiles in aged and young
animals have been reported, which include growth-inhibitory molecules that are induced
acutely and growth-promoting factors that have a delayed expression profile in the aged
peri-infarcted cortex [5]. Moreover, genome-wide expression analysis of aged and young
animals has revealed that different transcriptomes are responsible for stroke-induced
sprouting of cortical neurons [23]. Nonetheless, selected genes relating to the
regenerative response were similarly induced in both 3- and 20-months-old rats after
stroke, indicating that the potential for regenerative responses in the brain remains intact

at an older age [30].
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SCI elicits massive changes in gene expression in the spinal cord [8] and, as we have
previously reported [20, 19], in sensorimotor cortex, starting as early as 1 day post-
operation (dpo). These responses increase over time. Moreover, we previously identified
a regeneration-associated transcriptomic program underlying long distance axon
regeneration [20, 19] along with functional recovery in young adult rats following local
injections at the lesion site of an anti-scarring treatment (AST) comprised of an iron
chelator (2,2’-dipyridine-5,5-dicarboxylic acid) and 8-bromo-cyclic adenosine
monophosphate (8Br-cAMP) [18, 35].

In this study, we investigated the extent and nature of the difference between the
dynamic cortical gene expression profiles of aged (22-months-old) and young (2-months-
old) rats following thoracic corticospinal tract (CST) transection and whether the AST-
induced regeneration program can be activated in aged animals. GeneChip analyses
were performed on layers V/VI of the rat sensorimotor cortex at 1, 7 and 35 dpo, which

represented the acute, subacute and chronic stages of SCI, respectively.

Materials and methods

Animal groups and experimental SCI

Dorsal spinal cord hemisection, which included transection of the corticospinal tract at
thoracic level eight [18] (lesion group), lesions plus the anti-scarring treatment (AST
group) and laminectomy alone (sham group) were investigated in 36 young (150-220 g;
2-months-old) and 36 geriatric (252-449 g; 22-months-old) female Wistar rats
(HanTac:WH; Taconic, Ry, Denmark) at 1, 7 and 35 days post-operation (dpo) (Fig. 1A).
In total, 72 animals in 18 groups (4 animals/group) were individually analyzed. Anti-
scarring treatment (AST) consisted of 8 x 0.2 ul injections of the iron chelator 2,2’-
bipyridine-5,5’-dicarboxylic acid (40 mM in Tris buffer) and 4 x 0.25 ul of 8-Br-cAMP (100
Mg in Tris buffer) into the lesion site [16]. Control lesion animals received Tris buffer
injections. Post-operative care included treatment with the pain killer Rimadyl (Carprofen,
5 mg/kg s.c.), which was delivered 2 days post injury at one injection per day, and with
antibiotics (Baytril; Bayer HealthCare, Leverkusen, Germany) for 1 week. The bladder
was emptied manually. Institutional guidelines for animal safety and comfort were
followed, and all of the surgical interventions and pre- and post-surgical animal care were
provided in compliance with the German Animal Protection law (State Offce,

Environmental and Consumer Protection of Nordrhein Westfalia, LANUV NRW).
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RNA isolation, processing and hybridization to Affymetrix GeneChips

At 1, 7 and 35 dpo, animals were deeply anesthetized (Narcoren, 100 mg/kg i.p.) and
decapitated. Snap frozen left hemispheres were cut (Bregma 0.96 to -1.96) into forty 50-
pm-thick coronal cryosections, which were mounted on Superfrost microscopy slides in
the cryostat cabinet. The cortical layer V/VI was rapidly dissected out and immediately
frozen on dry ice (Fig. 1A). RNA was extracted using a Qiagen RNeasy Microarray tissue
kit according to the manufacturer’s protocol (version November 2009) in conjunction with
on-column DNase digestion. From 150 ng of total RNA, the sense-strand DNA targets
were amplified and biotinylated using the two-cycle target labeling protocol (Affymetrix,
Santa Clara, CA, whole transcript sense target labeling manual 701880 Rev. 5). Samples
from single animals were hybridized individually to the Rat Gene 1.0 ST array
(Affymetrix) by BMFZ Core Laboratories at the University of Dusseldorf, Germany.
Confirmation of the intactness of the RNA (RNA Integrity Numbers ranged from 8.8 to
10) and the completeness of fragmentation of the biotinylated sense strand DNA was
performed with an Agilent Bioanalyzer 2100. The efficiency of hybridization and cRNA

amplification were excellent and confirmed using the manufacturer’s controls.

Microarray analysis

Quantile normalization, summarization with the RMA16 algorithm and baseline
transformation of the data to medians of all samples, among other analysis, were
performed with GeneSpring GX software (Agilent Technologies, Santa Clara CA, USA).
No arrays failed the quality-control analysis, and the correlation coefficients between
biological replicate arrays were high; the lowest value was 0.95. Clustering analysis
included building a global cluster of all 27,342 genes using self-organizing maps (SOM)
and condition trees using average-linkage hierarchical clustering. All microarray data
have been deposited in the ArrayExpress at EMBL-EBI.

The total dataset was analyzed with a 3-way ANOVA (p-value cut-off 0.05, Benjamini-
Hochberg correction for the false discovery rate). Comparisons between differentially
expressed lesion vs. sham and between AST vs. lesion genes in young and aged
animals were made by filtering for the log,-transformed fold-change of +/-0.25 and by
performing t-tests (alpha< 0.12) with the Benjamini-Hochberg correction. Classification
according to gene ontology was performed using the online tool DAVID [14], pathway
analysis using Ingenuity Pathway Analysis program (Ingenuity Systems, Redwood City,

CA, USA) and gene set enrichment analysis using Ermined software [12].
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Four different gene expression profiles shown in Fig. 2 were validated with RT-qPCR,
one gene per each profile-group.

Fig. 1 (A) Sensorimotor cortex layer V
containing the corticospinal tract (CST)
motor neurons and the subjacent part of
layer VI were dissected out of coronal
Total RNA sample brain cryosections of sham-operated,
FTTTTEXTIITE s & spinal injured and AST-treated spinal
1 amplieamavioinaes  iNjured 2- and 22-months-old rats at 1, 7
TTT ® sense-strand DNA and 35 dpo (n=4 per group). Samples
v B from individual animals were prepared
o »@ and hybridized each to an individual
GeneChip. LV, lateral ventricle, CC,

gesT corpus callosum, dCST, dorsal CST. (B)

g DEened There is little overlap between

‘ significantly lesion- vs. sham-regulated

vV ) genes in old and young animals. (C)
j S, S Condition trees at acute, subacute and
chronic stages demonstrate the role of

B eionvesham © age and treatment following SCI. At 1
Y°““9 Oid and 7 dpo, young and aged groups
segregated. At 35 dpo, regardless of
age, sham and AST-treated groups
were more related to each other than to

the lesion-only groups. SY = sham
7 dpo .-_ young, AY = AST young, LY = lesioned
OAO SO young, SO = sham old, LO = lesioned

old, AO = AST old.

Lesion

CST
- (_S|te_) 2

Results

Genome-scale transcriptional profiling revealed that the responses to spinal cord injury
(SCI) in aged and young animals were distinct. We observed only a small overlap among
the genes that were significantly regulated in SCI (Fig. 1B). It should be noted that the
gene expression changes in sham-operated animals were very dynamic; this finding has
also been reported by others [8]. Therefore, these injury responses were best correlated
with their respective sham profiles for age- and time-matched animals (Fig. 2). Over-
representation and gene set enrichment analysis of these genes demonstrated that, in
addition to common biological processes (such as lipid metabolism), other pathways
(such as activation of the complement cascade) were specific to aged animals (Table 1).
Different pathways were over-represented in young and aged animals. For example,
ubiquitination pathways were up-regulated in the young animals, whereas the
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complement system was increased in aged animals at 1 dpo. In addition, cAMP and

chemokine signaling were up-regulated in the young animals, and complement system

and Notch signaling were up-regulated in the aged animals at 7 dpo. RhoA, Erk5 and

PI3K/Akt were up-regulated in the young animals, whereas CNTF and mTOR were up-

regulated in aged animals at 35 dpo (Fig. 3).
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Fig. 2. Global cluster of all
27,342 genes (across  all
samples), built using the self-
organizing maps and average
linkage hierarchical clustering of
conditions at different time points.
SY = sham young, AY = AST
young, LY = lesioned young, SO =
sham old, LO = lesioned old, AO
= AST old.

An increased number of genes (2,617 from a total of 27,342 probe sets) were

differentially expressed in an age-specific manner when the treatment conditions and

time points were pooled together (3-way ANOVA, p<0.05) (Fig. 4). Biological processes,

such as axonogenesis/axon guidance, myelination, synaptic transmission, cell adhesion
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and activation of immune responses, were enriched. Importantly, there was no
interaction between the age and treatment effects, thereby demonstrating the absence of

converse regulation in aged and young animals during different treatment conditions.
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Table 1. Enriched biological processes of significantly lesion-regulated genes in young
and aged animals during the acute, subacute and chronic stages of SCI determined by
DAVID (D), Ermined (Roc, receiver-operator curves, Cor, correlation resampling).

Anti-scarring treatments elicited similar gene expression profiles regardless of age at the
chronic stage of SCI (Fig. 1C and Fig. 2). In contrast to the age-specific clustering of
experimental groups at the acute and subacute stages of SCI, gene expression profiles
for AST and sham groups of aged and young animals were more similar to each other at
35 dpo compared to the lesion-only groups. In the most prominent cluster of co-regulated
genes (Fig. 5, cluster 1) the AST uniformly counteracted the lesion-induced down-
regulation in both aged and young animal groups back towards or even above sham-like
expression levels. This gene cluster included growth promoting factors, such as insulin-
like growth factor, ciliary neurotrophic factor and brain-derived neurotrophic factor, and
signaling molecules, such as CREB1 and JAK2. The remaining three profiles (clusters 2-
4) included lesion-induced up-regulation in aged, in young or in both young and aged
animals. Importantly, AST-specific regulation did not further boost the lesion-elicited
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responses, and AST-specific gene regulation was not reciprocal between young and

aged animals.
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Fig. 3. Pathway analysis of the significantly lesion- vs. sham-regulated genes in aged
and young animals at different time points using the Ingenuity curated database of gene
interactions of over 23,900 human, rat, and mouse genes. This analysis identifies several
key signaling cascades in SCI in young and aged adult by testing the number of genes
that were regulated in SCI in a specific pathway versus total number of genes for that
pathway in this (right-tailed Fisher's exact test), displayed as the red line with square
points. The significance is a measurement for the likelihood that the pathway is
associated with the dataset by random chance, the straight red line in the graphs
indicates the threshold for a significant association, the —log (0.05).
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Fig. 4. Aging changes the cortical expression of genes that are relevant to SCI. (A)
Variance analysis of the total data set indicated that in total 11,361 out of 21,798 gene
sets were significantly regulated. (B) There were 2,617 genes regulated by age if the
data are pooled over time points and treatment conditions. (C) Over-representation of
biological processes of the age-specific genes and (D) axonogenesis/axon guidance
group gene expression.

Discussion

Using a systematic approach, we revealed that the initially divergent patterns of lesion-
induced gene expression in aged and young animals converge to a similar profile at the
chronic stage of SCI upon the therapeutic intervention of an anti-scarring treatment.

The cortical transcriptomes following SCI were age-specific because there was little
overlap of significantly SCl-regulated genes between aged and young animals and
because several of the biological processes exerted by these genes were unique,
including complement activation in aged animals. This particular pathway might be
especially unfavorable to regeneration, as it has been shown that inhibition of
complement pathways promotes functional recovery and reduces tissue damage [31, 39,
11]. Complement component 3, which is generated upon activation of the complement
pathways and leads to production of C3b and iC3b, two opsonins that target apoptotic cells
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and promote their clearance by macrophages and microglia [32], and their levels were higher
in aged compared to young lesioned animals in all three time points. On the other hand C3a
has recently been shown to inhibit proinflammatory cytokines and to contribute to stem cell
chemotaxis into areas of inflammation, potentially enhancing tissue repair [36]. Complement
component 1 q subcomponent, beta polypeptide (C1gB) was upregulated at 1 dpo and 35
dpo, the levels were significantly higher in aged animals at 1 dpo. In fact, this recognition
component of the complement system may be a response to injury as it is upregulated in
brain ischemia/reperfusion [15]. Cortical deafferentation has been shown to cause elevations
in striatal C1gB mRNA that coincided temporally and overlapped anatomically with the
course of degeneration of corticostriatal afferent fibers [29]. In the absence of other
complement proteins such as C3a or C5a (this is, at least, the case in young animals at 1
dpo) C1q,improves neuronal viability and neurite outgrowth [1]. It is proposed by analogy
with the known role of complement factors in fat tissue, that it is likely that local expression of
these factors plays a role in the regulation of fatty acid homeostasis and in energy
metabolism cross-talk between different compartments of the peripheral nerve [6].
Lesion-regulated genes were enriched for lipid metabolism, which in the context of SCI has
only received little attention. Fatty acids play an important role in neurite outgrowth as
structural building blocks for extensive membranes. Polyunsaturated fatty acids (PUFA) such
as arachidonic acid (AA) and docosahexaenoic acid (DHA), which are taken up by neurons,
provide the needed flexibility and fluidity for membranes [22]. Acyl-CoA synthetases (ACSs)
are rate-limiting for fatty acid internalization and, in line with that, ACS2 enhances neurite
outgrowth by promoting PUFA internalization [24]. Acyl-CoA synthetase long-chain family
member 1 is upregulated at 1 dpo in young animals.

Mitochondria-associated genes which were involved in energy production were enriched in
lesioned animals indicating the importance of energy supply for cortical motor neurons
(motor cortex layer V) after axotomy. These cells have a higher energy demand than the rest
of the cortex [34]. Most genes involved in glycolysis were upregulated already at 1 dpo.
Age-specific expression profiles have also been reported in stroke [5] and stroke-induced
sprouting [23]. Paradoxically, in these studies the sprouting neurons in aged animals
showed up-regulation of myelin and ephrin receptors. Therefore, the whole transciptome
matters, although it might contain genes which are unfavourable to regenerative growth.
In our study there was no significant reciprocal gene regulation in either age group.
Lesion-dependent gene regulation ranked behind aging-dependent regulation at the
acute and subacute stages of SCI. This is likely because of the high proportion of age-
specific regulated genes (9.5% of total probe sets), which is in agreement with the
literature [40, 41]. Moreover, the age-specific regulated genes were preferentially

involved in axonal function, which is highly relevant to SCI.
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Anti-scarring treatment, which was locally applied immediately after the lesion, elicited
massive changes in gene expression in the cortex at the chronic stage of SCI. As early
as 1 and 7 dpo, the variation in gene expression was much less in AST-treated animals
relative to lesion-only animals. This difference culminated in highly homogeneous profiles
for aged and young animals at 35 dpo, which included the up-regulation of many lesion-
dependent down-regulated genes (e.g., growth factors) to the sham-level or higher. This
finding is consistent with previous reports demonstrating that an activated regeneration
program underlies the increased axonal regrowth of CST in young animals upon AST
[18, 35]. Down-regulated by lesion and upregulated by AST were ciliary neurotrophic
factor (CNTF), insulin-like growth factor 1 (IGF-1), brain-derived growth factor (BDNF),
Kruppel-like growth factor 7 (KLF7), doublecortin (DCX) and activating transcription
factor 2 (ATF2). CNTF is able to prevent motoneuron degeneration after axotomy [37, 7]
and to support corticospinal motor neuron growth via direct mechanisms [17]. Recently, it
was shown that cortical neurons up-regulate a CNTF-mediated neuroprotective signalling
pathway in response to the chronic insults or stress in the pathogenesis of multiple
sclerosis [10]. Similarly, IGF-1 together with BDNF was shown to enhance specifically
axon outgrowth of corticospinal motor neurons [28]. DCX, an endogenous marker of
immature neurons, was recently hypothesized to play a role in cortical plasticity and brain
repair [2]. DCX-positive cells were present in the whole primate cerebral cortex and
expressed glial and/or neuronal markers. However, only the DCX/GFAP positive cells
were able to proliferate and reacquire progenitor characteristics [2]. KLF7 is required for
neuronal morphogenesis and axon guidance in selected regions of the nervous system
including the cortex [21], and this transcription factor might be involved in neurite
outgrowth following axotomy. In fact, KLF7 silencing leads to impairment of neurite
outgrowth in the neuronal cell line PC12 [4], and Moore et al. showed that KLF7 is the most
effective among KLFs to promote neurite outgrowth in cortical and retinal ganglion primary
cultures [26]. Interestingly, following axotomy ATF2 is reduced in the dorsal motor nucleus of
the vagus nerve and the hypoglossal nucleus in rats [38] and upregulated in sprouting
cortical neurons following stroke [23]. Rapid and persistent down-regulation of ATF-2 is a
constituent of the long-term neuronal stress response and the reappearance of ATF-2
after several weeks indicates the normalization of neuronal gene transcription following

brain injury [25].

Besides changes in neuronally expressed genes we detected changes in non-neuronal

(glial) genes. For example, GFAP was increasingly up-regulated following SCI.

Interestingly, the cell adhesion molecule ALCAM was found upregulated in our
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investigation and also in the study by Li et al. [23]. ALCAM is involved in neurite
extension via heterophilic and homophilic interactions [3, 9] and it may further play a role
in the binding of T- and B-cells to activated leukocytes and/or mediate interactions
between cells of the nervous system. Hemoglobin is usually not associated with neuronal
cells. However, hemoglobin protein chains were recently shown to be expressed by
neurons and astrocytes and might play a novel role in lesion responses [33]. Hemin-
induced HbA and HbB expression in cultured neurons was reduced by deferoxamine
treatment [13]. As our AST treatment also includes an iron chelator, the finding that lesion-

induced HbB in young rats was reduced by AST is in line with previous observations.
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Fig. 5. A total of 2,747 genes that were significantly affected by lesion (sham vs. lesion)
and AST (lesion vs. AST) at 35 dpo, grouped into 4 clusters with self-organizing maps
according to the expression of the representative genes. SY = sham young, AY = AST
young, LY = lesioned young, SO = sham old, LO = lesioned old, AO = AST old.

Age cannot be neglected as a factor in therapeutic responses. As was shown here for

SCI and as others have reported for stroke, age-related changes produce distinct

transcriptomes. However, despite the initial age-specific differences in gene expression,

the local therapeutic intervention in the injured spinal cord by AST activated similar

molecular programs in both aged and young animals. Thus AST overruns the age-
58



AGE-SPECIFIC TRANSCRIPTOMES IN SCI

specific differences in transcriptomic lesion responses. Together with previous
observations regarding axonal regrowth upon AST in aged animals [16], the present
results further imply that anti-scarring treatment may offer a feasible therapeutic option in

elderly SCI patients.
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The chemokine stromal cell-derived factor 1 (SDF-1/CXCL12), is not only the most ancient, but also
one of the most potent chemotactic factors. Orchestrating the migration of cells as well as promoting
axon outgrowth in the presence of myelin inhibitors, SDF-1 is fundamental to central nervous system
development, homeostasis and traumatic injury. SDF-1 attracts endogenous stem/precursor cells and
immune cells to the injury site and, upon local infusion, enhances axonal sprouting following spinal cord

injury. Together these features make SDF-1 a very exciting molecule for spinal cord repair.
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1. Introduction

SDF-1, also known as CXC-family chemokine CXCL12, was orig-
inally cloned from a mouse bone marrow stromal cell line by
signal sequence trap cloning strategy (Tashiro et al., 1993) and first
described as a pre-B cell stimulating factor (Nagasawa et al., 1994).
Two decades of intensive research have revealed the central role
of this chemokine, conserved from zebra fish to human, in devel-
opment and physiology (Zlotnik et al., 2006). Deletion of the genes
encoding SDF-1, or its G-protein coupled receptors CXCR4 (Oberlin
et al., 1996) and CXCR7 in mouse (Balabanian et al., 2005) is peri-
natally lethal (Nagasawa et al., 1996; Zou et al., 1998; Sierro et al.,
2007). Interestingly, apart from predominant heart defects in the
CXCR7 knockout mice, the CXCR4 or SDF-1 deficient mice show,
in addition, disturbed hematopoiesis, lymphopoiesis and develop-
mental abnormalities in the hippocampus, cerebellum, retina and
spinal cord. The latter mutants presumably suffer from perturbed
proliferation, survival and migration of neuronal progenitors and
deficits in axonal pathfinding. Here, we focus on biological func-
tions of SDF-1 in spinal cord injury (SCI).

2. Structure

All six human (o, B, v, 3, & ¢) and three known rat and
murine SDF-1 isoforms (e, 3, y) are alternative splicing products
of one common mRNA precursor molecule (Shirozu et al., 1995;

* Corresponding author. Tel.: +49 0211 811 8410.
E-mail address: HansWerner.Mueller@uni-duesseldorf.de (H.W. Miiller).

1357-2725/$ - see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.biocel.2011.11.023

Gleichmann et al., 2000; Yu et al., 2006) and differ only in their use
or non-use of an alternative fourth exon (Fig. 1).

SDF-1 has been reported to shift between a monomeric and
dimeric structure depending on solution conditions. While SDF-
1 dimers, which preferentially form at higher concentrations halt
cell migration, monomers promote chemotaxis in vivo (Drury et al.,
2011). Numerous basic AAs in SDF-1 give rise to a notable posi-
tive charge which further increases with the length of the splicing
variants. It is assumed that the positive charges at the C-terminus
stabilize receptor binding by interaction with glycosaminoglycans
(GAGs) on the cell surface (Laguri et al., 2007).

3. Expression, activation and turnover

SDF-1 and its receptors are ubiquitously expressed in many tis-
sues including the CNS. In the spinal cord, the main sources of
SDF-1 are the dorsal corticospinal tract (dCST) and the meninges,
as observed in the SDF-GFP mouse (Tysseling et al., 2011). CXCR4 is
strongly expressed in the ependymal cell layer around the central
canal (Jaerve et al., 2011; Tysseling et al., 2011). Notable expression
of CXCR?7 is also associated with the ependymal cell layer and, in
addition, with blood vessels in the spinal cord (A.J., unpublished
data). A similar distribution of CXCR7 was recently described for
brain (Schénemeier et al., 2008). Immunohistochemistry combined
with the tyramide signal amplification allowed the detection of
low levels of both CXCR4 and CXCR7 on dCST, astrocytes and on
structures resembling motor neurons in the ventral horn, whereby
CXCR7 staining in dCST was fainter than that of CXCR4 which was
restricted to branching points of axons (Opatz et al., 2009; Jaerve
etal., 2011).
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Please cite this article in press as: Jaerve A, et al. SDF-1/CXCL12: Its role in spinal cord injury. Int ] Biochem Cell Biol (2011),



dx.doi.org/10.1016/j.biocel.2011.11.023
dx.doi.org/10.1016/j.biocel.2011.11.023
http://www.sciencedirect.com/science/journal/13572725
http://www.elsevier.com/locate/biocel
mailto:HansWerner.Mueller@uni-duesseldorf.de
dx.doi.org/10.1016/j.biocel.2011.11.023

G Model
BC-3608; No.of Pages5

2 A. Jaerve et al. / The International Journal of Biochemistry & Cell Biology xxx (2011) Xxx—xXX
A Exon1 Exon2 Exon3 Exon4 4. Biological function
Sdf-lo. —a =, E3—AAAA i o
7.8 kDa 4.1. SDF-1 orchestrates cell migration in SCI

Sdf-1p —\ B N —T—AArA 330%3
anaa 119 AA
Saf-ly —m A, E\ 12.5kDa

Fig. 1. Structure of SDF-1. (A) Alternative splicing gives rise to several isoforms
which differ in their carboxyterminal length. SDF-1a is the smallest but predomi-
nant isoform with 89 amino acids (AA) including a signaling peptide of 19 AA, which
is cleaved off in the mature protein. SDF-1( isoform carries four additional AA at
the C-terminus (93 AA), whereas SDF-1+ is 30 carboxyterminal AA residues longer
than SDF-1a (119 AA) because of an in-frame insertion of 2572 nucleotides down-
stream of codon 89. All splice variants encode functional 8-14 kDa secretory proteins
(Yu et al., 2006). (B) SDF-1 carries four conserved cysteine residues comprising two
disulphide bonds (indicated as yellow perls), the two amino-terminal cysteins are
separated by a single residue that is characteristic to the CXC family of chemokines.
(C) 3-D structure according to Crump et al. (1997); N and C indicate the N- and C-
termini, respectively. SDF-1 has the typical chemokine fold: a flexible N-terminal
region, a loop following the CXC motif, three antiparallel 3-strands in a Greek key-
like arrangement, and a C-terminal a-helix (Crump et al., 1997). According to the
two-site model of receptor activation, the core region (12-17 AA) is docking first to
the receptor and then the N-terminal signaling domain can bind and activate the
receptor.

SDF-1 binding to CXCR4, but not to CXCR7, is known to ele-
vate intracellular Ca2* levels (Levoye et al., 2009). Chemotaxis and
survival have been reported to be controlled by CXCR4 signal trans-
duction via PI3K, PLC/PKC, and MAPKp24/44 (ERK1/2), while CXCR7
seems to regulate primarily the availability of membrane-bound
CXCR4 by sequestering SDF-1 from the cell surface (Sanchez-
Alcaiiiz et al., 2011). Astrocytic proliferation is dependent on ERK
and PI3K pathways (Bajetto et al., 2001), and chemotaxis of imma-
ture neurons depends on ERK signaling (Lazarini et al., 2000).
Antirepellent activity was shown to be mediated by the CXCR4/Ga;
pathway in which calcium activated calmodulin stimulates an
adenylate cyclase to elevate cAMP levels and subsequently acti-
vates PKA (Chalasani et al.,2003). However, activation of G-proteins
of the Gay, class typically inhibits adenylate cyclase, an enzyme
generating cAMP, whereas the Gas type directly stimulates it.
Therefore, the rather paradoxical finding of the latter study was
explained by Twery and Raper (2011) in a model in which multi-
ple G protein components cooperate to produce the cAMP levels
required for SDF1 antirepellent activity. Control of axon elongation
via an SDF-1alpha/Rho/mDia pathway in cultured cerebellar gran-
ule neurons has been described (Arakawa et al., 2003). Moreover,
intracellular interaction of CXCR4 and CXCR7 has recently been
shown to change SDF-1 signaling (Levoye et al., 2009).

Steady-state levels of SDF-1 are maintained through regulation
of the degradation process, which is rapid in blood and tissues
(Davis et al., 2005). Splice variant-specific persistence in the blood
may be the cause for different inflammatory reactions following
stroke - heavy in rodents, milder in humans - as only the a-isoform
is found in the human brain, whereas in the mouse and rat brains
SDF-1f3 and SDF-1+ are most abundant, respectively (Stumm et al.,
2002; Gleichmann et al., 2000; Yu et al., 2006).

The rise in SDF-1 levels following CNS injury is mostly asso-
ciated with astrocytes (Hill et al., 2004; Miller et al., 2005) and
forms a gradient to guide immune and stem cells towards the
injury site (Fig. 2). Through interaction with CXCR7 secreted SDF-1
could promote astrocytic proliferation, which is characteristic to
CNS trauma (Odemis et al., 2010). SDF-1/CXCR4 signaling, on the
other hand, induces fast elevation of intracellular Ca%* and gluta-
mate release from astrocytes and thus might modulate neuronal
excitability. Unfortunately, in the presence of activated microglia,
which is activated within minutes to hours after SCI, the release
of glutamate along with TNFa and prostaglandins is dramatically
amplified and probably cytotoxic to neurons (Bezzi et al., 2001).
Because prolonged exposure to lipopolysaccharide or TNFa leads
to down-regulation of CXCR4 in primary astrocytes (Han et al.,
2001), down-regulation of CXCR4 could be a mechanism to dimin-
ish glutamate excitotoxicity in vivo as well. Microglial upregulation
of CXCR4 (Tysseling et al., 2011) and migration towards SDF-1
could be beneficial, as these cells produce also neuroprotective
molecules such as TGFf3, macrophage colony stimulating factor
receptor (MCSFR) and IL-10 (Wang et al., 2008; David and Kroner,
2011).

In comparison to posttraumatic astroglial production of SDF-
1, meningeal cells express high levels of SDF-1 in both intact and
injured spinal cord (Tysseling et al.,2011). The latter cells have been
shown to ssignificantly improve remyelination if cotransplanted
with olfactory ensheating cells (OECs) (Lakatos et al., 2003) and to
establish a permissive environment for axon regeneration after SCI
in newts (Zukor et al., 2011). Therefore, the role of meningeal cells
in SDF-1 expression and function following SCI deserves further
investigation.

In SCI, a peak in SDF-1 mRNA was measured at 7 days post
injury (dpi) at the lesion site and correlated well with the recruit-
ment of stem cells which were injected into the blood stream
(Takeuchi et al., 2007). Ependymal cells, an endogenous stem cell
pool in the adult spinal cord (Barnabé-Heider and Frisén, 2008),
continuously express high levels of CXCR4 (Tysseling et al., 2011;
Jaerve et al., 2011). It has been reported that at 4dpi ependymal
cells start to migrate towards the injury site in the dorsal funicu-
lus, accumulate in the glial scar over time and differentiate to
scar-forming glial cells and, to a lesser extent, to oligodendrocytes
(Meletis et al., 2008). It has been shown recently that oligodendro-
cyte precursor cells (OPC) maturate and remyelinate upon SDF-1
interaction with CXCR7 (Gottle et al., 2010), whereas signaling via
CXCR4 influences OPC migration and survival (Dziembowska et al.,
2005).

SDF-1 is known to attract immune cells into CNS lesions. A mas-
sive infiltration of CXCR4* macrophages was first observed at 2
weeks following SCI (Tysseling et al., 2011). Importantly, alter-
natively activated (AA/M2) macrophages which can be growth
promoting show increased expression levels of CXCR4, while clas-
sically activated (CA/M1) macrophages, which can be cytotoxic,
predominantly express CCR7 (Martinez et al., 2006). Furthermore,
AA macrophages show a higher motility than CA macrophages
and are preferentially attracted by neuronal conditioned medium
(Vereyken et al., 2011).

4.2. SDF-1 stimulates axon outgrowth in SCI

Besides stimulation of cell migration, SDF-1 is able to promote
neurite outgrowth of cultured neurons in the presence of inhibitory
CNS myelin as we and others have previously shown (Chalasani
et al.,, 2003; Opatz et al., 2009). The lack of limb innervation in

doi:10.1016/j.biocel.2011.11.023
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Fig. 2. Biological role of SDF-1 in SCI. Following SCI, SDF-1 is produced by astrocytes, endothelial cells and infiltrating macrophages as well as by the dorsal corticospinal
tract (dCST) and meningeal cells, which express SDF-1 also in the intact spinal cord. Consequently, a gradient of SDF-1 (red) forms in the spinal cord (one half of spinal
cord is depicted), which attracts CXCR4 expressing cells such as microglial cells/macrophages, ependymal stem cells, vascular precursors, oligodendrocytes, macrophages,
bone marrow-derived stem cells and presumably pericytes to the injury site (here, the injury site is the dorsal part of the spinal cord; the migration is indicated by
arrows; note that SDF-1 expressing meninges also attracts cells). SDF-1 increases axonal sprouting and recruits stem cells which contribute to neuroprotection. Vascular
progenitor cells are involved in neovascularization which supports neuronal regeneration. Ependymal spinal cord stem cells give rise to astrocytes and oligodendrocytes.
Oligodendrocyte precursors proliferate, differentiate and remyelinate axons upon SDF-1. Infiltrating macrophages and activated microglia can either be supportive or
detrimental to regeneration. For example, activated microglia together with astrocytes release high amounts of glutamate, TNFa and prostaglandins causing further damage
to neurons. However, it is possible that especially CXCR4* anti-inflammatory macrophages are recruited by SDF-1, facilitating regenerative processes. GM, grey matter; WM,
white matter.

CXCR4-deficient mice supports the idea that SDF-1 may counter-
act neurite repellent cues such as semaphorin 3A (Odemis et al.,

and TH-positive axon tracts is probably indirectly mediated by SDF-
1, whereas in the dCST, which bears both receptors, one or both

2005). As myelin inhibition is considered to be a major cause of the
very limited axon regeneration in adult CNS, the ability of SDF-1 to
neutralize myelin inhibition is highly desirable for SCI. We could
demonstrate that local infusion of SDF-1 into the injured spinal
cord resulted in enhanced sprouting of the dCST axons as well as
serotonergic and tyrosine hydroxylase-positive fibers into white
and grey matter rostral to the injury site (Opatz et al., 2009; Jaerve
et al., 2011), possibly through counteracting myelin inhibitors. In
the latter two fiber systems expression of SDF-1 receptors could
not be detected by immunohistochemistry. Thus sprouting of 5-HT

of the SDF-1 receptors could be directly involved. SDF-1/CXCR4
signaling has been described to elevate intracellular cAMP levels
(Chalasani et al., 2003) and subsequently induce regeneration-
associated genes such as Arginase [, which catalyzes the production
of polyamines (Cai et al., 2002). Our preliminary cell culture data
support a functional role of CXCR4, as blocking of CXCR7 further
increased neurite outgrowth (F.B., unpublished data). However,
proof of principle regarding the role of CXCR4 and CXCR7 in axon
growth should come from future studies with receptor conditional
knockout mice.
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5. Potential role of SDF-1 in promoting regenerative
responses in SCI

SDF-1a is an interesting compound for regenerative medicine
for its ability to attract different kinds of stem/progenitor cells
and promote axon growth. Several studies have demonstrated that
the CXCL12:CXCR4 pathway regulates homing of engrafted stem
cells to sites of tissue damage within the CNS (Takeuchi et al.,
2007; Shyu et al., 2008a; Carbajal et al., 2010) which improved
recovery processes in SCI, stroke and multiple sclerosis, respec-
tively. Supporting this, treatment with anti-SDF-1a blocking serum
resulted in a marked impairment in migration and proliferation of
engrafted neural stem cells (Carbajal et al., 2010). It has not been
demonstrated whether endogenous stem cells/progenitor cells are
also mobilized by SDF-1 and if application of SDF-1 would further
enhance their mobilization in order to activate/enhance body’s own
repair processes, largely because of technical challenges in track-
ing the small number of endogenous stem cells in static studies
(Tysseling et al., 2011). However, evidence from skeletal regen-
eration and wound healing studies supports this hypothesis, as
locally administered SDF-1 stimulates recruitment of endogenous
stem/progenitor cells which promote skeletal regeneration (Fujio
etal,, 2011), and hydrogel-delivery of SDF-1 significantly promotes
wound healing by enhancing endothelial cell invasion into the
wound (Henderson et al., 2011). For example, effective recruit-
ment of pericytes may serve as a therapeutic option to improve
microcirculation, or promotion of oligodendroglia recruitment and
differentiation could support remyelination in the injured CNS.
SDF-1 infused into the lesion site promotes axonal sprouting in SCI
(Opatz et al., 2009; Jaerve et al., 2011). Axon sprouting is known
to contribute to plasticity-associated recovery. In addition, Shyu
et al. (2008b) has shown that transplanted OECs promote axonal
regeneration after stroke likely via SDF/CXCR4-mediated signaling.

Before SDF-1 can be successfully translated into clinical
medicine, concerns about its tumorigenic potential (Zlotnik, 2008)
as wells as neuropathic pain (Oh et al., 2001) should be addressed.
Although, we never have observed any of these effects during a 4-
months follow-up period in spinal injured rats which had initially
received intrathecal SDF-1 infusion for one week, longer stud-
ies might be necessary. Further characterization of the immune
responses and of the individual biological functions of the two
receptors will, hopefully, reveal the full potential of SDF-1 for the
treatment of CNS injury.
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Abstract

Chemokines are small chemotactic factors that are known for their role in recruiting
inflammatory cells into the CNS injury site. In addition, several chemokines were shown to be
essential for stem/progenitor cell attraction, with CXCL12/SDF-1 as the most potent
chemotactic cytokine. Chemokines thus participate in remyelination, neovascularization and
neuroprotection, which are important prerequisites for CNS repair after trauma. Among other
chemokines CXCL12 stands out, as it is able to promote neurite outgrowth in the presence of
growth inhibitory CNS myelin and to enhance axonal sprouting after spinal cord injury (SCI).
However, in contrast to CXCL12 application, blocking of action may be required for other
chemokines, e.g. neutralization of CXCL10, in order to achieve axon sprouting, likely via
reduction of neuroinflammation, improved tissue preservation as well as neovascularization.
The aim of the review is to summarize the data about these exciting functions of chemokines
in CNS trauma such as spinal cord injury, traumatic brain injury (TBI) and stroke, and discuss
the potential of chemokines in CNS repair. Chemokines are promising targets not only to
reduce secondary damage after injury, but also to stimulate regenerative processes by

recruiting stem cells as well as promoting axonal sprouting.

Introduction

Chemokines are small (8-14 kDa) proteins, a subtype of cytokines with the ability to
chemoattract cells. First they were defined by their ability to induce directional migration and
activation of leukocyte subsets into inflammatory sites. Chemokines represent one of the first
completely known molecular superfamilies which has expanded via gene duplication
(DeVries et al., 2006) to about 50 members in mammals, chicken, zebrafish, sharks, jawless
fish and C. elegance (Zlotnik et al., 2006). Chemokines are classified into four subfamilies
according to the position of two conserved cystein residues in the mature protein: CXC, CC,
XC and CX3C. Their structural features also convey their ability to recruit specific cells.
Chemokines are produced in relatively high amounts at the traumatic injury site by resident
tissue cells, activated resident and recruited leukocytes, cytokine-activated endothelial cells
and by some neurons.

Functions other than those in inflammation, such as coordination of cell migration during
development and homeostasis of the CNS, were discovered only recently, although it is
obvious that they must have existed in lower organisms long before the rise of the immune
system. In fact, the role in inflammation, homeostasis or both goes along with the
evolutionary story of each chemokine and can be elucidated by looking at the chromosomal
location (Table 1). More ancient and conserved chemokines, such as CXCL12, have distinct
chromosomal locations and are capable of exerting homeostatic functions, whereas others,
located in clusters on chromosomes, have changed after the segregation of human and mice
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and mostly function in inflammation (Zlotnik et al., 2006). Arising redundancy in signalling
networks and functions is further complicated by promiscuity of binding to only about 18
known receptors. Uniquely, CXCL12 binds to two different receptors CXCR4 and CXCRY.
Studies using knockout mice deficient in distinct chemokines and their receptors have often
been disappointing, as defects are subtle, as, e.g., in the homozygous CXCR2 mutants
(Cacalano et al.,, 1994), CCL3 mutants or CCR5 deficient mice/humans (Liu et al., 1996;
Samson et al., 1996) with only slight differences in responses to viral infections. In contrast,
the deletion of the genes encoding SDF-1, or its G-protein coupled receptors CXCR4
(Oberlin et al., 1996) and CXCR7 in mouse (Balabanian et al., 2005) is perinatally lethal
(Nagasawa et al., 1996; Zou et al., 1998; Sierro et al., 2007). CXCR7 knockout mice have
heart problems, whereas CXCL12 and CXCR4 deficiency further impaired hematopoiesis,
lymphopoiesis and CNS development. Deficits in CNS development were accounted to
disturbed proliferation, survival and migration of neuronal progenitor cells as well as axonal
pathfinding.

Although the good or bad role of inflammation is still under debate (Yong and Rivest, 2009),
the immunomodulatory role of chemokines is now being translated into anti-inflammatory
interventions to reduce the destruction arising from infiltration of inflammatory cells and
consequent secondary damage after injury (Donelly et al., 2011). Such studies have reported
also enhanced neuroprotection, tissue preservation and axon sprouting (Glaser et al., 2004;
Glaser et al., 2006). We and other labs have recently shown that CXCL12 directly promotes
neurite outgrowth on inhibitory myelin in cultured neurons and, moreover, enhances
sprouting of axons after SCI (Chalasani et al., 2003; Opatz et al., 2009; Jaerve et al., 2011).
Many other groups have shown its role in recruiting stem and progenitor cells into the lesion
site (Takeuchi et al., 2007). Reduction of secondary damage and stimulation of regenerative
processes such as axonal sprouting make chemokines a promising target for repair of SCI,
TBI and stroke.

Molecular structure

Chemokines have a typical tertiary fold due to 1-3 disulfide bonds between conserved N-
terminal cysteins stabilizing the structure; a three-stranded anti-parallel B-sheet and a
carboxyterminal a-helix between disordered termini, of which the N-terminus is important for
signalling. CXC chemokines have one amino-acid residue separating two conserved cysteins

near the amino terminus, whereas CC chemokines carry two adjacent cysteines.
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Name Acronyme | Receptor | Chrom. | Inflammatory (l), homeostatic (H),dual (D) or unknown (U)
location | function; type of recruited leukocyte
CXC chemokine family
GROa,KC | CXCR2 | 4qg13.3 ||
CXCLA1 CINC-1 CXCR1 Neutrophil, monocyte
MIP-2, 4913.3 | |
CXCL2 | GROB CXCR2 Neutrophil, monocyte
Groy 4913.3 | |
CXCL3 Dcipl CXCR2 Neutrophil, monocyte
CXCL4 PF4 CXCR3B | 4913.3 | U | Neutrophil, monocyte, T cell
Lix CXCR2 | 49133 ||
CXCL5 | ENA-78 CXCR1 Neutrophil
CXCR2 | 49133 ||
CXCL6* | GCP-2 CXCR1 Neutrophil
Ppbp, 4913.3 | |
CXCL7 | NAP-2 CXCR2 Neutrophil
CXCR1 4913.3 | |
CXCL8* | IL-8 CXCR2 Neutrophil
CXCR3 | 4921.1 I
CXCL9 | MIG CXCR3B Monocyte, T cell, NK
CXCL10 | IP-10 CXCR3A | 4921.1 | | Monocyte, T cell, NK
CXCR3 | 4921.1 I
CXCR3B
CXCL11 | I-TAC CXCR7 Monocyte, T cell, NK
CXCR4 109111 | H
CXCL12 | SDF-1a/B | CXCR7 Monocyte, T cell, B cell, dendritic cell
BLC 4921 H
CXCL13 | BCA-1 CXCR5 Monocyte, B cell
BRAK, 5931.1 I
CXCL14 | bolekine U Neutrophil, monocyte, dendritic cell
CXCL15 | Weche, u I
# lungkine CXCR2 Neutrophil
CXCL16 CXCR®6 17p13.2 | 1 | Tcell
CXCL17 U 199132 | U
CC chemokine family
1-309, 17911.2 | |
CCL1 TCA-3 CCR8 Monocyte, T cell
MCP-1, 17911.2 | | | Neutrophil, eosinophil, basophil, monocyte, T cell,
CCL2 JE CCR2 dendritic cell, NK
MIP-1q, CCR1 17911.2 | |
CCL3 LD78a CCR5 Eosinophil, monocyte, T cell, B cell, dendritic cell, NK
CCR1 17912 I
CCL4 MIP-183 CCR5 Monocyte, T cell, dendritic cell, NK
CCR1 17912 I
CCR3 Eosinophil, basophil, monocyte, T cell, dendritic cell,
CCL5 Rantes CCR5 NK
CCLG6# U I
CCR1 17911.2 | |
CCR2
MCP-3, CCR3
CCL7 MARC CCR5 Eosinophil, basophil, monocyte, T cell, dendritic cell, NK
CCR2 17911.2 | |
CCR5
CCR1
CCL8 MCP-2 CCR3 Eosinophil, basophil, monocyte, T cell, dendritic cell, NK
CCLO# U I
CCL10# U I
CCR3 17911.2 | |
CCL11 Eotaxin CCR5 Eosinophil, basophil, monocyte, T cell, dendritic cell
CCL12# | MCP-5 CCR2 | | Neutrophil, basophil, monocyte, T cell, dendritic cell, NK
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CCR1 17911.2 | |
CCR3
CCR2
CCL13* | MCP-4 CCR5 Eosinophil, basophil, monocyte, T cell, dendritic cell, NK
CCR1 17912 H
CCR3
CCL14* | HCC-1 CCR5 T cell, monocyte
MIP-1y, 17912 H
HCC-2
MMRP2, | CCR1
CCL15* | CCF18 CCR3 Eosinophil, basophil, monocyte, T cell
CCR1 17912 H
CCR2
CCR5
HCC-4, CCRS8
CCL16* | LEC HRH4 Monocyte, T cell
CCR4 16913 D
CCL17 TARC CCR8 Monocyte, T cell, dendritic cell
CCL18* | PARC U 17912 H | Monocyte, T cell
MIP-3, 9p13.3 | H
CCL19 ELC CCR7 Monocyte, T cell, dendritic cell
MIP-3q, 2q36.3 | D
CCL20 LARC CCR6 Monocyte, dendritic cell
CCL21 SLC CCR7 9p13.3 | D | T cell, dendritic cell
MDC, 16913 D
CCL22 ABCD-1 CCR4 Monocyte, T cell, dendritic cell
MPIF-1, CCR1 17912 I
CCL23* | C10 FPRL-1 Monocyte, T cell
CCL24 Eotaxin-2 | CCR3 7911.23 | | | Eosinophil, basophil, monocyte, T cell, dendritic cell
CCL25 TECK CCR9 19p13.2 | H | Monocyte, T cell, dendritic cell
CCL26 Eotaxin-3 | CCR3 7911.23 | | | Eosinophil, basophil, monocyte, T cell
CTACK, 9p13.3 | H
CCL27 ILC CCR10 T cell
CCR10 5p12 U
CCL28 MEC CCR3 T cell
C chemokine family
Lympho- | XCR1 19242 | D
XCLA1 tactin a T cell
Lympho- XCR1 19242 | D
XCL2* tactin T cell
CX3C chemokine family
Fractal- CX3CR1 | 16013 I | Monocyte, T cell, NK
CX3CL1 | Kine

Table 1. Chemokines, receptors, inflammatory function. Based on Zlotnik et al., 2006; David and Kroner,
2011, Keeley et al., 2010. ** human or # mouse only; I, inflammatory; H, homeostatic; D, dual; U,

unknown

Structural features are decisive for specificity of receptor binding and, consequently, of

chemoattraction. For example, CXC family chemokines are generally chemotactic for

neutrophils due to the glutamic acid—leucine—arginine (ELR) tripeptide motif in their N-
terminal domain with which they bind CXCR2. CC chemokines or others (such as CXCL12)
lacking this motif, attract primarily lymphocytes (Table 1) (Zlotnik and Yoshie, 2000).

Chemokines are secreted from cells with the exception of CXCL16 and CX3CL1, which are

first expressed as transmembrane proteins, but upon proteolytic cleavage the extracellular
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domain is released as a soluble fragment (Ludwig and Weber, 2007). The transmembrane
form of CXCL16 functions as an adhesion molecule and a scavenger receptor for oxidized
low density lipoprotein and bacteria, whereas the soluble form is chemoattractive to immune
cells. CXCL16, containing 254 amino acids, is larger than other chemokines and has the
chemokine domain linked to the membrane anchor by a long mucin-like stalk in addition to a
transmembrane domain and a cytoplasmic tail. The intracellular domain is required for
efficient membrane expression and constitutive internalization (Andrzejewski et al., 2010;
Huang et al., 2009). CX3CL1 has also a mucin stalk which is heavily glycosylated (Bazan et
al., 1997; Matloubian et al., 2000) and is required for adhesion (Imai et al., 1997). CX3CL1 is
also constitutively internalized to protect it from protease-dependent release (Huang et al.,
2006). Upon inflammation and apoptosis, disintegrin and metalloproteases ADAM-10 and
ADAM-17 increase CX3CL1 shedding from neuronal membranes (Chapman et al., 2000;
Hatori et al., 2002).

Many chemokines oligomerize (Salanga and Handel, 2011). Oligomerization is only at the
beginning to unravel its importance to the signalling responses of certain chemokines and
their interaction with glycosaminoglycans. The latter compounds are negatively charged and
thus stabilize structures of highly positively charged chemokines that would not form in
solution. CXC chemokine dimers, such as CXCL8, are densely packed, whereas many CC
chemokines, like CCL2, dimerize into elongated structures. Moreover, XCL1 exists in two
three-dimensional structures under physiological conditions, a monomeric and a unique
dimeric B-sheet conformation (Camillioni and Sutto, 2009), which exert different biological
functions, one binding to glycosaminoglycans and the other activating the XCR1 receptor,
respectively. In addition to oligomerization, stable tetramers of CXCL4 and CX3CL1 have
been reported (Zhang et al., 1994). CCL3, CCL4 and CCL5 can form very stable polymers,
whereas CCL2 and CXCL12 are in dynamic equilibrium between monomer and dimer
depending on solution conditions (Veldkamp et al., 2005; Paavola et al., 1998). CCL27 forms
tetramers at high millimolar concentrations and CCL7 does not oligomerize (Kim et al.,
1996). Recent findings suggest that oligomeric forms seem to be required for migration in
vivo, while binding of monomeric CCL2, CCL4, CCL5 and CCL10 to receptors induces cell
migration in vitro,. In contrast, dimeric CXCL12 was unable to induce cell migration, but
elevated intarcellular Ca®* levels and may stop cell migration at high concentrations.
Moreover, receptors of chemokines have been reported to dimerize or heterodimerize further
complicating the understanding of chemokine biology (Wang and Norcross, 2008). Recently,
new structural features of several G-protein coupled receptors were determined, including
CXCR4 (Wu et al., 2010), as the ligand binding pocket was found much larger as previously
anticipated. Based on this structural phenomenon different ligand : receptor binding

stoichiometries, such as 1:2 and 2:2, became possible.
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Receptors and signalling

Chemokine signalling is mediated by members of a family of 7-transmembrane—spanning,
G-protein—coupled receptors. Upon ligand binding these receptors (CXCR1-6, CCR1-10,
XCR1 and CX3CRH1) are internalized from the cell surface and a wide range of intracellular
pathways such as phosphatidylinositol-3 kinase, mitogen-activated protein kinases, and
protein kinase C are activated (Stamatovic et al, 2005; Wain et al, 2002).

G-protein-mediated phosphoinositide hydrolysis generates diacylglycerol and inositol 1,4,5-
trisphosphate, which then activate protein kinase C allowing the mobilization of calcium to
initiate cellular responses (Wu et al, 1993). It appears that the newly discovered receptor for
CXCL12 and CXCL11, CXCR7, is unable to induce Ca* elevation and, rather than
signalling, primarily functions as scavenger receptor regulating the availability of chemokines.
This is similar to the Duffy Antigen Receptor for Chemokines (DARC), D6 and CCX-CKR
(Mantovani et al, 2006) that removes chemokines from inflammatory sites. Sanchez-Alcaniz
et al. (2011) showed recently that, upon interaction with CXCR4, CXCR7 on cortical
interneurons prevented the normally very rapid internalization of CXCR4 and the subsequent
time- and energy-consuming biosynthesis of new molecules of the latter receptor. Thus
CXCR4 responsiveness to CXCL12 was retained and desensitization was prevented even at
high levels of this chemokine ligand in the developing cortex.

Chemokine-receptor complexes are phosphorylated and endocytosed after signaling
through clathrin-dependent pathways, and once internalized, may either be degraded or
transported back to the cell membrane for reexpression (Rose et al, 2004).

Enzymatically, chemokines are processed by aminoterminal truncation into moderately active
(CXCL5) or more active (CXCL7, CXCL8, CCL4, CCL14, CCL15, CCL23) molecules or
receptor specific isoforms (CCL3L1, CCL5) (Mortier et al., 2011). Further processing of
chemokines can produce natural GPCR signalling antagonists or lead to total inactivation or
degradation of chemokines (Mortier et al., 2011). Modification of an arginine residue into
citrulline which was detected on natural CXCL8 and CXCL10 reduces the inflammatory
activity in vivo. Glycosylation (CCL2, CCL11, CCL14, XCL1, CX3CL1) has probably a
modulatory rather than a decisive role, and is important, e.g., for CCL2 functional stability,
receptor interaction and surface expression of CX3CL1. The NH2-terminal glutamine residue
is converted in pyroglutamic acid in CCL2, CCL7, CCL8 and CCL13 protecting these
chemokines from N-terminal cleavage by aminopeptidases and DPP IV. Proteolytic cleavage
and inactivation of CXCL12 in the bone marrow microenvironment has been proposed to be
the mechanism underlying mobilization of hematopoietic stem and progenitor cells by G-CSF
(Jin et al., 2008). NH2-terminal truncation by either DPP 1V, leukocyte elastase and
cathepsin G, and COOH-terminal truncation by cathepsin X reduce the chemotactic activity

of CXCL12 for human leukocytes, whereas the proteolytic cleavage by the MMP-2 results in
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a highly neurotoxic molecule, SDF(5-67), that is not able to bind its receptor CXCR4 but
recognises CXCR3 which is known for its deleterious effects in HIV-associated
neurodegeneration (Vergote et al., 2006). Insulin-degrading enzyme rapidly degrades
monomeric CCL3 and CCL4. However, polymerization of CCL3 or CCL4 inhibits the insulin-
degrading enzyme-dependent degradation (Ren et al., 2010).

Chemokine expression

In an oversimplified view, chemokines are either inflammatory and expressed by cells of the
immune system (leukocytes) and glial, epithelial, endothelial cells as well as fibroblasts upon
activation, or they are homeostatic and expressed in specific locations in the absence of
apparent activating stimuli.

Constitutive expression in the brain has been reported for CCL3 (Xia and Hyman, 1999) and
CCL2. The latter chemokine was found in astrocytes, microglia, endothelial cells (Glabinski
et al, 1996; 2002; Harkness et al, 2003) and in neurons including cortical motor neurons
(Banisadr et al., 2005).. CXCL12 is expressed in neurons of, e.g., the subventricular zone,
white matter and cerebellum as well as in blood vessels of the brain, and, furthermore, along
the dorsal corticospinal tract (dCST) and in meningeal cells of the spinal cord (Tysseling et
al., 2011). CX3CL1 is expressed in healthy neurons (Harrison et al., 1998). CCL21 was
found to be transported in presynaptic processes to nerve terminals (de Jong et al., 2005).
CCL19 and CCL21, on the other hand, are constitutively expressed in cerebrovascular
endothelium and the choroid plexus (Lalor and Segal, 2010).

The corresponding receptors are also constitutively expressed, that is: CX3CR1 on microglia,
CCR2 in neurons (brain, spinal cord) (Gosselin et al., 2005), astrocytes, microglia, neural
progenitor cells and microvascular endothelial cells (Banisadr et al., 2002, 2005; Coughlan et
al, 2000; Gourmala et al, 1997; Stamatovic et al, 2005; Horuk et al., 1997). CXCR4 is
constitutively expressed on cortical and hippocampal neurons, astrocytes, microglia and
ependymal cells (Stumm et al., 2002; Banisadr et al., 2002) in the brain and on ependymal
cells, as well as at low levels on dCST axons (Tysseling et al., 2011; Opatz et al., 2009;
Jaerve et al., 2011). CXCR7 expression was observed in neurons of various brain regions
(including cortical layer 1V-V), astrocytes and endothelial cells (Schonemeier et al., 2008).
Recently we have also detected low levels of CXCR7 on dCST axons in the spinal cord
(Opatz et al., 2009; Jaerve et al., 2011).

Chemokine expression following CNS injury
In CNS injuries, chemokine and chemokine receptor expression is upregulated within
minutes to hours depending on severity of the injury, and expression is maintained for at

least several days after trauma (Table 2).
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Injury Peak Source Reference
CXCL1 SClI 3-12h Astrocytes (MRNA) Pineau et al., 2010
6h mRNA (30x up) McTigue et al., 1998
TBI 1 dpi CSF Helmy et al., 2011
6 h choroid plexus (MRNA, protein) ggz)ngydynger-Chodobska etal,
Stroke 12 h,3-6h Protein, serum Yamasaki et al., 1995
24,72 h monocyte, neutrophils (MRNA, >10x up) Brait et al., 2011
CSF, not serum Losy et al., 2005
within 24 h to 7 dpi Serum Ormstad et al., 2011
CXCL2 SClI 12h Astrocytes (MRNA) Pineau et al., 2010
24 h mRNA Ma et al., 2002
TBI  6h choroid plexus (MRNA) S2mydynger-Chodobska et al.
Stroke 24,72h monocyte, neutrophils (MRNA >10x up) Brait et al., 2011
CXCL3 SscCli 15 minto 24 h mRNA Rice et al., 2007
TBI  6h choroid plexus (MRNA) S2mydynger-Chodobska et al.
CXCL5 SClI 6-12 h mRNA McTigue et al., 1998
Stroke  Within 24 h CSF, not serum Zaremba et al., 2006
1to4h mRNA Spitzbarth et al., 2011
cxcLs - scl 12h protein Hirose et al., 2000
within 3 dpi CSF Kwon et al., 2010
TBI 24 h mRNA Stefini et al., 2008
1 dpi CSF Helmy et al., 2011
Stroke 24 h to 7 dpi Serum; CSF Grau et al., 2001; Tarkowski et al.,
1-7 dpi blood mononuclear cells (MRNA) 1997; Kostulas et al., 1998
oxcLio sci  oaminto24h mRNA Rice et al., 2007
mRNA Gonzalez et al., 2003
6h mRNA McTigue et al., 1998
6 h, till 7 dpi mRNA, cells near injury site Lee et al., 2000
TBI 24 hto7 dpi mRNA (very low levels) Stefini et al., 2008
2 dpi CSF, higher than plasma Helmy et al., 2011
Stroke  3h,6 hand 10-15dpi mRNA Wang et al., 1998
CXCL12 SClI 7 dpi mRNA Takeuchi et al., 2007
In intact and injured; dCST, meninges; .
14 dpi infiltratingmonocyte (protein) Tysseling et al., 2011
Stroke 7 dpi Astroqytes, endothelial cells, neurons Hill et al., 2004
(protein)
Mainly astrocytes, also microglia,
CCL2 SCI Starting <5 min; 4 dpi  oligodendrocytes, neurons, blood vessels  Pineau et al., 2010
(mRNA);monocyte/microglia
7 dpi (reduced) mRNA Jones et al., 2005
24 h mRNA Ma et al., 2002
15 minto24 h mRNA Rice et al., 2007
within 72 h CSF Kwon et al., 2010
1h cells near injury site (MRNA) Lee et al., 2000
T8I 14hand 8 dpi; 1dpi  MRNA; CSF higher than plasma géﬁf;”' etal., 2008; Helmy et al.,
6-12 h mRNA; endotheli.al cells,monocyte, some Berman et al., 1996
astrocytes (protein)
2-3 dpi Neurons, astrocytes (protein) Che et al, 2001
Stroke  6h-2 dpi; 4 dpi Astrocytes;monocyte/microglia (MRNA) Gourmala et al, 1997
2 dpi protein Yamagami et al., 1999
24 h CSF, but not serum Losy et al., 2001; Zaremba et al.,
2006
CCL3 SCI 15minto 24 h mRNA Rice et al., 2007
within 1h gray matter of spinal cord (microglia), at4  Bartholdy and Schwab, 1997; Lee

dpi cellular infiltrate (MRNA)

et al., 2000
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Stefini et al., 2008; Helmy et al.,

TBI 3.5 h and 8 dpi; 1 dpi mRNA; CSF, higher than serum 2011
Stroke  6h mRNA, astrocytes (protein) Kim et al., 1995
4-6 h Microglia, astrocytes (MRNA) Takami et al., 1997
8to72h Monocyte/microglia (protein) Cowell et al., 2002
within 1 h gray matter of spinal cord (microglia)
CCL4 SCI 4 dpi cellular infiltrate (MRNA) Bartholdy and Schwab, 1997
TBI 35h mRNA Stefini et al., 2008
1 dpi CSF higher than plasma Helmy et al., 2011
CCL5 SCI 90 minto 3 h mRNA Rice et al., 2007
7dpi to 21 dpi mRNA Jones et al., 2005
24 h mRNA, microvascular endothelial cells Benton et al., 2008
TBI 6 dpi mRNA (very low levels) Stefini et al., 2008
1 dpi CSF Helmy et al., 2011
Stroke 24 h blood-derived cells, resident cells (protein) Terao et al., 2008
SCI 24 h mRNA Ma et al., 2002
CCL7 TBI Within 5 dpi CSF higher than plasma Helmy et al., 2011
Stroke 12h mRNA Wang et al., 1999
CCL8 SCI 12to 24 h mRNA McTigue et al., 1998
CCL12  SCI 12,24 h mRNA McTigue et al., 1998
CCL20  SCI 6-12 h mRNA McTigue et al., 1998
Stroke 24 h mRNA, protein Terao et al., 2009
ccL21 scl 4 weeks dorsal horn neurons, thalamus (protein) Zhao et al., 2007
Stroke  6h to 4 dpi cortical neurons and not glia (MRNA) Biber et al., 2001
CX3CL1 SCI 7 dpi (downregulated) mRNA, protein Donelly et al., 2011
TBI 24 h CSF, not serum, no changes in mouse Rancan et al., 2004

model (MRNA, protein)

Table 2. Chemokine expression in CNS injury.

It is argued that chemokine gradients persist indefinitely or reoccur periodically, which would
explain why infiltrated cells are observed for longer periods - about 6 weeks for neutrophils
and over 6 months for monocytes - in the lesioned spinal cord, despite of their short lifespan
of roughly 5 days and 2 months, respectively (Pillay et al., 2010; Hawthorn and Popovich,
2011).

The chemokine profiles following brain and spinal cord trauma are different, however,
common is the high upregulation of CCL2. In head trauma and in cortical stab wound injury,
CCL2, was the most strongly expressed chemokine (Stefini et al, 2008; Helmy et al., 2011;
Berman et al., 1996; Glabinski et al., 1996). In SCI, CCL2 was also highly upregulated by 18-
fold at 12 h. However, CXCL1 was elevated even 30-fold at 6 h and CCL8 35-fold at 12 h
(McTigue et al., 1998). CXCL10 was upregulated approximately 7-fold at 6 h following SCI
(McTigue et al., 1998) but was almost absent in TBI (Stefini et al., 2008). CCL20 was
elevated 11-fold at 6-12 h and CCL3 5-fold at 24 h (McTigue et al., 1998). In TBI, CCL3 and
CCL4 followed in their levels CCL2 and CXCL8 (Helmy et al., 2011). CCL4 as well as CCL5
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were elevated in cortical stab wound injury (Berman et al., 1996; Glabinski et al., 1996),
whereas the latter was expressed at very low levels in both SCI and TBI.

Monitoring chemokine levels could enhance the precision by the assessment of injury
severity, which is one of the major challenges in management of SCI. Levels of CXCL8 and
CCL2 in cerebrospinal fluid (CSF) at 24 h post-SCI accurately predicted the ASIA grade for
acutely injured patients, and prognosis of segmental motor recovery at 6 months was more
precisely predicted than with the patients' baseline ASIA grade (Kwon et al., 2010).
Interestingly, elevated CCL2 levels in blood samples of ischemic stroke patients correlated
well with the clinical outcome already a few hours after onset of symptoms (Worthmann et
al., 2010).

The expression of several chemokines can be regulated by levels of oxygen and cytokines.
For example, CCL2 production is induced by changes in oxygen levels in rat peripheral blood
mononuclear cells (Reale et al., 2003). Treatment with lipopolysaccharide, interferon,
interleukin-1 beta (IL-1B), colony-stimulating factor-1, transforming growth factor-B, and
tumor necrosis factor-a (TNFa) can induce the expression of several chemokines as has
been shown for CCL2 in different cell types in vivo and in vitro (Harkness et al, 2003; Hurwitz
et al, 1995; Thibeault et al, 2001).

Chemokines and their receptors as therapeutic targets in CNS injury

CXCL1-CXCL8: CXCR2 ligands

Chemokines CXCL1 to CXCLS8 recruit neutrophils, which express the CXCR2 receptor, to the
site of CNS injury. As source for CXCL1 and CXCL2 hyperthrophic astrocytes have been
identified which promote the entry of neutrophils and inflammatory monocytes in an IL-1
receptor/MyD88-dependent fashion (Pineau et al., 2010). SCl-induced expression of CXCL1
was reduced in myeloid cell-specific IkB kinase conditional knockout mice. IkB kinase
deficiency may be responsible for the reduced neutrophil infiltration in these mice and
improved recovery after SCI (Kang et al., 2011).

On the other hand, CXCL1 has been shown to be beneficial. Stimulation of the
CXCL1/CXCR2 pathway in the presence of thrombin and a thrombin receptor agonist
peptide has been shown to protect astrocytes from ceramide-induced apoptosis (Wang et al.,
2006). CXCR2 signaling plays a role in remyelination and oligodendrocyte precursor cell
(OPC) biology. However, the underlying mechanisms remain controversial. By conditional
overexpression of CXCL1 in a mice model of multiple sclerosis, neuroprotection and
remyelination were observed (Omari et al., 2009). This is further supported by the finding that

neutralization of CXCL1 receptor CXCR2 delayed clinical recovery of the mouse model of
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viral-induced demyelination, inducing apoptosis of OPCs (Hosking et al., 2010). In contrast,
Kerstetter et al. (2009) showed that inhibition of CXCR2 signalling promotes functional
recovery in the EAE model as differentiation of myelin producing cells was increased. Omari
et al. (2006) proposed that OPCs which constitutively express CXCR2 are recruited to
demyelination/damage areas by CXCL1. The latter chemokine is released by reactive
astrocytes and is known to halt OPCs differentiation in vivo (Tsai et al., 2002). However, this
concept could not be proven by cuprizone-induced demyelination in CXCR2 deficient mice,
as no functional impairment in OPC recruitment was observed (Lindner et al., 2008).

CXCL4 as a strong chemoattractant for neutrophils and fibroblasts has been proposed to
play a role in inflammation and wound repair (Eisman et al., 1990). It efficiently neutralizes
heparin-like molecules on the endothelial surface of blood vessels, thereby inhibiting local
antithrombin Il activity and promoting coagulation. Under neurodegenerative conditions, the
brain microglial cells have been shown to express CXCL4 and migrate towards CXCL4 via
mechanisms involving the CXCR3b receptor. Furthermore, CXCL4 attenuates
lipopolysaccharide-induced microglial phagocytosis and nitric oxide production in microglia
and BV-2 cells (de Jong et al., 2008).

CXCLS8/IL-8 is the most intensely investigated pro-inflammatory chemokine recruiting
neutrophils. Blocking of its action was shown to be beneficial in CNS injury. A CXCL8-
neutralising antibody was able to reduce brain oedema and cerebral infarct size (Matsumoto
et al., 1997). Inhibition of CXCL8 receptor by reparixin caused the same beneficial effect in
rats that underwent permanent and transient cerebral ischaemia resulting in the attenuation
of neurological deficits (Villa et al., 2007). In the clamp SCI, a steroid analog therapeutic
lazaroid U-74389G, which inhibits lipid peroxidation, but does not have the side effects of
steroid therapy (Kavanagh and Kam, 2001), was shown to reduce the production of systemic
and spinal CXCL8 (Kunihara et al. 2000). CXCL8 was shown to increase the expression of
matrix metalloproteinases, cell cycle and pro-apoptotic proteins, as well as cell death in the
cultured neurons. Moreover, CXCL8 levels were found to be elevated in the Alzheimer’s
disease brain (Thirumangalakudi et al., 2007).

On the other hand, a neuroprotecitve effect of CXCL8 cannot be excluded. This chemokine
was shown to recruit human neural precursor cells across brain endothelial cells (Rainey-
Barger et al.,, 2010). Furthermore, CXCL8 as well as CXCL2 and CXCL1 could protect
hippocampal neurons from beta-amyloid (1-42) induced cell death (Watson and Fan, 2005).
Taken together, neutrophil infiltration is generally associated with secondary tissue damage.
In line with this, in CXCR2-deficient mice suffering from closed head injury recruitment of
neutrophils to the injury site as well as tissue damage and neuronal apoptosis were
decreased but no functional effects were observed (Semple et al., 2010). In contrast, wound

healing in CXCR2 knockout mice was delayed (Devalaraja et al., 2000).
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CXCL9, CXCL10 and CXCL11: CXCR3 ligands

CXCREa3 ligands are potent chemoattractants for T lymphocytes and natural killer cells. Their
expression can be induced by interferon-gamma (Shurin et al., 2007). The location of
CXCR3 on the surface of endothelial cells suggests its role in maintaining the cytokine
gradient in the region of CNS inflammation (Ghersa et al., 2002). Blocking CXCR3 might thus
be beneficial in neuroinflammation.

CXCL10, if over-expressed, has been shown to cause neuronal apoptosis (Sui et al., 2004).
Administration of a neutralizing antibody against CXCL10 in spinal cord-injured mice reduced
neuroinflammation (Gonzalez et al., 2003) and tissue damage (Glaser et al.,, 2004).
Decreased infiltration of monocytes (lacking CXCR3) was likely due to decreased numbers of
infiltrating pathogenic Th1 T cells, which predominate in SCI as well as in MS and EAE
(Balashov et al., 1999; Sorensen et al., 1999; Jones et al., 2005), and attract monocytes by
secreting CCL5 (Fransen et al., 2000). Anti-CXCL10 treatment significantly enhanced
sprouting of the corticospinal axons and increased their number caudal to the injury site
(Glaser et al., 2006). Locomotory recovery was found significantly improved (Gonzalez et al.,
2003).

CXCL10 has also been shown to inhibit angiogenesis in vitro and in vivo (Strieter et al.,
1995; Angiolillo et al., 1995; Luster et al., 1995). Bodnar et al. (2009) showed that CXCL10
induced dissociation of newly formed blood vessels. Neutralization of CXCL10 almost
doubled the number of newly formed blood vessels following SCI, which might, together with
supportive changes in gene expression, be the cause for the increased axon growth (Glaser
et al., 2004). Interestingly, in cultured cortical neurons, the expression of CXCL10 was not
regulated by stress or injury, instead, it was found to be constantly released at low levels by
microglia. CXCL10 is expressed in developing brain and might, therefore, play a role in the
recruitment and homing of glial cells during embryogenesis (Vinet et al., 2010).

CXCL11 mRNA increased in lymph nodes and spinal cord tissue in EAE rats, similarly to
CXCR3 and CXCL10, but not as intensely and rapidly. Therefore, CXCL11 may not be
essential for the initial migration of CXCR3-bearing cells (McColl et al., 2004). The main
source of CXCL11 were astrocytes (McColl et al., 2004). CXCL9 levels, on the other hand,
were very low.

In contrast to the obvious detrimental role of CXCR3 ligands, in the CXCR3-deficient mice,
the EAE chronic disease was more severe, demyelination and axonal damage were
increased (Muller et al., 2007). In CXCR3 knock-out mice following entorhinal cortex lesion,
microglial migration into the area of axonal degeneration was impaired. However, CXCR3
seems not to be important for microglia proliferation as no differences were observed in the

proliferation specific model of facial nerve axotomy (Rappert et al., 2004). Clearly, microglia
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has also supportive functions in CNS injury by releasing also factors that are neuroprotective
(David and Korner, 2011).

CXCL12 - ligand for CXCR4 and CXCR7

CXCL12/SDF-1 has extraordinary features among the chemokine family of proteins. CXCL12
plays a very important role in CNS development, but also in CNS homeostasis
(neurogenesis, neuromodulation) and CNS injury. We have shown that infusion of this ligand
to the lesion site after dorsal hemisection in rat spinal cord promotes sprouting of the dorsal
corticospinal tract (dCST) sprouting rostrally to the lesion site. Fibers grow into the gray and
white matter of the spinal cord (Opatz et al., 2009). In addition to dCST, rostral sprouting of
serotonergic and tyrosine hydroxylase positive fibers was increased in both young and aged
rats (Jaerve et al.,, 2011). The mechanism of action for dCST sprouting likely involves
signalling via CXCR4 and/or CXCR7 as both receptors could be detected on CST axons.
However, direct evidence for this hypothesis remains to be proven. Sprouting of 5-HT and
TH-fibers, on the other hand, could be due to indirect mechanisms, as they do not express
detectable levels of CXCL12 receptors.

CXCL12 appears to be one of the most potent coordinators of stem and progenitor cell
migration. CXCL12 recruits mesenchymal stem cells (Li et al., 2010), intracerebrally
transplanted bone marrow-derived mesenchymal stem cells (Wang et al., 2008), monocytes
(Hill et al.,, 2004), endothelial cell progenitors which are important participants of
neovascularization (Bogoslovsky et al., 2011) and neuroblasts (Cui et al., 2007; Imitola et al.,
2004; Robin et al.,, 2006; Fan et al., 2010) through signalling via CXCR4. In addition,
upregulation of CXCL12 and CXCR4 in murine olfactory ensheathing cells has been shown
to promote axonal regeneration in vitro and in vivo (Shyu et al., 2008a). In stroke, CXCL12
has been demonstrated to moblize bone marrow-derived cells stem cells, promote
angiogenesis and protect neurons (Shyu et al., 2008b). In SCI elevated levels of CXCL12
correlated well with the accumulation of neuronal progenitor cells, which were injected at the
injury site one week after SCI in mice (Takeuchi et al., 2007). Ependymal cells in the spinal
cord, which constitute the endogenous stem cell pool, express high levels of CXCR4
(Tysseling et al., 2011; Jaerve et al., 2011) and are, therefore, likely guided to the lesion site
by its ligand. CXCL12 is also involved in neurotransmission and modulates neuronal activity,
as GABAergic inputs of immature neurons at the infarct boundary were enhanced by this
chemokine (Bhattacharyya et al., 2008). Also survival supporting effects for neural progenitor
cells mediated via the second CXCL12 receptor, CXCR7, have been reported (Bakondi et
al., 2011). Signalling by binding to CXCR7 has been implicated in OPC differentiation and
remyelination (Patel et al., 2010; Géttle et al., 2010). Likely, signalling via both receptors can

activate parallel and protective pathways in ischaemic stroke. Developmental regulation of
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neuronal migration and axonal pathfinding by CXCL12/CXCR4 also suggests a role of this
ligand-receptor interaction in regeneration in the adult brain (Stumm and Héllt, 2007). Very
surprising is the finding that CXCL12 reduces senescence of an endothelial progenitor
subpopulation through telomerase activation and telomere elongation (Zheng et al., 2010).
From the findings described here it is obvious that numerous cell biological aspects of this

interesting chemokine remain to be discovered in the future.

CXCL13, CXCL14 and CXCL16

CXCL13 levels are often elevated in the inflamed CNS and shown to recruit B cells in animal
models of infectious and inflammatory demyelinating disease (Rainey-Barger et al., 2011).
However, B cell depletion can lead to progressive multifocal leukoencephalopathy
highlighting the importance of B cell surveillance of the CNS. As reported above for CXCLS,
enhanced levels of CXCL13 have been found in active demyelination areas and presumably
assist systemically injected neural precursor cells (NPCs) across brain endothelium and
favour functional recovery in animal models of multiple sclerosis (MS) (Weiss et al., 2010;
Bagaeva et al., 2006). CXCL14 is also involved in myelination and is up-regulated in the
sciatic nerve of a mouse model of Charcot-Marie-Tooth disease type 1A and alters myelin
gene expression in cultured Schwann cells (Barbaria et al., 2009).

Chemokine CXCL16 levels were reported to be dramatically elevated in EAE, up to 10-fold
higher in the spinal cord as compared to the brain (Kim et al., 2010). This rise could be due
to the invasion of inflammatory cells into the spinal cord (Matloubian et al., 2000; Fukumoto
et al., 2004; Ludwig et al., 2005) which, in addition to the astrocytes and endothelial cells,
produce CXCL16. Interestingly, when attracted by CXCL16 infiltration of neutrophil and
monocytes into injured muscle promoted muscle regeneration and suppressed fibrosis
(Zhang et al., 2009). The role of this chemokine in CNS injury might be worth of more

detailed investigation.

MCP family: CCL2, CCL7, CCL8, CCL12 and CCL13

Each member of the monocyte chemotactic protein (MCP) family (designated as MCP-1-5,
respectively) attracts a different subset of leukocytes after binding with different affinities to
several receptors (Gouwy et al, 2004). Although CCL2, CCL7, and CCLS8 signal through the
CCR2 receptor, CCL2 is the most potent in activating signal transduction pathways which
lead to monocyte transmigration (Sozzani et al, 1994) and is probably the most studied
chemokine.

CCL2 and its receptor CCR2 are considered pro-inflammatory. There is strong evidence for

its detrimental effect. Over-expression of CCL2 increases infarct volume (Chen et al., 2003),
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exacerbates responses to brain injury (Muessel et al., 2002), and mouse mutants deficient in
CCL2 or CCR2 genes showed decreased inflammatory infiltration and infarct size (Hughes et
al., 2002; Dimitrijevic et al., 2007). Similar results were obtained with the chemokine
receptor-antagonist treatment (Minami et al., 2003) or with anti-CCL2 antibody which
decreased the permeability of the BBB after ischaemia/reperfusion (Xia and Sui, 2009). In
CCR2 deficient mice, the number of infiltrating monocytes in the lesion epicentre, myelin
degradation and expression of CCR1 and CCR5 were decreased at 1 week after SCI (Ma et
al., 2002). In line with this is the observation that CCL2 mainly attracts the monocyte
“inflammatory population” and not Gr17/Ly6C"°“*CCR2 CX3CR1"®" cells which were shown to
be neuroprotective (Woollard et al., 2010; Weber et al., 2008).

Nonetheless, microglia appears not to be responsible for neuron death accompanied with
elevated CCL2 levels, although the latter chemokine can induce migration and proliferation of
microglial cells (Hinojosa et al., 2011). CCL2 might recruit bone marrow stromal cells (MSCs)
to the ischaemic brain (Wang et al., 2002). As these cells have neural phenotypes, they
could be beneficial to recovery after stroke. Also recruitment of newly formed neuroblasts
from neurogenic regions (the subventricular zone and the posterior peri-ventricular region) to
damaged cerebral areas after focal ischaemia is likely (Yan et al., 2007). CCL2 and CCR2
are involved in CNS cytoarchitectural organization (Meng et al, 1999; Rezaie et al., 2002).
CCL2 and CCL7 promote a dopaminergic phenotype in cultured rat embryonic cells (Edman
et al, 2008). In vivo, CCL2 induce excitability of dopaminergic neurons, dopamine release,
and locomotor activity in rats (Guyon et al., 2009). Conclusively, while CCL2 first worsens the

stroke, it later promotes neurogenesis.

CCL3, CCL4, CCL5

CCL3 recruits monocytes and microglial cells in the injured brain (Cowell et al.,, 2002;
Deshmane et al., 2009) via CCR1 and CCR5 (Cheng et al., 2001). CCL3 is also a potent
neutrophil chemoattractant in mice and humans (Reichel et al., 2009) in the presence of
other pro-inflammatory molecules, such as TNF-a or insulin (Montecucco et al.,, 2008a).
Intra-cerebro-ventricular injection of mouse CCL3 increases the infarct volume (Takami et al.,
1997).

On the other hand, CCL3 levels showed an inverse correlation with functional deficits in
stroke (Zaremba et al., 2006). CCL3 has been proposed as a potential anti-apoptotic agent in
stroke (Hau et al., 2008). In fact, CCL3 was shown to promote human umbilical cord blood
(HUCB) cell migration in ischaemic regions (Jiang et al., 2008). it is likely that CCL3 together
with its receptor CCR1 plays an important role in the subpial white matter neural stem- and

progenitor-cell niche after SCI as increased immunoreactivity for CCL3 (and CCL2, CXCL12)
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colocalized with astroglial, oligodendroglial markers, nestin, 3CB2 and BLBP in cells
morphologically resembling radial glia (Knerlich-Lukoschus et al., 2010).

CCL4 is involved in monocyte migration (Montecucco et al., 2008b). It increased reactive
oxygen species (ROS) production and adhesion of THP-1 cells to human umbilical vein
endothelial cells in vitro (Tatara et al., 2009). Elevated serum levels have been shown to
independently predict stroke and cardiovascular events in hypertensive patients (Tatara et
al., 2009).

CCL5 binds CCR1, CCR3 and CCR5 (Braunersreuther et al., 2007). In the CCL5 knockout
mice or in the wild-type mice receiving CCL5-deficient bone marrow the infarct volumes and
BBB permeability were smaller (Terao et al., 2008). CCL5 could also increase cerebral
damage through the secondary induction of other potent pro-inflammatory cytokines such as
interleukin 6 (Shahrara et al., 2006). In contrast, the mutant mice for receptor of CCL5,
CCRS5, showed larger cerebral infarct size, with increased neuronal death and neutrophil
infiltration as compared to wild-type mice (Sorce et al., 2010). CCL5, but also CCR5 are
upregulated in astrocytes, microglia, endothelial cells and neurons following CNS injury
(Spleiss et al., 1998; Tripathy et al., 2010), but have been proposed to mediate neuronal
protection and survival (Rostene et al., 2007). Indeed, in the cell culture CCL5 increases
neuronal survival and protects against the toxicity of thrombin and sodium nitroprusside
(Tripathy et al., 2010).

CCL19 and CCL21 - ligands of CCR7, and CCL20 - ligand of CCR6

CCL19/CCRY7 has been implicated in immune surveillance of the CNS by lymphocytes (Lalor
and Segal, 2010; Shannon et al., 2010). CCL21 is rapidly upregulated in the cortical neurons
upon ischemic injury and glutamate mediated excitotoxicity, transported in secretory granules
along axons to presynaptic structures and, in such a way, activates remote microglia to
express CXCR3 (Biber et al., 2001; Biber et al., 2011). Consequently, a chloride current and
chemotaxis is triggered in microglia (Kettenmann et al., 2011; Rappert et al., 2002).

CCL20-CCRE®6 interactions attract inflammatory monocytes and activate microglia and are
thus likely to contribute to neuroinflammation following brain injury (Terao et al., 2009).
Indeed, hypothermia was shown to be effective in suppressing these effects as was

neutralization with MAB540 antibody to reduce the ischaemic area (Terao et al., 2009).

CX3CL1 - ligand of CX3CR1

CX3CL1 is expressed on neurons, while CX3CR1 is found on microglia, and the interaction

between them is thought to maintain microglia in a resting state, thereby suppressing the
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neurotoxic and phagocytic activity of these cells (Cardona et al., 2006). Blockade of CX3CR1
signaling leads to better anatomical and functional recovery from SCI in mice (Donelly et al.,
2011). The production of inflammatory cytokines by spinal microglia and monocyte-derived
monocytes is reduced as well as the number of pro-inflammatory monocytes in the injury
site. Knocking out the CX3CR1 gene attenuates hyperalgesia and allodynia in a modality-
dependent fashion (Staniland et al., 2010). In focal cerebral ischaemia (Denes et al., 2008)
or cerebral ischaemia-reperfusion models of stroke (Soriano et al., 2002), mice lacking the
fractalkine receptor are less susceptible to damage. However, in Parkinson’s disease and
amyotrophic lateral sclerosis models the lack of CX3CR1 exacerbates neuronal loss

(Cardona et al., 2006), indicating that the result depends on the neurological condition.

Clinical situation

Only a limited number of therapeutics targeting the chemokine system has been approved
for clinical use. Among which is the CXCR4 antagonist mozobil for stimulating mobilization of
hematopoietic stem cells from the bone marrow to the bloodstream, and the inhibitor of
CCRS maraviroc for HIV prevention. Many potential therapeutics are in trials for HIV, MS and
rheumatoid arthritis (but none for CNS injuries or stroke) and no anti-inflammatory agents
have been tested in TBI (Proudfoot et al., 2010; Mirabelli-Badenier et al., 2011).

Therapeutic appoaches include small molecule inhibitors or neutralizing antibodies, but
increasing attention gain the capabilities of modified chemokines (Chevigné et al., 2011).
Those that block receptor activation are especially effective to inhibit leukocyte recruitment.
For example, the CCL2 (9-76) fragment acts as receptor antagonist and inhibits
mononuclear cell infiltration in a mouse model of arthritis (Gong et al.,, 1997). A broad
spectrum inhibitor of CC and CXC chemokines, NR58-3.14.3, a retroinverso analogue of a
12-mer peptide, reduced the inflammatory response, the lesion size and consequently
improved neurologic function in a rat model of cerebral ischaemia (Beech et al., 2001).
Pathogens and viruses or even ticks have intelligent ways to escape the immune system,
e.g., via production of homologues of chemokines (receptor antagonist) or of receptors
(chemokine scavengers), or scavengers of secreted chemokines (Murphy et al., 2000;
Mantovani et al., 2006), or ‘evasins’ (chemokine antagonists) (Frauenschuh et al., 2007;
Déruaz et al., 2008; Vieira et al., 2009; Russo et al., 2010; Tarkowski et al., 1997). These
molecules have, indeed, a great potential. For example, a chemokine analogue peptide
encoded by Kaposi sarcoma-associated herpes virus, viralmonocyte inflammatory protein-I|
(vMIP-I1) is a broad chemokine antagonist that protects the brain against focal cerebral
ischemia in mice (Takami et al., 2001). Ghirnikar et al. (2000) showed that infusion of vMIPII

suppressed gliotic reactions, reduced neuronal damage and dramatically halted inflammatory
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cellular infiltration following SCI. Endogenous apoptosis inhibitor was also increased and
neuronal apoptosis reduced (Ghirnikar et al., 2001). Subsequently, it could be demonstrated
that this chemokine antagonist also reduced inflammatory infiltrates as well as axonal

degeneration, but it increased neuronal survival (Ghirnikar et al., 2001).

Function Chemokine | Intervention Injury Reference
. Opatz et al., 2009;
Axon sprouting CXCL12 Infusion SCI Jaerve et al., 2011
CXCL10 Neutralization | SCI Glaser et al., 2006
CXCL12 Stimulation EAE Gottle et al., 2010
Remyelination CXCLA Cond. over- | EAE | Omari et al., 2009

expression

Demyelination CXCR3 Deletion EAE Miller et al., 2007

Cui et al., 2007; Imitola
et al., 2004; Robin et
CXCL12 Stimulation stroke | al., 2006; Fan et al.,

. 2010; Wang et al.,
Stem/progenitor 2008: Lietal., 2010
cell recruitment CCL2 Stimulation stroke | Yan et al., 2007
Hughes et al., 2002

CCL3 Stimulation stroke Jiang et al., 2008
CXCL8 . . .
CXCL13 Stimulation EAE Weiss et al., 2010
Neovascularization | CXCL10 Neutralization | SCI Glaser et al., 2004
CXCL10 Neutralization | SCI Glaser et al., 2004
CX3CLA1 Deletion SCI Donelly et al., 2011
CXCL8 Neutralization | stroke | Matsumoto et al., 1997
CXCR2 Deletion TBI Semple et la., 2010
CXCR2 Inhibiton stroke | Villa et al., 2007
Reduced tissue cCL2 Deletion stroke Hughes et al., 2002
damage Neutralization Xia and Sui, 2009
Deletion Dimitrijevic et al., 2007
CCR2 Inhibition Stroke | \tinami et al., 2003
CCL20 Neutralization | stroke | Terao et al., 2009
CX3CR1 | Deletion stroke | Soriano etal., 2002

Denes et al., 2008

Table 3. Chemokines or their receptors as targets in CNS injury.

Other substances such as cannabinoids were protective against ischaemic stroke not
corroborating responsiveness to bacterial infections (Klehmet et al., 2009). Estrogen has
been shown to reduce CXCL2 mRNA in the brain, suppress inflammation, elevate CCR7
expression and the number of cerebroprotective regulatory T cells (Zhang et al., 2010).
Antiplatelet drugs have been shown to inhibit post-stroke upregulation of inflammatory
chemokines (such as CXCLS8) in circulating leukocytes (Al-Bahrani et al., 2007).

A special case among the CNS injuries considered here is stroke, as chemokines might be
involved in increasing the risk of the disease. For example, CCL2, CCL4, CXCL8 and

CXCL12 have been implicated in recruiting microglia and monocytes into atherosclerotic
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plaques, rupture of which can also cause cerebral ischemia (lkeda et al., 2002; Sokolov et
al., 2009; Montecucco et al., 2010; Patel et al., 2010).
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Figure 1. Role of chemokines in SCI, TBI and stroke. The blood-brain barrier (BBB) which
separates the brain or spinal cord parenchyma from vascular system and consists of
endothelial cells (depicted as a blood vessel) is disrupted following SCI and TBI and
dysfunctional after stroke. Red and white blood cells infiltrate (in stroke after reperfusion) and
interact with resident immune cells via cytokines (IL-1B, TNFa) which activate glial cells and
promote their proliferation as well as production of chemokines in order to start the
inflammation. Microglia migrate towards CCL2 source and produce both neurotoxic and
neuro-supportive factors. Astrocytes and lesser extent endothelial cells produce CCL2,
CCL3, CXCL1, CXCL2 as well as other chemokines to elicit migration of immune cells.
Neutrophils are recruited by CXC chemokines CXCL1, CXCL2, CXCL8 (dependent on IL-1
receptor), also by CC chemokines CCL2 and CCL3, which, however, mostly recruit
monocytes bearing CCR2. CXCL10 recruits T lymphocytes, but also monocytes from bone
marrow, as does CXCL12 (which is upregulated at later time points). In TBI, neutrophils can
enter via choroid plexus too, which secretes CXCL1. Recruited leukocytes themselves
produce chemokines further amplifying the recruitment process. Chemokines promote
regenerative processes as well. Neovascularization by infiltrating endothelial progenitor cells
or tissue resident precursors is dependent on chemokines (CCL2, CCL16, CXCL12, CXCL1-
8 except CXCL4). Neuroprotection by recruitment of stem cells is mediated mostly by
CXCL12. In addition, CXCL12 promotes axonal sprouting. Some chemokines promote
oligodendrocyte proliferation and remyelination (CXCL12, CXCL1).
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Effect of age on chemokine effects

There is evidence that age may influence chemokine levels following CNS trauma. If so, it
might be important to be considered for the development of therapeutic strategies. For
example, after visual cortex ablation CCL2 and CCL5levels were higher in the thalamus of
old mice at all time points suggesting a negative effect of age on outcome of brain injury
(Sandhir et al., 2004). In very old spinal cord-injured rats, down-modulation of inflammatory
responses was reported to be disturbed resulting in persistent neutrophil infiltrates. This
finding was assessed by measurement of levels of the specific granulocyte enzyme MPO at
4h post injury (Genovese et al., 2006). In aged animals, microglia is activated more rapidly at
3 dpi in comparison to young animals at 14 dpi after mild cerebral ischemia (Badan et al.,
2003). Nonetheless, following SCI, microglia in aged mice produced lower levels of pro-
inflammatory cytokine CXCL1 at 3 h which correlated well with attenuation of infiltration of
neutrophils (Kumamaru et al., 2010).

The immature nervous system might also have a different susceptibility to chemokine effects
(Anthony et al., 1998). In TBI, exclusive induction of CXCL1 upon IL-1B in young but not
adult rat brain was attributed to dramatic BBB breakdown and neutrophil response in young
compared to adult rats. Also CXCL3 induction was higher in juvenile than in adult brain
(Campbell et al., 2002). Treatment with anti-CXCL1 antibody attenuated these effects in
young rats.

Circulating levels of cytokines are influenced by aging. With increased age, reduced levels of
CCL2 (Kim et al., 2011; Tripathy et al., 2010; Reale et al., 2003) and CX3CL1 (Wynne et al.,
2010) were reported, whereas the levels of most other chemokines were shown to be
increased. CCL2 (Seidler et al., 2010; Inadera et al., 1999; Antonelli et al., 2006), CCL3,
CCL4, CCL5 (Felzien et al., 2001; Chen et al., 2003), CXCL1 (Fimmel et al., 2007), CXCL8
(Baune et al., 2008), CXCL9 (Njemini et al., 2007; Shurin et al., 2007), CXCL10 (Antonelli et
al., 2006; Shurin et al., 2007) and CXCL11 (Shurin et al., 2007) were elevated at higher age.
Reduced CX3CL1 levels in aged brain were associated with microglial activation during
aging and suppression of neurogenesis (Bachstetter et al., 2009). Administration of CX3CL1
reversed the decline in age-associated neurogenesis. Reduced CXCL12/CXCR4 in a mouse
model of Alzheimer disease also correlated with impaired learning (Parachikova and
Cotman, 2007). In contrast, increased serum levels of CXCL8 were likely causing poor
memory and motor performance (Baune et al., 2008). Very interesting, reduced levels of
CXCL12 among other hypoxia-responsive cytokines is responsible for impaired wound
healing in aged animals as neovascularization is less efficient (Loh et al., 2009). Moreover,
we have shown that, despite of reduced innervation in aged rats, infusion of CXCL12 is still

able to increase axonal sprouting following SCI (Jaerve et al., 2011).
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Perspective

Recent findings suggest a dual role of chemokines in CNS injury. Their role in leukocyte
recruitment and activation is well known. It is, however, a matter of considerable debate,
whether the inflammatory response is beneficial or harmful for tissue protection and repair.
Mostly, it is considered to have detrimental effects, and several studies with anti-
inflammatory strategies blocking the action of chemokines (e.g anti-CXCL10 antibody) or
their receptors (deficiency of CX3CR1) have been shown to improve recovery (Table 3). In
several cases (e.g. CCL3, CCL5) controversial results were obtained. A possible explanation
could be due to the fact, that monocytes are a very heterogenous group of cells, with pro-
inflammatory or regeneration-promoting characteristics, and that monocytes change their
functional states (David and Kroner, 2011). In the study of Donelly et al. (2011), blockade of
CX3CR1 achieved a better anatomical and functional recovery from SCI in mice, because
recruitment or maturation of monocyte-derived macrophages of neurotoxic phenotype
(Ly6C"°/iNOS*/MHCII*/CD11¢’) was reduced as well as their ability to produce inflammatory
cytokines and oxidative metabolites; instead, there were more CCR2*/Ly6C"/MHCII/CD11c"

monocytes recruited.

Different types of monocytes produce and release also different chemokines. For example,
M1 macrophages, which can induce neuron death in vitro, produce CXCL9, CXCL10,
CXCL11, CXCL13, CCL8, CCL15, CCL19 and CCL20. M2 subpopulations, M2a and M2c,
with anti-inflammatory and reparative properties, produce CCL13, CCL14, CCL17, CCL18,
CCL22, CCL23, CCL24, CCL26 and CCL16, CCL18, CXCL13, respectively. The M2b type,
which produces beneficial IL-10, but also pro-inflammatory molecules IL-12, TNFa, IL-18 and
IL-6, synthesizes CCL1, CCL20, CXCL1, CXCL2, CXCL3 (David and Kroner et al., 2011).
Information about the expression of the corresponding chemokine receptors by different
macrophage subtypes would be valuable in order to block their action. For example, by
means of gene expression profiling Martinez et al. (2006) have shown that the CXCL12
receptor CXCR4 was expressed in M2 monocytes and CCR7 in the M1 type. Interestingly,
the M2 type is more motile and predominantly attracted by neuronal cultures and neuronally-
conditioned medium than the M1 type (Vereyken et al., 2011).

Blocking of the action of some chemokines or their receptors by neutralizing antibodies has
been efficient in reducing the infiltrating immune cells and inflammatory process or has
regulated the subset of recruited cells. With reduction of inflammatory cells, tissue sparing is
increased. Formation of cavitations in the lesion site is characteristic for traumatic spinal cord
injury in rat and human and can be suppressed by, e.g., neutralization of the chemokine
CXCL10 or blocking of CX3CR1 signalling (Glaser 2004; Donelly et al., 2011).
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Chemokines can contribute to repair processes by improving neuronal survival, enhancing
stem and progenitor cell homing, and increasing axonal sprouting. Reducing inflammatory
signalling in microglia and monocyte-derived macrophages promotes neuroprotection, e.g.,
by blocking of CX3CR1 signaling (Donelly et al., 2011). Neutralization of the chemokine
CXCL10 reduces apoptosis after SCI (Glaser 2006). Reducing the expression of CCL21 in
stressed neurons could hamper subsequent activation of microglia. Blocking of the action of
CCL2 could be beneficial. Neuroprotective abilities of CCL4 and CCL5 are under discussion.
CNS repair processes are further promoted by increased proliferation and migration of neural
and other progenitor cells through chemokines such as CXCL12/CXCR4, CCL3/CCR1,
CXCL8 and CXCL13. Neovascularization could be supported by recruitment of endothelial
progenitor cells attracted by CXCL12. Angiogenetic properties of CCL2, CCL11, CCL16 and
CXCL1-8, except CXCL4, and angiostatic properties of CXCL9-CXCL11 have been reported
(Keeley et al., 2010). Neutralization of CXCL10 significantly enhanced formation of new
blood vessels at the injury site after SCI (Glaser 2004).

From peripheral nerve injury, it is known that neovascularization precedes nerve
regeneration. Reportedly neutralization of the chemokine CXCL10 increased axon sprouting
after spinal cord injury (Glaser et al., 2006). We have shown recently that infusion of CXCL12
enhanced axonal sprouting following SCI (Opatz et al., 2009; Jaerve et al., 2011). CXCL12 is
able to induce neurite arborisation by elevating cAMP levels (Chalasani et al., 2003; Pujol et
al., 2005) which activates expression of regeneration supporting genes such as Arginase |
which is involved in the synthesis of polyamines (Cai et al., 2002).

Remyelination by oligodendrocytes is also regulated by some chemokines. CXCL12 has
been shown to induce oligodendrocyte proliferation and maturation as well as remyelination
(Gottle et al.,, 2010). Also CXCL1/CXCR2 signalling may play a role in oligodendrocyte
proliferation and recruitment to demyelinated areas. As CXCL14 alters myelin gene
expression in cultured Schwann cells (Barbaria et al., 2009), it might also be worth to
investigate its role in the CNS.

Some chemokines have also been implicated as potential candidates for neuropathic pain
following peripheral nerve injury (Kiguchi et al., 2010) and thus might play a role in
neuropathic pain following SCI. Co-expression of CCL2, CCL3 and CXCL12 have been
shown together with transmitters and receptors that are involved in nociceptive processing in
dorsal horns as well as in brain (Knerlich-Lukoschus et al., 2011; Van Steenwinckel et al.,
2011). Antagonists of the CCL2 receptor are promising agents for treating neuropathic pain,
as pain-transmission effects were prevented by the administration of INCB3344 or ERK
inhibitor (PD98059). As one mechanism for neuropathic pain upregulation of P2X4
expression in microglia following stimulation through neuronally-derived CCL21 has been

demonstrated (Biber et al., 2011). CX3CL1 obviously also plays a role, as the deficiency of
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its receptor attenuates hyperalgesia and allodynia in a modality-dependent fashion
(Staniland et al., 2010).

Conlusions

There is a huge amount of information available now about the expression, regulation,
signalling and action of chemokines. Several manipulations with chemokines in experimental
CNS trauma models of SCI, TBI and stroke have gained very significant improvements in
regenerative processes and blocking of tissue destruction. In many cases, chemokines act
very similar in these pathologies, which could facilitate the development of therapies. On the
other hand, the success depends on harnessing all the details in the specific injury
conditions, e.g., time-course of expression, producing cell subtypes as well as their specific
actions. The chemokine system with the chemoattraction function is a very interesting
therapeutic target, because the whole neuroinflammation scenario can be manipulated,
starting with the lack or timely changed manner of infiltration of inflammatory cells or the
subtypes of invading cells. In addition to that, the cells that are able to promote regenerative
processes can be called to the scene. Importantly, at least one of the chemokines (CXCL12)

can directly stimulate injured axons to grow again.
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5. GENERAL DISCUSSION

Do regenerative responses exist in aged CNS following trauma?

It is general view that aging influences negatively regenerative capacities and outcome of
injury. Along with that, it is often assumed that treatment at older age is less likely successful.
The observations from this thesis let us conclude that potential for regeneration remains in
aged CNS as does the efficacy of treatment. Therefore, the hypothesis that regenerative

responses might be absent in aged CNS will be reconsidered and discussed.

Do different axon tracts age differently?
We demonstrate that aged rats appear to still retain the potential to show regenerative
growth of CGRP, 5-HT and TH fibers. In line with literature, we found that it is the specificity
of axon tract which determines the capacity to initiate regeneration or sprouting — being most
robust in the sensory and serotonergic system, followed by TH axons, whereas corticospinal
tract is the most delicate and less regenerating (Hawthorne et al., 2011; Schiwy et al., 2009).
The differences in the reactions and growth capacities of axon tracts might be partially
explained with gene expression. Serotonergic neurons have higher levels of GAP-43 and/or
B1 integrin, part of the receptor complex for laminin compared to cortical neurons (Milner and
Campbell, 2002).
The order of regrowth capacities of the axon tracts studied did not change as animals aged.
It might be therefore attempting to assume that aging uniformly affects these fiber tracts. The
most significant effect of aging that we found was impaired sprouting capacity of CST; the
age-dependent impairment of sprouting capacitiy of 5-HT and TH axons confined area
around central canal (CC). This suggests that CST might also be the most vulnerable to
aging. In fact, it has been shown by microarray profiling that the neurons in the layer V of the
motocortex are much more dependent on energy metabolism and protein synthesis than
sensory neurons (Rossner et al., 2006). In our microarray analysis of the sensorymotor
cortex following SCI, which includes transection of corticospinal neurons (located to layer V),
these processes were identified as the most affected following injury. Aging is accompanied
with dysfunction of mitochondria and consequently energy supply, thus the CST neurons
might be rendered more susceptible to trauma at older age (e.g. compared to sensory
neurons).
We demonstrated that TH axons were more susceptible to aging than serotonergic fibers, as
age-dependent reduction in sprouting capacity of TH axons reached significance in at least 3
out of 4 spinal cord cross sectional regions (CC, DH, WM) as compared to only one region
(CC) for 5-HT axons. Indeed, there is recent evidence that on the molecular scale different
neurons age differently (Moroz and Kohn, 2010).
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Survival and well-being of aged animals following SCI

Our study is the first to use a hemisection SCI model in such old rats (24-28 months), which
is around their biological life span. We were confronted with literature that did not convey
optimism for the survival rates of older animals following SCI. In the experimental studies of
Siegenthaler et al. (2008) and Genovese et al. (2006) half of the male rats (12 and 18
months-old, respectively) died of severe bladder infections after SCI. In contrast to these
studies, the geriatric rats in our studies survived the hemisection injury as well as young
animals and developed no complications. The survival rates were 94 % and 91 % for young
and aged groups, respectively. These differences with the above-mentioned studies might
be caused by the fact that we used female rats.

Aged animals in our study were more prone to small weight loss after SCI, which however
bears no substantial consequence to them, as many show a tendency towards overweight at
this age (Fig 4A). Similar changes have been reported in older female rats (Chavipoch et al.,
2006). Bladder recovery, which is together with the change in body weight very informative
measure for recovery from injury and overall well-being of injured animals, followed the same
pattern in young and aged rats during five weeks survival time (Fig 4B). Slower bladder
recovery in geriatric rats was reported by Siegenthaler et al. (2008). In our study, a relatively
high number of aged animals (17%) compared to young animals (7%) did not need manual
bladder expression on the first day post injury, which might have been caused by
incontinence.

Overall, the hemisection model of SCI in very old rats can be used to study the regeneration
potential of CNS axons. In previos studies of our laboratory one axon tract was investigated
per animal group. As only limited number of aged animals was available to us (very common
situation) we established a triple-staining protocol in this thesis (described in the chapter 4.1).
With such approach we could investigate four axon tracts in a single animal instead of one
axon tract. This protocol helped furtheron also optimize the numbers of young adult animals

used in other studies of our laboratory.
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Fig 4. (A) Effect of aging on body weight and bladder function recovery after SCI. (A) Body
weight was measured daily after bladder expression. Change from pre-SCI weight for young
and aged animals in grams. The slopes of linear regression lines were 0.9 and 0.1445 for
young and aged rats, respectively, and differed significantly (**p<0.001). Following the injury,
both aged and young animals lost weight. It is not surprising that young animals, which are in
a growth phase, continued to gain weight thereafter. Aged animals, on the other hand,
transiently lost some weight during the first month. The maximal body weight loss in average
did not exceed 10 g in aged animals, which is less than 3 % of the average body weight of
these animals. A little drop in the weight of aged animals after day 14 is probably caused by
BDA tracing to the motor cortex. (B) Urinary bladders were expressed once daily. No
significant differences were observed in the percent of aged and young animals with bladder
recovery. At day five, half of the aged and young rats had their bladder function recovered. At
day 10 this had occurred in over 85% of aged and young rats and at the end of the study
bladder function had recovered in all rats. Because some aged animals recovered bladder
function only at five weeks, it appeared that young animals reached the 100% bladder
recovery somewhat earlier than aged rats, at around day 12 post injury.
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Is treatment effective at older age?

We demonstrated that the effects elicited by AST and SDF-1 infusion were comparable in
young and aged animals. However, in all fiber systems tested the levels of SDF-1 induced
sprouting in aged animals was significantly lower than in young rats, because this increase
started from a markedly lower level in aged animals; the catecholaminergic innervation was
reduced around central canal and white matter of aged rats.

AST remained efficient in enhancing the regenerative growth of TH, 5-HT and CGRP axons
into lesion site in aged animals. CST fibers were not found in the scar area in both young and
aged animals; indeed, the numbers of fiber fragments of CST in the lesion area at 5 week
are very small (8 and 12 axon fragments in average in total per control and AST-treated
animals, respectively) (Schiwy et al., 2009). Our microarray profiling showed that despite of
different reactions to SCI at 1 and 7 dpo, AST elicited similar transcriptional responses in
both 2- and 22-month-old rats at 5 weeks. It would be interesting to address the findings
such as increased complement activation in aged animals in the future studies.

We observed that aged animals were not more disabled in their locomotion compared to
young animals following SCI. This is correlates well with our findings of similar regenerative
growth of TH and 5-HT fibers in aged and young animals. These tracts are very important for
locomotion in rats, whereas CST is responsible for fine motorics of toes/fingers. Indeed, the
differences between walking patterns of the aged and young injured animals appeared to be
subtle, such as position of paw placement (more external in aged animals compared to
parallel placement in aged); however, this feature was different already in some of the intact
aged animals. Instead, the problem appears to be much reduced mobility and explorative
locomotion in aged animals in general. Recovery following injury, however, depends highly
on rehabilitation - that is physical training of limb movements (rehabilitation by rats includes
special cages with enriched environment). In elderly patients, similar or even better recovery
of motor deficits was evident, but they had problems in using the recovery in their everyday
activities (Jakob et al., 2009). Therefore, the treatment paradigmas achieving the maximal
outcome in old animals/patients likely would include both the therapeutic interventions
combined with optimized rehabilitation.

SDF-1 is the first compound identified that effectively increases plasticity after trauma in
aged spinal cord. Previously, increasing axonal plasticity in subcortical regions triggered by
anti-NogoA treatment was shown to improve motor task performance after stroke in geriatric
rats (Markus et al., 2005). Thus improving axonal sprouting in spinal cord and brain may not

only improve plasticity in young rats but also in aged animals.
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6. SUMMARY

Spinal cord injury (SCI) incidence is increasing at older age. However, the influence of aging
on the regenerative growth potential of central nervous system axons following SCI is not
known. We investigated axonal sprouting along with the efficiency of the infusion of the
stromal cell-derived growth factor-1 (SDF-1/CXCL12) and regenerative growth along with the
anti-scarring treatment (AST) in young (2-3 months) and geriatric (22-28 months) female rats
following SCI. The AST consisted of injections of an iron chelator and cAMP. Axon
outgrowth was investigated by immunohistological methods at 5 weeks after a dorsal
hemisection at thoracic level T8. We found that aging significantly reduces spontaneous
axon sprouting of corticospinal (CST), serotonergic (5-HT) raphespinal and
catecholaminergic (TH) coerulospinal tracts in distinct regions of the spinal cord rostral to the
lesion. However, impairment of axon sprouting could be markedly attenuated in geriatric
animals by local infusion of SDF-1. Unexpectedly and in contrast to rostral sprouting, aging
does not diminish the regenerative growth capacity of 5-HT-, TH- and calcitonin gene-related
peptide (CGRP)-immunoreactive axons at 5 weeks after SCI. Moreover, 5-HT and TH axons
maintain the ability to react upon AST with significantly enhanced regeneration in aged
animals. These data are the first to demonstrate, that old age compromises axonal plasticity,
but not regenerative growth, after SCI in a fiber tract-specific manner. Furthermore, AST and
SDF-1 infusion remain efficient.

SCI causes massive changes in cortical gene expression in young animals, starting as early
as 1 day post-operation (dpo). A regeneration-associated transcriptomic program has been
identified underlying the long distance axon regeneration along with functional recovery in
adult rat upon AST. We investigated to which extent and how the dynamic cortical gene
expression profiles of aged (22-months-old) and young (2-months-old) rats following thoracic
CST transection differ and whether the AST-induced regeneration program can be activated
in aged animals. Therefore, total RNA isolated from layer V/VI of rat sensorimotor cortex at 1,
7, 35 dpo including the acute, subacute and chronic stages of SCI, respectively, was
analysed with Affymetrix GeneChips.

With this systemic approach we could show that the cortical transcriptomes following SCI
were age-specific because there was little overlap of significantly SCl-regulated genes
between aged and young animals and because several of the biological processes exerted
by these genes were unique, including complement activation in aged animals. We found
that the age-dominated profiles of rat sensorimotor cortex during the acute and subacute
phases of thoracic corticospinal tract transection could be shaped to resemble regeneration-
associated profiles by AST. This result together with axonal regrowth upon AST in aged

animals further implies that therapy in elderly patients might be still feasible.
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7. ZUSAMMENFASSUNG

Die akuten Rlckenmarkverletzungen treten mit zunehmender Haufigkeit im hoheren
Lebensalter auf. Allerdings liegen keine Erkenntnisse zu alterungsbedingten Anderungen im
Regenerationspotential von verletzten Axonen des zentralen Nervensystems (ZNS) vor. Wir
haben das axonale Aussprossen und die Infusionseffizienz des Stromal Cell-Derived Growth
Factor-1 (SDF-1/CXCL12) und das regenerative Wachstum zusammen mit Anti-scarring-
Behandlung (AST) in jungen (2-3 Monate) und geriatrischen (22-28 Monate) weiblichen
Ratten nach Rickenmarkverletzung untersucht. AST, eine jlingst in diesem Labor
entwickelte Therapie zur Unterdriickung der Narbenbildung durch lokale Applikation eines
Eisen-Chelators und eines zyklischen Adenosinmonophosphats (cAMP), fihrt zur axonalen
Regeneration Uber gro3e Distanzen und zur funktionellen Erholung. Wir haben das axonale
Wachstum 5 Wochen nach dorsaler Hemisektion am thorakalen Ebene T8 mit
immunhistochemischen Methoden untersucht und dabei das durch die Alterung signifikant
reduzierte spontane Aussprossen von dem Kortikospinaltrakt (CST), dem serotonergischen
(5-HT) Raphespinaltrakt und dem catecholaminergen (TH) Coerulospinaltrakt in spezifischen
Regionen von Rickenmark rostral der Lasionsstelle festgestellt.

Allerdings, konnten wir die Beeintrachtigung vom axonalen Aussprossen in den geriatrischen
Tieren eine Woche nach der Verletzung ausschlie8lich mit lokaler Infusion von SDF-1
abmindern. Unerwartet im Gegensatz zum rostralen Aussprossen, hat die regenerative
Wachstumskapazitdt von 5-HT-, TH- und Calcitonin-Gene-Related-Peptide(CGRP)-
immunoreaktiven Axonen 5 Wochen nach Ruckenmarkverletzung nicht nachgelassen.
Auferdem, behalten 5-HT und TH Axonen die Fahigkeit auf AST mit signifikant erhdhter
Regeneration in alten Tieren zu reagieren. Diese Daten sind die ersten, die demonstrieren,
dass das hohe Alter das Aussprossen, aber nicht das regenerative Wachstum nach
Rickenmarkverletzung auf fasertrakt-spezifische Weise beeintrachtigt. Dartber hinaus,
bleiben AST und SDF-1-Infusion effizient.

Schon am 1. Tag nach der Operation (days post operation, dpo) und mit wachsender
Wirkung mit der Zeit fuhrt Rickenmarkverletzung zu massiven Veranderungen in kortikaler
Genexpression in jungen Tieren.

Des Weiteren konnte man ein regenerationassoziiertes transkriptionelles Programm in den
AST-behandelten Tieren identifizieren, das flir Regeneration und funktionelle Erholung in
jungen adulten Ratten verantwortlich ist. In dieser Arbeit wurden Genexpressionsprofile der
Schicht V des sensorimotorischen Kortex nach Transsektion des thorakalen
Kortikospinaltrakts am 1, 7, 35 dpo, die akuten, die subakuten und die chronischen Stadien
einer Ruckenmarkverletzung entsprechend mit Hilfe von Microarray-Analysen (Affymetrix)

untersucht. Wir haben analysiert, wie sich die dynamischen kortikalen Genexpression-Profile
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der alten (22 Monate) und der jungen (2 Monate) Ratten unterscheiden und ob das AST-
induzierte Regenerationsprogramm sich in alten Tieren aktivieren lasst.

Mit diesem systemischen Ansatz konnten wir demonstrieren, dass das kortikale
Transkriptom nach Rickenmarkverletzung altersabhangig reguliert ist, weil wir nur kleine
Uberlappung in signifikant riickenmarkverletzungsregulierten Genen zwischen alten und
jungen Tieren gefunden haben und weil verschiedene biologische Prozesse, die von diesen
Genen reguliert werden unikal waren (wie z.B. Aktivierung des Komplements in alten Tieren).
Altersdominierende Profile vom sensorimotorischen Kortex der Ratte in akuten und
subakuten Phasen der thorakalen Kortikospinaltrakt-Transsektion haben sich bei AST zu
regenerationsassoziierten Profilen formen lassen.

Diese Ergebnisse mit dem axonalen Wachstum auf AST in alten Tieren deuten darauf hin,

dass die Therapie in alteren Patienten noch méglich sein kénnte.
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ABBREVATIONS

9. ABBREVATIONS

5-HT serotonin (5-hydroxytryptamine)

AST anti-scarring treatment

BDA biotinylated dextran amine

BPY-DCA 2,2'- bipyridine-5,5"-dicarboxylic acid (iron chelator)
C cervical

cAMP cyclic adenoside monophosphate

CcC central canal

CGRP Calcitonin gene-related peptide
CSPG chondroitin sulfate proteoglycan

CNS central nervous system

Col4 collagen type IV

CSF cerebrospinal fluid

CST corticospinal tract

CTGF connective tissue growth factor
dCST dorsal corticospinal tract

DH dorsal horn

dpo days post operation

DRG dorsal root ganglion

ECM extracellular matrix

GAP-43  growth-associated protein-43
GFAP glial fibrillary acidic protein, astrocyte marker
GM gray matter

LTP long term potentiation

MBP myelin basic protein

MRI magnetic resonance imaging
PNS peripheral nervous system
PO myelin protein PO

PMP22 peripheral myelin protein 22
PS propriospinal

RaST Raphe spinal tract

ROS reactive oxygen species
RST rubrospinal tract

SCI spinal cord Injury

T thoracic level

TH tyrosine hydroxylase

VH ventral horn

WM white matter
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