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AAIMON

Wie an dem Tag, der dich der Welt verliehen,
Die Sonne stand zum GrufSe der Planeten,

Bist alsobald und fort und fort gediehen

Nach dem Gesetz, wonach du angetreten.

So mufdt du sein, dir kannst du nicht entflichen,
So sagten schon Sibyllen, so Propheten;

Und keine Zeit und keine Macht zerstiickelt
Geprigte Form, die lebend sich entwickelt.

Urworte. Orphisch.
Goethe

(As on the day that you were lent to the world
the sun stood up to greet the planets

and you thrived immediately and from then on,
Jollowing the law thar permitted your arrival.
So must you be — you cannot flee yourself —

thus said the sibyls and the prophets;

And neither time nor force can break into pieces

the embossed form that living developed.)



Abstract

Spinal cord injury typically results in neurological deficits that can not be reversed, often leaving patients
bound to a wheelchair. Current treatment strategies are not very successful. Despite many promising experi-
mental strategies, clinical translation has so far been very limited.

This thesis describes gene regulation patterns of important inhibitory/growth promoting molecules and
the possible effects of training and environmental enrichment on the outcome of experimental spinal cord
injury. The thesis also reports improved recovery from spinal cord injury following local intrathecal block-
ade of the epidermal growth factor receptor. Potential mechanisms by which transplantation of Schwann
cells from a novel source may improve outcome after spinal cord injury are discussed. Finally, magnetic
resonance imaging is used to monitor metabolic changes in the brain and spinal cord after injury.

The inability of the spinal cord and brain to regenerate has been partly attributed to the presence of inhibi-
tory factors, some of which may increase their presence after injury. Inhibitory factors such as Nogo or
chondroitin sulfate proteoglycans ultimately activate the small GTPase RhoA which leads to growth cone
collapse and prevents regeneration. Inhibition of RhoA has been shown to enhance recovery after experi-
mental spinal cord injury. We investigated mRNA regulation patterns of 6 members of the Rho family in
the spinal cord and dorsal root ganglia. We found specific changes of temporal and spatial expression pat-
terns in response to spinal cord injury, suggesting different roles of these GTPases after injury.

Physiotherapy and rehabilitation are well established methods used after spinal cord injury. Environmen-
tal enrichment and exercise may even be neuroprotective. We tested the effects of moderate environmental
enrichment and voluntary wheel running either before or after injury on the outcome of incomplete spinal
cord injury in rats. However, no benefical effects were detected. Similarly, voluntary wheel running did not
change the outcome after spinal cord injury in terms of recovery or behavior. While these results suggest
that voluntary wheel running and moderate environmental enrichment have very limited effects, if any, on
the outcome of experimental spinal cord injury, they do not contradict the fact that voluntary and guided
training can be a useful tool in human spinal cord injury rehabilitation.

Epidermal growth factor receptor activation triggers astrocytes into becoming reactive astrocytes, to form
scar-like tissue and to secrete growth inhibitory molecules and inhibition of EGFR has been shown to pro-
mote neurite growth in vivo and in vitro. Blocking a Nogo receptor interacting mechanism or modulating
the astrocytic response may be the underlying mechanism. We found that local delivery of an irreversible
EGEFR inhibitor after contusion injury in rats led to markedly better functional and structural outcome.
Motor and sensory functions are improved and bladder function is restored faster. The fact that EGFR
inhibitors are in clinical use as treatment for certain cancers, may help pave the way for clinical trials of
such compounds also in spinal cord injury.

Schwann cells are one of the most investigated cell types for transplantation in experimental spinal cord
injury models, although understanding of the beneficial mechanisms is limited. Here we used a new source
of Schwann cells, derived from the boundary cap neural crest stem cells. Cells were differentiated in vitro
and transplanted 1 week after contusion injury into rats. We found significant functional improvement
of both moderate and severe contusion injury, together with more tissue sparing, axonal outgrowth and
Sox10+ glia recruitment. Although cells survived poorly after injury, we found they need to be transplanted
alive to produce beneficial effects. Endogenous Schwann cells were found in higher numbers in trans-
planted animals. We also found that ependymal cells could be a source of oligodendrocytes/Schwann-like
cells after injury.

To evaluate experimental spinal cord injury a variety of sensorimotor tests and imaging techniques are used.
Typically, these tests do not generate information about metabolic processes in the CNS. Here, we investi-
gated proton magnetic resonance spectroscopy as a new tool to obtain neurochemical profiles in vivo in the
CNS after spinal cord injury. We found significant changes of several metabolites in both spinal cord and
motorcortex. Changed metabolite patterns were detected in motor cortex and spinal cord. This enabled us
to make prediction models with high sensitivity and specificity. We suggest that proton magnetic resonance
spectroscopy is a useful tool to monitor metabolic changes in CNS tissue after spinal cord injury and evalu-
ate experimental protection and repair strategies.
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Spinal Cord Injury

Development of Protection and Repair Strategies in Rats

Introduction

The spinal cord is approximately 1 cm thick and 42 cm long, occupies two thirds of the spinal
canal extending to the L1-L2 lumbar vertebral level, and is protected by the bony structure of the
spine. With the exception of the cranial nerves, innervating mainly the head region, all motor
and sensory communication between the brain and the body travels through the millions of nerve
fibers contained in the spinal cord white matter tracts. Neurons in the grey matter of the spinal
cord contributes to the processing of descending and ascending information and helps to auto-
mate certain motor patterns, such as walking.

The central role of the spinal cord has been realized for at least a millennium, as expressed by the
Persian physician and philosopher Avicenna (AD 980-1037):

“If all the nerves exited directly from the brain, the brain would be bigger.
For example, nerves innervating the hands and feet would travel a longer dis-
tance and, thus, would be more prone to injury; they would also become less
able to innervate the big muscles of the thigh and the calf. Therefore, God cre-
ated the spinal cord below the brain. The spinal cord is like a channel coming
out of a fountain in the way that nerves emerge from both sides and go down,
thus putting the organs closer to the brain. That is why God placed the spi-
nal cord into a hard bony channel called the spine to protect it from injury.”
(S. Naderi et al., 2003)

Blunt trauma to the spinal cord can result in the disruption of ascending and descending fiber
tracts, and loss of sensorimotor function below the level of the trauma. Unlike other tissues of
the body, the central nervous system (CNS) has a very limited capacity to heal. Therefore, dis-
ruption of the ascending and descending fiber tracts results in a permanent state of sensorimotor
dysfunction (paralysis) often associated with bladder and bowel dysfunction, sexual dysfunction
and pain. Paraplegic and tetraplegic patients prioritize bowel, bladder and sexual function over
locomotor function to increase quality of life (K. D. Anderson, 2004). Considering the complex-
ity of the fiber tracts, local neuronal assemblies and synaptic connections of the spinal cord, injury
has been compared with detonation of a bomb in a computer center (M. E. Schwab, 2002b).
Currently, there are no clinical treatments available that can restore normal sensorimotor func-
tion following spinal cord injury. Surgical stabilization of the spinal cord and/or decompression
surgery is made, including the removal of bone fragments, blood and disc material to prevent
further damage to the spinal cord. The most commonly used pharmacological treatment is high
dose methylprednisolone, administrated immediately after injury. Several multi-center studies
suggested beneficial effects of methylprednisolone treatment (M. B. Bracken et al., 1990; M. B.
Bracken et al., 1997; M. B. Bracken and T. R. Holford, 2002). The effects are however modest
and even controversial (S. Nesathurai, 1998; W. P. Coleman et al., 2000; H. Hugenholtz et al.,
2002; F. T. Sayer et al., 2006). Therefore, methylprednisolone is not generally recommended; and
it is currently not used in all clinics in Sweden (A. Holtz and R. Levi, 2000).
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Epidemiology and causes

Worldwide, approximately 90 million people suffer from spinal cord injury. The incidence in
developed countries varies from one to five persons per 100.000. The main causes are motor vehi-
cle accidents, falls, violence and sports injuries. In Sweden, approximately 120 individuals suffer
traumatic spinal cord injury every year, resulting in a prevalence of 5000 individuals. The median
age is approximately 30 years, and the male to female ratio is 4:1 (A. Holtz and R. Levi, 2006).
The sex distribution reflects the higher risk taking behavior of men. An interesting development
in the median age of onset of spinal cord injury has been observed in the USA during the last 30
years: the age of onset of spinal cord injury has steadily increased from 28.7 in 1973-1979 to 37.6
years between 2000 and 2003 (A. B. Jackson et al., 2004). This might be the result of the imple-
mentation of several recreational injury prevention programs, like the Think First National Injury
Prevention Foundation, since the number of recreational activity-related spinal cord injuries has
decreased (R. I. Rosenberg et al., 2005).

Improved emergency medical care and general care of spinal cord injured patients helps 90 % of
the patients to a normal or near normal life expectancy. The cost for society the first year after
injury is calculated to be as high as 3.5-5.5 Million SEK (390,000-610,000€) for a tetraplegic
(quadriplegic), and 2 Million SEK (220,000€) for a paraplegic patient. The lifelong healthcare
costs are estimated at 12-20 Million SEK (1,300,000-2,200,000€) for each patient with tetraple-
gia and 7 Million SEK (770,000€) for each patient with paraplegia (A. Holtz and R. Levi, 2006).
Similar numbers are expected for other developed countries.

Pathophysiology

‘The pathophysiology of spinal cord injury can be divided into two phases, an acute, primary and
a progressive, secondary phase.

Primary Injury

The primary injury is caused by the mechanical impact onto the spinal cord, via penetrating
objects (bullets, knives), pressure from dislocated bones, intervertebral discs or bleeding. Lac-
eration from bone fragments, concussion, contusion and compression are the most commonly
observed injury types. The impact onto the spinal cord results in cell death in the vicinity of the
impact, including neurons, oligodendrocytes and astrocytes. Axons become stretched and torn,
and if torn apart inevitably leading to degeneration of the distal part. Endothelial cells of blood
vessels die and disruption of vessels causes hemorrhage. The complement system is activated and
causes massive infiltration of granulocytes into the lesion site (T. Hagg and M. Oudega, 2006).

Secondary injury

The secondary injury begins minutes after the primary injury and is a progressive degeneration
that can last from several months to years (E. Park et al., 2004). Microvascular damage increases
and spreads from the softer and more vascularized grey matter to the white matter of the spinal
cord. This results in ischemia causing oxygen and nutritional deficits in the injury center and adja-
cent areas (C. H. Tator and I. Koyanagi, 1997). Neurons are critically dependent on oxygen and
glucose, and deprivation may lead to apoptosis, presumably through mitochondrial malfunction
(S. Tanaka et al., 2005). Breakdown of the blood-brain-barrier at the injury center leads to an

invasion of inflammatory cells that may also contribute to the secondary damage (P. G. Popovich
et al., 1997; F. M. Bareyre and M. E. Schwab, 2003).
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Spinal Cord Injury — Development of Protection and Repair Strategies in Rats

Excitatory neurotransmitters like glutamate and aspartate are released and can reach cytotoxic
levels (E. Park et al., 2004). The rise in glutamate concentrations results in excessive activation of
glutamate receptors that in turn may lead to neuronal death (S. A. Lipton and P. A. Rosenberg,
1994). It has been shown that concentrations of glutamate reached after the induction of experi-
mental spinal cord injury are also neurotoxic when administrated into the uninjured spinal cord
(D. Liu et al., 1999). The excessive activation by glutamate causes natrium influx and hence cel-

lular edema (D. W. Choi, 1987).

The inflammatory response includes the invasion of neutrophils, T-lymophocytes and macro-
phages and release of a cocktail of cytokines, interleukins and TNF-ou (P. G. Popovich et al.,
1997). Breakdown of the blood-brain-barrier facilitates this process. Cytokines are thought to
mediate their detrimental effects through the generation of free radicals which might ultimately
lead to apoptosis (S. Hu et al., 1997). However, increasing evidence suggests that the inflamma-
tory response is also beneficial, since it has been reported that cells of the inflammatory response
promote tissue sparing and functional recovery (O. Rapalino et al., 1998; G. Moalem et al., 1999;
J. R. Bethea, 2000; R. Hohlfeld et al., 2007).

Following spinal cord injury, astrocytes around the lesion change to a reactive phenotype, and
form together with invading menigeal fibroblasts, vascular endothelial cells, microglia, and oligo-
dendrocyte precursor cells a dense network called the “glial scar” (J. W. Fawcett and R. A. Asher,
1999). This scar is not only a mechanical, but also a chemical barrier, secreting and expressing
a number of molecules that inhibit axonal growth, including chondroitin sulfate proteoglycans
(CSPGs) (J. Silver and J. H. Miller, 2004). It is thought that the disruption of the blood-brain-
barrier together with invading macrophages triggers the response of the astrocytes. Clearly, the
glial scar does provide several beneficial functions after spinal cord injury, such as limiting dam-
age by re-establishing the blood-brain-barrier and by preventing an overshooting inflammatory
response (T. G. Bush et al., 1999; J. R. Faulkner et al., 2004; M. V. Sofroniew, 2005; S. Okada
et al., 2006). Unfortunately, reactive astrocytes also create an environment that is inhibitory to
axonal growth.

Scar-encapsulated cavities or cysts often form and may expand from days to weeks after injury,
thereby worsening the initial injury. It is not fully understood which mechanisms lead to the for-
mation of these cysts, but it has been suggested that inflammation, ischemia, hemorrhage and/or
pulsatile hemodynamics may contribute (J. D. Balentine, 1978; B. Williams et al., 1981; M. T.
Fitch et al., 1999; A. Josephson et al., 2001).

Oligodendrocytes appear particularly vulnerable, and progressive loss of oligodendrocytes
through apoptosis can be observed distant to the injury site (E. Emery et al., 1998). Loss of these
cells leads to demyelination of spared axons and contributes to progressive injury. As a single oli-
godendrocyte myelinates several axons, loss of a single cell might compromise several axons. Acti-
vated microglia have been shown to induce apoptosis in oligodendrocytes and might contribute to
this process (J. Li et al., 2005). Furthermore oligodendrocytes express and secrete molecules that
are inhibitory to axonal growth and regeneration (M. E. Schwab and P. Caroni, 1988).

Although spinal cord injury initiates a secondary phase of progressive degeneration, it also ini-
tiates a number of neuroprotective and regenerative responses in the CNS (T. Hagg and M.
Oudega, 2006). Santiago Ramon Y Cajal described 100 years ago that axons regenerate after
CNS injury. Regenerating axons can be observed within the first 24 hours after injury (M. Ker-
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schensteiner et al., 2005) , a process called abortive sprouting (M. E. Schwab and D. Bartholdi,
1996; C. E. Hill et al., 2001) . However, this regenerative process leads to minimal functional
improvement at best. It has also been demonstrated that after axonal demyelination spontaneous
remyelination can be accomlished by both Schwann cells and oligodendrocytes (J. M. Gilson
and W. F. Blakemore, 2002). The amount of Schwann cells has been inversely correlated to injury
severity (M. S. Beattie et al., 1997). Functional plasticity and local circuit formation/adaptation
in the spinal cord might contribute to the spontaneous behavioral improvement seen in rodents
as well as humans after incomplete spinal cord injury (F. M. Bareyre et al., 2004; V. R. Edgerton
etal., 2004; L. L. Cai et al., 2006; A. Frigon and S. Rossignol, 2006).

Experimental treatment strategies for spinal cord injury
Neuroprotective treatments

Many attempts have been made to administrate various substances to minimize secondary dam-
age after spinal cord injury (J. M. Schwab et al., 2006¢). The most studied substance is methyl-
prednisolone which is thought to reduce the formation of a cytotoxic edema, inflammation and
the release of glutamate and free radicals. As discussed previously, the clinical use of methylpred-
nisolone remains controversial.

Other substances are cyclooxygenase inhibitors, which have an anti-inflammatory effect and pre-
vents the formations of free radicals (S. D. Hutley et al., 2002; J. M. Schwab et al., 2004). Another
interesting substance is resveratrol which is an antioxidant, an inhibitor of cyclooxygenase, and an
anti-inflammatory agent. Several studies have suggested protective effects of reseveratrol in exper-
imental stroke models (J. A. Baur and D. A. Sinclair, 2006) , but unfortunately, in our hands, no
improvement in terms of functional recovery could be observed if injured rats were given a low
or a high dose of resveratrol (Fig. 1).
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Fig. 1. Resveratrol has no significant effect on walking scores after spinal
cord injury. Rats fed either 400 or 40 mg resveratrol/day did not perform
better than control animals in the BBB locomotor score.
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Another target for limiting the inflammatory response after spinal cord injury is HMBGL, a cyto-
kine that mediates systemic inflammatory responses. HMBGI acts through the receptor rage,
and is released during necrotic cell death and secreted by macrophages and dendritic cells. It is
thought to promote inflammation and/or repair processes (M. T. Lotze and K. J. Tracey, 2005).
We found Rage mRNA highly expressed in motoneurons, and both Rage and HMBGI to be
upregulated after spinal cord injury (Fig. 2). Preclinical trials with an HMBGI antibody suggest
protective effects in chronic inflammatory diseases and sepsis (http://www.medimmune.com).
Because of the dual role of the inflammatory response after spinal cord injury it remains to be
tested if an HMBGI antibody would have any beneficial effects after spinal cord injury.

Recently, two other neuroprotective substances for spinal cord injury were discovered, erythro-
poietin and atorvastatin (A. Gorio et al., 2002; M. Leist et al., 2004; R. Pannu et al., 2005; R.
Pannu et al., 2007). Impressive functional recovery was reported in these studies. However, we
were unable to obtain similar results in our laboratory (unpublished data).
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Neurotrophic factors
Brain-derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3), neurotrophin-4 (NT-4), and

nerve growth factor (NGF) have all demonstrated therapeutic potential in experimental spinal
cord injury models (L. Schnell et al., 1994; A. Blesch and M. H. Tuszynski, 2002; B. S. Bregman
et al.,, 2002). However, neurotrophic factors alone seem not to suffice because they can not assist
injured nerves to overcome the inhibitory environment present in the spinal cord after injury (J.
M. Schwab et al., 2006¢). Neurotrophic factors have thus been used in combination with other
treatment strategies and reported to enhance functional recovery (J. von Meyenburg et al., 1998;
K. Fouad et al., 2005). Another strategy has been to transplant genetically modified cells, that
secret neurotrophic factors (P. Menei et al., 1998; Q. Cao et al., 2005).

Blocking inhibitory factors and scar formation

Cut axons will almost invariably sprout locally, although this does not lead to significant axo-
nal regeneration. This phenomenon was noted by Cajal as abortive sprouting (S. Ramén y Cajal,
1928). The unsuccessful outgrowth has been attributed to the inhibitory environment present in
the spinal cord after injury. Axonal growth and regeneration is halted when axons come in con-
tact with inhibitory surroundings (J. M. Schwab et al., 2005; J. W. Fawcett, 2006; G. Yiu and Z.
He, 2006), whereas long distance growth could be observed for axons provided with a favorable
environment such as Schwann cells in a peripheral nerve graft (F. Tello, 1911; S. David and A. J.
Aguayo, 1981). Several inhibitory molecules have been identified on oligodendrocytes, including
NogoA (M. E. Schwab and P. Caroni, 1988) , MAG (L. McKerracher et al., 1994) , OMgp (K.
C. Wang et al., 2002) , Semaphorin4D (C. Moreau-Fauvarque et al., 2003) and the chondroitin
sulfate proteoglycan versican (R. A. Asher et al., 2002).

Several substances designed to block the myelin-derived inhibitors have shown promising results
after spinal cord injury. The first successful attempt to promote regeneration in the injured rat
spinal cord with a monoclonal antibody against NogoA was reported by Schnell and Schwab (L.
Schnell and M. E. Schwab, 1990). This antibody has been applied in many different models (B.
S. Bregman et al., 1995; P. Freund et al., 2006; X. Wang et al., 2006) and recently clinical tri-
als have been initiated with humanized versions of Nogo antibodies (A. D. Buchli et al., 2007).
Several other experiments targeting the Nogo receptor system (Z. He and V. Koprivica, 2004),
such as the use of soluble Nogo66 receptor (T. GrandPre et al., 2002) and a LINGO-1 antago-
nist (B. Ji et al., 2006), are also promising. Downstream, these and other inhibitory substances
act via the small GTPase Rho which activates Rock and inhibits regeneration (Fig. 3A) (Z. He
and V. Koprivica, 2004). Therefore, antagonists against Rho and Rock may also cause increased
regeneration and functional recovery after spinal cord injury (P. Dergham et al.,, 2002; L.
McKerracherand H. Higuchi, 2006); clinical trials have been initiated (http://ir.bostonlifesciences.
com/). Interestingly, Rho is not only expressed by nerve cells and axons, but also by astrocytes and
oligodendrocytes. Activation of RhoA may modulate the activity and morphology of glial cells
(C. I. Dubreuil et al., 2003; L. McKerracher and H. Higuchi, 2006)

A second source of inhibitory molecules is the “glial scar” (P. J. Reier and J. D. Houle, 1988; J.
W. Fawcett and R. A. Asher, 1999; J. Silver and J. H. Miller, 2004). Meningeal fibroblasts, vas-
cular endothelial cells, microglia, oligodendrocyte precursor cells and astrocytes form a scar-like
tissue around the injury that represents an almost impenetrable barrier for regenerating axons.
In addition to the inhibitory molecules expressed by myelin debris, several other inhibitory mol-
ecules have been identified in the scar tissue: chondroitin sulfate proteoglycans, ephrins and

6



Spinal Cord Injury — Development of Protection and Repair Strategies in Rats

semaphorins (R. J. Pasterkamp et al., 1999; D. A. Morgenstern et al., 2002; L. Q. Bundesen et
al., 2003).

An increasing number of reports demonstrate beneficial effects of removing and blocking growth
inhibitory factors after spinal cord injury. Both inhibition of chondroitin sulfate synthesis and
digestion of its side chains by chondroitinase ABC increases axonal regeneration and functional
recovery (E. J. Bradbury et al., 2002; B. Grimpe and J. Silver, 2004; A. O. Caggiano et al., 2005;
K. Fouad et al., 2005).

Recently, it was found that activation of the epidermal growth factor receptor (EGFR) transacti-
vates the Nogo receptor complex (Fig. 3B) (V. Koprivica et al., 2005). Inhibition of the EGFR was
found to improve axonal regeneration in an optic nerve crush model (V. Koprivica et al., 2005;
B. Liu etal.,, 2006) , but the latter report suggested that the beneficial effects may be mediated by
astrocytes, rather than by the newly described pathway.
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Fig. 3. A. Patterns of Rho activation. B. Novel pathway of EGFR-Nogo mediated activation of Rho
(modified after J. M. Schwab et al., 2006b).




Matthias Erschbamer

Cell transplantation

Cell transplantations after spinal cord injury are thought to replace lost tissue components, pro-
vide remyelination of denuded axones, provide guidance structures, and express growth factors.
Cell types tested include embryonic stem cells (J. W. McDonald et al., 1999), marrow stromal
cells (M. Chopp et al., 2000; C. P. Hofstetter et al., 2002), Schwann cells (K. R. Kuhlengel et al.,
1990) and olfactory ensheathing cells (Y. Li et al., 1997).

When transplanted to the injured spinal cord, embryonic stem cells can differentiate into oligo-
dendrocytes, astrocytes and neurons (J. W. McDonald et al., 1999; D. A. Kerr et al,, 2003; J. M.
Harper et al., 2004; H. S. Keirstead et al., 2005). In some studies, functional improvement could
be observed. However, a challenge in cell transplantation is controlling survival, integration and
differentiation (G. U. Enzmann et al., 20006).

Olfactory nerve fibers are thought to regenerate throughoutlife, and hence the olfactory ensheath-
ing cells of the olfactory nerve may be endowed with particularly growth permissive and growth
stimulating properties. Transplantation of olfactory ensheathing cells into the injured medulla
oblongata or spinal cord has been reported to result in increased axonal growth and functional
recovery (A. Ramon-Cueto and M. Nieto-Sampedro, 1994; Y. Li et al., 1997; A. Ramon-Cueto
et al,, 1998; J. Lu et al,, 2002; L. M. Ramer et al., 2004b). The mechanism underlying these
beneficial effects is not clear, but it has been suggested that olfactory ensheathing cells are able
to migrate and serve as guides for axons through non-permissive environments. However, such
migratory properties have been doubted recently, shifting focus to the hypothesis that trans-
planted olfactory ensheathing cells modulate the astrocytic response, thereby dampening astro-
cytic scarring and deposition of growth inhibitory extracellular matrix molecules (T. Takami et
al., 2002; A. Lakatos et al., 2003).

The Schwann cell is one of the most thoroughly investigated cell types for transplantation after
experimental spinal cord injury (M. Oudega and X. M. Xu, 2006). They have been shown to
reduce the size of spinal cysts, remyelinate axons and enhance functional recovery in spinal cord
injury (A. Baron-Van Evercooren et al., 1992; X. M. Xu et al., 1995; M. B. Bunge and D. D.
Pearse, 2003). Schwann cells produce a cocktail of growth factors that support the growth of
axons, including NGF, BDNF, CNTF, NT-3, GDNF and FGF (M. Oudega and X. M. Xu,
2006). Additionally, they express axon guidance cell adhesion molecules on their surfaces (J. K.
Daniloff et al., 1986), and produce growth promoting substances such as laminin and fibronectin
(C.J. Cornbrooks et al., 1983; D. Bozyczko and A. F. Horwitz, 1986). However, recent reports
using specific markers for the transplanted cells have indicated surprisingly poor survival of trans-
planted Schwann cells (C. E. Hill et al., 2006; D. D. Pearse et al., 2007), suggesting that their
benefical effects might be mediated by recruitment of endogenous Schwann cells known to invade
the injured spinal cord and remyelinate spared axons (S. A. Gilmore and D. Duncan, 1968; W.
E. Blakemore, 1975; J. C. Bresnahan, 1978).

Bridging strategies

CNS axons can readily grow long distances when provided with the right environment, such as
peripheral nerve grafts (F. Tello, 1911; S. David and A. J. Aguayo, 1981). Peripheral nerve bridges
transplanted into the completely transected spinal cord have been shown to partially restore func-
tion (H. Cheng et al., 1996; Y. S. Lee et al., 2002; M. J. Fraidakis et al., 2004; E. C. Tsai et al.,
2005). Combination of peripheral nerve grafts with chondroitinase (J. D. Houle et al., 2006),
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matrigel bridges seeded with Schwann cells and olfactory ensheathing cells (K. Fouad et al.,
2005) have also led to degrees of functional recovery after total transection injuries and suggest
that combination therapies might further improve recovery.

Plasticity and Rebabilitation

Rehabilitative physiotherapy and training are established treatments that are commonly used
after spinal cord injury. Physical activity helps to prevent troublesome complications like urinary
tract infections and decubitus. Furthermore, it improves cardiovascular health and subject well
being (K. A. Curtis et al., 1986; A. L. Hicks et al., 2003; D. S. Ditor et al., 2005; A. L. Hicks
et al., 2005). In addition to these beneficial effects, it has been shown that training, specifically
body weight supported treadmill training, can significantly improve function in both rodents and
humans (S. Rossignol, 2000; L. Lunenburger et al., 20006).

Local spinal cord circuits are able to modify and produce movement patterns, even in the absence
of supraspinal input (S. Grillner, 2002). After injury, substantial plasticity within the spinal cord
and of remaining fiber tracts has been found to be responsible for spontaneous recovery after spi-
nal cord injury (J. R. Wolpaw and A. M. Tennissen, 2001). It appears the spinal cord itself can
learn what it practices through training (V. R. Edgerton et al., 2006). Training of a specific motor
task results in improved performance of the trained task, so that step training results in a better
step performance and training to stand results in a better standing performance (R. D. de Leon
etal., 1999; V. R. Edgerton et al., 2001; H. Barbeau, 2003).

Running wheels, environmental enrichment and also robotic devices are used as rodent models
for rehabilitation and physiotherapy (A. J. Lankhorst et al., 2001; R. D. de Leon et al., 2002; C.
Engesser-Cesar et al., 2005). A deeper understanding of the underlying mechanisms for adapta-
tion and plasticity after spinal cord injury is needed to improve rehabilitation regimes.

Diagnostic tools

Following a spinal cord injury, a medical evaluation of the injury is made. Sensory and motor
functions are evaluated by various neurological tests, and the patient classified using the ASIA or
SCIM scale (A. S. I. Association, 2002; A. Catz et al., 2007). Additionally, a radiological evalu-
ation is made. This gives exact information about the location and the extension of the injury.
Beside conventional x-ray, a CT scan and/or MRI are commonly performed. Based on the results
of these imaging methods, the decision as to which surgical intervention to use will be made.
Repeated neurological assessments are used to document the progress of recovery and evaluate
treatment strategies (B. Wirth et al., 2007). However, current imaging techniques provide limited
information about changes over time related to deterioration or recovery of function.

Proton Spectroscopy

In contrast to MR imaging where signals from water are used to construct an image, proton
spectroscopy generates signals from a plethora of different molecules rather than only water, and
thus provides neurochemical information from a specified tissue volume. Such proton-based MR
spectroscopy can be performed with standard MR equipment in a fashion similar to MRI, with
the addition of a few steps before data acquisition. MR spectroscopy offers the possibility to image
up to 80 metabolites in CNS tissue, among them exitotoxic substances such as glutamate and
aspartate and thus evaluate aspects of the metabolic state of the injured spinal cord. MR spectros-
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copy has been used in neurological diagnostics and decision making for Alzheimer, brain tumors,
dementia, metabolic disorders, hypoxia and systemic disorders like subclinical hepatic encepha-
lopathy (S. K. Gujar et al., 2005; A. Lin et al., 2005).

Applying MR spectroscopy to the spinal cord is demanding, due to the small size of the cord and
the surrounding fluid and bone, both of which can interfere with the signal (F. ]J. Cooke et al.,
2004). MR spectroscopy has however been used to monitor changes in motor cortex of spinal
cord injury patients (B. K. Puri et al., 1998).
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Aims

The aim of this thesis was to increase knowledge about spinal cord injury and to investigate pos-
sible new diagnostic and treatment strategies, as follows:

To map downstream signaling components of the major growth inhibitors
of the CNS after SCI and sham surgery, focusing on 6 members of the Rho
GTPases.

To examine effects of training and environmental enrichment on recovery
from spinal cord injury.

To investigate effects of an EGFR inhibitor on SCI and possible effects on

astrocytes.

To test effects of transplantation of a novel source of Schwann cells on recovery
and local pathophysiology.

To investigate the possibilities and limitations of monitoring spinal cord injury
by proton magnetic resonance spectroscopy.
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Materials and Methods

Animals and postoperative care (Papers I-V)

In all studies we used female Sprague Dawley rats (B&K Universal, Sollentuna, Sweden). Neu-
ral crest boundary cap cells used for grafting were derived from E16 Rosa26 mice, (ubiquitously
expressing lac-Z). Following operations animals received buprenorphine (Temgesic, Scherling-
Plough, NJ, USA) intraperitonally, 0.05 mg/kg every 12 hours for 3 days to relieve postoperative
pain. During the first week, cages were placed on heating pads and animals received antibiotics
to prevent infections (Borgal, Hoechst). Bladders were emptied manually 2 times per day as long
as needed. Animals received Ringer solution to prevent and treat dehydration if needed.

Surgical procedures and tissue preparation

Under isoflurane anesthesia, a laminectomy was performed at thoracic level T9. Weight drop
injury was induced using a standard instrument (NYU impactor) (J. A. Gruner, 1992) releasing
a weight (10 g, rod diameter 2 mm) from a height of 12.5 mm on the exposed dura of the spinal
cord. In Paper V we cut the spinal cord and removed a 3 mm peace to ensure total transection
of the spinal cord. After injury, muscles and skin were sutured in layers. Animals were placed
in cages on heating pads, and recovery was carefully observed. Animals were killed while under
deep anesthesia by transcardial perfusion with 50 ml tyrode solution containing 0.1 ml heparin,
followed by 250 ml of 4% paraformaldehyde with 0.4% picric acid in PBS (pH = 7.4). Tissue was
kept in the same fixative for 1 hour, then rinsed several times and stored in 10 % sucrose in PBS
at 4°C. Spinal cords were frozen and 40 pm transverse cryostat sections collected.

For in situ hybridization studies animals were killed by decapitation and dissected tissue imme-
diately frozen.

Catheter insertion (Paper I1I)

After injury, animals were randomly assigned to treatment or control groups and the operation
continued. A catheter was inserted through a small hole in the dura rostral to the lesion. The tip
of the catheter was positioned subdurally on the dorsal side of the spinal cord over the center of
injury. The catheter was secured with several stitches to bone and muscle and connected to a sub-
cutaneous osmotic pump placed between the shoulder blades. Muscles and skin were sutured.
Animals received buprenorphine (Temgesic®, Schering-Plough, Kenilworth, NJ) twice a day for
three days to reduce postoperative pain and antibiotics for one week (Borgal®, Hoechst, War-

ren, NJ).

Two weeks after injury, a small skin incision was performed and the osmotic pump disconnected
and removed.

Catheter and PD168393 delivery

For the delivery of the EGFR inhibitor PD168393 (Calbiochem®, EMD Biosciences), an Alzet®
osmotic pump (model 2002, 0.5 pl/hour for 2 weeks) was filled with 1 mMol PD168393, result-
ing in delivery of 4.43 pg inhibitor/day. Pumps were incubated for 24 h at 37°C before transplan-
tation, in order to provide immediate outflow when implanted. A PE50 tube from the pump was
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connected to a PE 10 tube which in turn was connected to a 32 gauge catheter (cat. No. CS132G,
lot no. 20422; RecathCo®, LLC, Allison Park, PA). A small loop was made in the PE50 part, to
neutralize any traction forces on the pump and tubing system caused by movements of the ani-
mal.

The substance was dissolved in 5% DMSO and Hank’s balanced salt solution. Control animals
were given the same vehicle solution lacking the EGFR inhibitor.

Corticospinal tract tracing (Papers I, 111)

The corticospinal tracts were traced using the retrograde tracer Cholera Toxin B (CTb), a neural
tract tracer (H. Ericson and A. Blomqvist, 1988). The tracer was injected immediately cranial to
the site of injury after the rats underwent laminectomy or weight drop injury. 3 pl of tracer was
injected into the corticospinal tract (CST) at a rate of 1ul/min, and the injection capillary kept in
place for 1 min before withdrawal. Three days later, rats were killed by decapitation, and brains
and spinal cords were sectioned. CTb was detected by immunohistochemistry and mRNA levels
of labeled cells were assessed by in situ hybridization. Cells were observed using a 100X magni-
fication lens, and silver grains over cell surfaces were counted. Using the Cavalieri principle, an
estimation of the cell area was possible, and the number of silver grains in relation to the cell size
could be assessed.

For anterograde tracing biotinylated dextran-amine (BDA) was injected into cortex cerebri. Five
injections of 0.5 microliter of 10% BDA solution (Sigma) were made into both sides of the somato-
sensory cortex, 3 weeks before rats were killed.

Cell transplantation (Paper IV)

One week after injury, animals were randomly assigned to groups receiving either rosa26 mouse
bNCSC-derived Schwann cell transplantation or vehicle (control; 1/3 N2 and 2/3* PBS).
Schwann cells were derived from bNCSCs by culturing them in differentiating medium for 3-4
weeks according to a previously established protocol (J. B. Aquino et al., 2006). Three injections
were made in the midline of the spinal cord, located 1.5 mm above, at,and 1.5 mm below the
injury center, respectively. At each injection site, 3 deposits of 1 pl each were injected at differ-
ent depths (-1.25, -1.0 -0.75 mm), resulting in a total delivery of 9 pl, containing approximately
50,000 cells. One day before cell transplantation, immunosuppression was initiated to reduce
rejection of the mouse cells. Cyclosporine (10mg/kg i.p.) was continued throughout the experi-
ment.

Behavioral tests
Locomotor score and subscore (Papers I1, 111, IV)

Locomotor recovery was scored using the standardized Basso, Beattie and Bresnahan (BBB) loco-
motor score (D. M. Basso et al., 1995) weekly on a blind basis by a highly trained technician.
Scores range from 0 (flaccid paralysis) to 21 (normal gait) and involves movement, weight support
and coordination. Increasing the BBB score from 13 to above 13 is a major improvement, because
it requires constant forelimb - hindlimb coordination. To score additional parameters of recovery,
particularly when constant forelimb-hindlimb coordination was not present, , the BBB subscore
(A.]. Lankhorst et al., 1999), with scores from 0 to 13 points, was also used. This score includes
paw placement, toe clearance, trunk stability and tail position.
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Sensory testing (Papers 111, IV)

Cold spray: The response to cold was tested with an ethyl chloride spray (Gebauer, Chiroform,
Denmark). The spray was applied on the palms of the feet, and response was graded from 1-3: 1,
no observable response, 2, brief withdrawal and/or licking, and 3, vocalization, repeated with-
drawal and/or aversive reactions.

Von Frey hairs: The von Frey hairs were made to contact the palms of the feet, and pressure
applied. Testing was started with the finest filament; gradually increasing filament strength until
a filament strength was reached that caused withdrawal reactions at least 3 out of 5 times.

Hotplate: Animals were placed on a preheated plate (53°C) and the time until signs of discomfort
(paw licking) was measured (K. Gale et al., 1985). Animals that did not respond within 60 sec-
onds were removed and assigned the latency score 60 seconds.

Gridwalk (Papers 1I-1V)

Rats had to cross a 1.2-m horizontal grid pathway voluntarily three times and the number of hind
foot misplacements were counted. This test is an indicator of forelimb - hindlimb coordination, it
assesses skilled walking assumed to rely upon the additional contribution of pathways such as the

cortico- (CST) and rubrospinal tract (RST) (G. A. Metz and I. Q. Whishaw, 2002).

Residual urine (Paper I11)

After spinal cord injury, rats needed manual assistance to void their bladders. This was done by
lifting the rats and applying pressure with two fingers on the abdomen above the bladder (Crede’s
method). Urine was collected twice a day, and volumes recorded, until sufficient (autonomic)
bladder function recovered, but for at least 3 weeks.

Locomotor activity (Paper I1)

Animals were placed individually in locomotor cages (25 x 40 X 30 cm) and motility, locomotion
and rearing were simultaneously recorded in a computerized multi cage infrared-sensitive motion
detection system (Motor Products, Stockholm, Sweden). Photocells in the cage floor, separated by
4 X 4 cm detected horizontal motion. Motility was defined as any movement interrupting a pho-
tocell beam, i.e. a distance of 4 cm, while movement over eight photocells, or 32 cm, was defined
as locomotion. Horizontal infrared beams separated by 4 cm, 10 cm over the cage floor detected
rearing. Rearing, motility and locomotion counts were summed every 10 min.

Running wheels (Paper 11)

Animals were single housed in standard Macrolon type III cages (43 X 22 X 20 cm),or the same
sized cages ficted with free access to running wheels (diameter = 34 cm, circumference = 107 cm).
Running activity was collected 48 times/day via customized software (M. Werme et al., 1999).

Enrichment conditions (Paper I1)

For environmental enrichment, standard Macrolon type IV (1800 cm?) cages were provided with
wood chips, (B&K Universal, AB, Sweden) and the following equipment: a Shepherd Shack
(egg-box carton 21 X 20 X 10 cm, Des Res houses for Rats, Lillico Biotechnology Brogaarden,
Denmark), an opaque yellow PVC tube (30cm long, 10cm wide), folded paper strips as nesting
material (Enviro-Dri, Scanbur, BK, Sweden), and two gnawing sticks (aspen wood, 1 X 1 X 5 cm,
Finn Tapvei, Finland).
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General behavior (Papers 11, I111)

General behavior was assessed with an automated behavior analysis and registration system (Lab-
oras©, Laboratory animal behavior observation registration and analysis system, Metris, The
Netherlands). Rats were placed individually in cages on sensing platforms and monitored over
24 hours. Animal movement was translated into six behavioral categories (locomotion, groom-
ing, rearing, immobility, eating and drinking) and automatically registered by a computer (L. P.
Noldus et al., 2001).

Open-field test (Paper 1)

The Open-field test was used to assess locomotor and exploratory activities and was carried out
in a circular arena using an automated video tracking program (EthoVision, Noldus Technology,
The Netherlands). Animals were placed in a circular open-field arena (diameter 65cm) and were
allowed to move freely for 10 min. Exploratory activities included the total distance travelled, the
total time spent exploring in peripheral and central zones of the arena. Mean speed of locomotion,
and rearing frequency were also measured.

Histology (Papers I-1V)

For indirect immunohistochemistry we used the antibodies listed in the table. Secondary anti-
bodies were conjugated either with Cy2 or Cy3 (Jackson ImmunoResearch, West Grove, PA).
For myelin quantification luxol fast blue staining (Sigma) and cresyl violet were used. Slides were
examined using epifluorescense and confocal microscopy (Radiance 2100, Bio-Rad; Zeiss, LSM
510 Meta). Bright- and dark-field pictures were digitally captured (Zeiss Axiophot microscope
and Axiocam).

5-HT and TH fiber counts (Paper 1I1)

Slides were immunolabeled with 5-HT and TH antibodies and 3 sections 7 mm below the lesion
were randomly selected from each spinal cord. All immunopositive fibers in the white matter were
counted, and the results for the 3 sections averaged.

Stereology (Papers I, I11)

To obtain unbiased mean volumes of Tc10 mRNA expressing and total amount of DRG neurons,
a number-weighted sample of cells was collected using an optical dissector frame and appropriate
software (Stereologer®, Spa Inc.). All neurons with a visible nucleolus were selected according to
stereological rules and the volume was measured using the rotator (T. Tandrup et al., 1997). This
technique is based upon the fact the length of an isotropic line from any fixed point in a cell to
the surface of the cell is proportional to its volume.

Areas consisting of myelin, cysts, spared and scar tissue were measured in the injured spinal cords
from animals of the first experiment. For myelin, spared tissue and cyst quantification luxol fast
blue staining was used. Scar tissue was quantified in cresyl violet stained sections and defined as
a cell dense area, replacing normal spinal cord architecture. A point grid was used, where each
point represented 20,000 pm?. Nine sections from each animal were analyzed blinded, covering
4.5 mm of the injury center. Section values were averaged to generate animal values.
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Table 1. Antibodies used in our studies

Antibody Specificity Source, dilution
Cdc42 Cdc42 Santa Cruz Biotechnology, CA, 1:50 dilution
EGFR Epidermal growth factor receptor 1:100, Santa Cruz, Abcam, Upstate
pEGFR Phosphorylated epidermal growth factor ~ 1:100, Santa Cruz, Cell Signaling Technol-
receptor ogy
GFAP Glial fibrillary acidic protein 1:500, Sigma
5-HT 5-HT 1:5,000, DiaSorin, Stillwater, MN
MBP CNS and PNS myelin myelin basic proteins, rabbit, IgG, 1:1000,
DAKO
NF Neurons Neurofilaments 160KDa + 200KDa, IgG,
1:100, Sigma
OX42 activated microglia/macrophages IgG, 1:100, Serotec
p75 Schwann cells (immature, non-myelinat-  low-affinity NGF receptor, IgG, 1:1000,
ing) Abcam
PO PNS myelin myelin protein, , IgG, 1:1000, Astexx Ltd
& Co. KEG
PGP 9.5 CNS/PNS neurons cytoplasmic protein, IgG, 1:1300, Biogenesis
Racl Racl Santa Cruz Biotechnology, CA, 1:50 dilution
RhoA RhoA Santa Cruz Biotechnology, CA, 1:50 dilution
RIP glia specified to myelinating oligoden- IgG, 1:100, Developmental studies
drocytes Hybridoma Bank
Sox 2 PNS/oligodendrocyte precursors, pro- IgG, 1:3000, from Dr. Thomas Edlund
genitors and immature cells
Sox 10 undifferentiated PNS glial/oligodendro- IgG, 1:1000, from Dr. Michael Wegner
cyte lineages
S100 astrocytes, Schwann cells IgG, 1:1000, Sigma
Tcl0 Tcl0 Santa Cruz Biotechnology, CA, 1:50 dilution
TH tyrosine hydroxylase 1:300, Pel-Freez
Tujl neurons B-III-tubulin, IgG, 1:1000, Promega

In situ hybridization (Paper I, 111)

After animals were killed, spinal cord and brain tissue were removed and immediately frozen on
dry ice. When needed, dorsal root ganglia were left attached to the spinal cord. Serial coronal
cryostat sections (14 pm) were generated and thawed onto coated slides (ProbeOn, Fisher). Five
spinal cord levels (approximate distance 7 mm), ranging from cranial to caudal and centered at
the epicenter of the lesion were analyzed. Sections were hybridized with oligoprobes complemen-
tary to rat mRNA encoding RhoA, RhoB, RhoC, Racl, Cdc42, Tcl0 and EGFR. The genes were
found in GenBank and 52 mer probes were designed. The probes were complementary only to the
intended genes when compared to known mRNA sequences deposited in GenBank. Two probes
per gene were generated and gave rise to identical patterns. Specificity was further confirmed by
comparison with previous reports and analysis of known patterns in embryonic tissue.

For in situ hybridization (A. Dagerlind et al., 1992), probes were 3’ end-labeled with [331)] dATP
(NEN Dupont) by terminal deoxynucleotidyl transferase (Amersham) and purified (QIAquick™
Nucleotide Removal Kit Protocol, QITAGEN). Slides were incubated at 42°C overnight with
0,1 ml hybridization cocktail (50% formamide, 4 X SSC, 1 X Denhardts solution, 1% Sarcosyl,
0,02M Na PO,, pH 7.0, 10% dextransulphate, 0.06M DTT, 0,1 mg/ml sheared salmon sperm
DNA and hot probe). Slides were then rinsed 4 x 45 min in SSC at 60°C. During a fifth rinse,
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the solution was allowed to warm up to room temperature. Further rinsing was made in distilled
water and increasing concentrations of ethanol. Next, slides were air dried and exposed for an
appropriate time (weeks) to X-ray film (Kodak Biomax) for quantification, based on estimations
from phosphoimager scans. Slides were later dipped in photographic emulsion (Kodak NTB2,
diluted 1:1 in H,O), exposed for 3 weeks, developed, counterstained with cresyl violet and cover
slipped. Quantification of probe distribution as seen on the X-ray films was accomplished by
digital scanning of the films and measurements of the optical density of regions of interest, using
appropriate software (public domain program Image], National Institutes of Health; heep://rsb.
info.nih.gov/ij/).

The Image] program was calibrated for each film series using a "“C-labeled polymer layer test
slide (Amersham). Structures showing changes following spinal cord injury were studied under
the microscope, confirming observations made on film. Verified artifacts prevented quantifica-
tion of certain areas in certain sections, resulting in different numbers of observations for differ-
ent probes. All groups selected for quantification contained at least 6 animals. In the spinal cord,
measurements were made in the injury zone, 7 mm cranial and 7 mm caudal to the injury zone.
Dorsal root ganglia adjacent to analyzed spinal cord segments were also analyzed.

Statistical analysis (Paper I-V)

For comparison of groups over time we used a multiple measurement ANOVA. For comparison of
simple effects we used a two-tailed Student’s t-test, confidence interval 95%. When appropriate,
Pearson correlation coefficients were calculated. In all figures the mean value + SEM are used to
describe the results. Darta were analyzed with appropriate software (SPSS®).

Image processing (Paper I, 111, 1V)

Digital images were adjusted for brightness and contrast and visually verified artifacts removed
(Photoshop® and Illustrator®, Adobe, San Jose, California). Original picture files are available
from authors upon request.

Spectroscopy (Paper V)

Spectroscopy was performed as described elsewhere for other tissues (J. Oberg et al., 2007; E.
Westman et al., 2007). Individual rats could be used at several time points. Anesthesia was
induced with isoflurane and maintained during scans by spontaneous breathing of 2% isoflurane.
Pulse was monitored, and body temperature kept at 37 + 0, 5°C) with a laminar warm air stream.
Spectroscopy was performed with a 4.7 T spectrometer with a 40-cm horizontal bore (BioSpec
Avance 47/40, Bruker, Karlsruhe, Germany). For the spinal cord, a surface coil was used (Bruker
BioSpin; T9510), for cortex and thalamus a 35-mm circular coil (Bruker). The scanner was con-
trolled by a Linux workstation and appropriate software (Paravision version 3.0.1; Bruker). The
volume of interest was chosen using a spin echo sequence with rapid acquisition with relaxation
enhancement (RARE) in axial, sagittal and horizontal planes with the following parameters:
repetition time (TR) = 3500 ms, echo time (TE) = 6.19 ms, RARE factor = 4, matrix size 256
X 256, slice thickness = 1 mm. Local shimming was performed at the volume of interest using a
point-resolved spectroscopy (PRESS) protocol. The full width at half maximum of the water peak
was in the 8-16 Hz range. The water-suppressed "H-MRS spectra were obtained with a PRESS
sequence (TR=3500, TE = 20 ms, VAPOR water suppression (I. Tkac et al., 1999), 256 averages
for cortex and thalamus, 512 averages for spinal cord. This resulted in an acquisition time (TA)
of 15 minutes for spectra with 256 averages and 30 minutes for 512 averages.
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Methodological considerations
Injury models

The most commonly used injury models are contusion and transection models. Contusion mod-
els apply various forces on the exposed spinal cord, thought to be the most relevant way to model
typical injuries in humans. Contusion injury models therefore are well suited for studies of neu-
roprotective therapies. Recovery obtained after anatomically complete transections leaves less
ambiguity regarding interpretation of mechanisms of improvement, while having a more severe
impact on the general health of the animals necessitating more daily care. Anatomically incom-
plete transections can be designed to reduce the need for special animal care. Because it is difficult
to make exactly the same lesion in each animal, there might be more variability between animals
in partial transection models.

We used the NYU impactor (J. A. Gruner, 1992), where a 10-gram weight is dropped from stan-
dardized heights (12.5 mm, 25 mm) to create reproducible spinal cord impact injuries of different
severity. In the last study we used a total transection model, removing a 2-mm piece of the spinal
cord to ensure complete transection.

Animals

Female Sprague-Dawley rats from the same supplier (B&K Universal, Sollentuna, Sweden) were
used throughout the thesis work. Experiences from our lab and other labs have shown that strain
differences in terms of recovery are present, and even the same strain from different suppliers
might actually show different behavioral recovery (M. Birdsall Abrams et al., 2007; G. Cour-
tine et al., 2007). Transgenic mice provide exciting novel tools to study inhibitors of regenera-
tion (B. Zheng et al., 2006). However, control animals have to be carefully chosen for matching
genetic background. Also, spinal cord injury pathophysiology
in mice appears to differ in certain aspects from that of rats
and humans. For instance, mice tend not to develop cysts
after spinal cord injury, a feature seen frequently both im rats
and humans.

Injury location

Most human injuries occur in the cervical or lower thoracic
region. We chose a low thoracic level for the induced lesions.
This gave us the advantage to study recovery of hindlimb func-
tion, using standardized tests, as well as postural integrity.
Cervical spinal cord injuries not only significantly increase
the need for animal care, regenerating descending axons also
have to travel a longer distance.

In situ hybridization

For in situ analysis we carefully designed probes precisely
matching mRNA species of interest. Probes matching a given Fig. 4. Transcriptional activity of
mRNA more then 90% can still bind unspecifically and  the rac EGFR gene. In situ hybrid-

were not used. To ensure specificity, expression patterns were ization pattern obtained with
compared with previous reports whenever possible, and with  EGFR probes in embryonic (right)
expression patterns in rat embryos (Fig. 4). Additionally, we  and neonatal tissue (left). Expres-
compared in situ mRNA expression with immunohistochem-  sion can be seen in the liver, epi-
ical protein expression to ensure specificity. dermis, retina and cerebellum.

19






Spinal Cord Injury — Development of Protection and Repair Strategies in Rats

Results and Discussion

Patterns of regulation of Rho GTPases

Lack of regeneration after spinal cord injury has been attributed to the inhibitory nature of the
environment present in the injured spinal cord. Many known inhibitory mechanisms like NOGO
receptor activators, chondroitin sulfate proteoglycans and semaphorin ultimately activate Rho
kinases to induce neurite growth inhibition (B. Niederost et al., 2002; J. F. Borisoff et al., 2003;
P. P. Monnier et al., 2003; R. Schweigreiter et al., 2004; K. Y. Wu et al., 2005). Conversely,
inhibition of RhoA or Rock has been shown to promote axonal regeneration and recovery fol-
lowing spinal cord injury (P. Dergham et al., 2002; A. E. Fournier et al., 2003; L. M. Ramer et
al., 2004a; C. C. Chan et al., 2005). Rho GTPases are involved in a complex crosstalk that not
only regulates axon inhibition but also axon guidance and regeneration (P. Dergham et al., 2002;
X. B. Yuan et al., 2003). RhoA induces growth cone collapse while CDC42 and Racl promote
growth cone advance. Overall, it has been suggested that Cdc42 and Racl promote growth cone
advance while activation of RhoA induces growth cone retraction through growth cone collapse
(R. Kozma et al., 1997; B. J. Dickson, 2001).

In Paper I we mapped the expression patterns of the most characterized Rho GTPases in the spi-
nal cord and dorsal root ganglia (DRG) following spinal cord injury. We found a dramatic long-
lasting up regulation of RhoA after injury and increases of Racl and Cdc42. Unexpectedly, a less
pronounced change was observed in the laminectomy only group, an observation that was con-
firmed by another group with high-density oligonucleotide microarrays (A. De Biase et al., 2005),
showing that sham surgery led to expression patterns similar to those caused by mild injury. RhoA
and Cdc42 were found to be expressed in astroglia and as both RhoA and Cdc42 have been asso-
ciated with changes of astroglial morphology in vitro, we suggest a role for those Rho GTPases
in transforming astrocytes into reactive phenotypes and the astrocytic scar formation. RhoA
blockade might therefore mediate its effects not solely within growth cones, but partially also by
alterations of astroglia properties. Tc10 was expressed by a subset of motoneurons and DRG neu-
rons, which might reflect a higher degree of dendritic damage or a subset of muscle specific pools.
In the DRG, Tc10 mRNA was preferentially expressed by small and medium sized neurons that
include the population of nociceptive neurons. This could possibly be linked to a higher regenera-
tive capacity of these neurons and might have implications for the development of allodynia after
injury. Lastly, we found a significant increase of Tc10 mRNA in retrogradely labeled pyramidal
cells that could reflect regenerative efforts of the corticospinal tract neurons.

Our results show that degenerative events in the spinal cord are very long-lasting and that treat-
ment strategies aiming at increasing neuronal outgrowth might be needed for longer times then
generally applied in rodent models. Our results also show the importance of sham operated ani-
mals in gene expression studies, as even carefully executed operations aiming at not damaging
the spinal cord will trigger clearcut increases of transcriptional activity of some of the investigated
genes, similar to changes seen in mild injury to the spinal cord itself.

Interestingly, clinical trials are ongoing with a RhoA inhibitor, Cethrin®, applied in the form
of fibrin glue during routine decompression surgery. First reports from a Phase I/1I trial showed
promise for restoring sensory and motor function in acutely treated patients. A phase ITb/IIT study
is planned (http://ir.bostonlifesciences.com/).
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Effects of running and environmental enrichment on SCI

Locomotor training is thought to enhance plasticity and improve outcome after stroke and spinal
cord injury. Rehabilitative strategies like body weight assisted treadmill training and functional
electric stimulation have shown to be beneficial in patients. It was shown that training is task spe-
cific, so animals that were trained either to stand or walk performed at very different levels (R. D.
de Leon etal., 1999; V. R. Edgerton et al., 2001; H. Barbeau, 2003). Some experiments with rats
and mice showed that training and environmental enrichment may even be neuroprotective and
improve outcome after spinal cord injury (K. Fouad et al., 2000; F. Gomez-Pinilla et al., 2002;
C. Engesser-Cesar et al., 2005).

Environmental enrichment appears to be beneficial, especially in other diseases of the CNS, and
has been reported to promote neurogenesis, learning and neuronal plasticity (H. van Praag et
al., 2000; A. H. Mohammed et al., 2002). One common problem is that environmental enrich-
ment is not used in a standardized way between laboratories. When big cages with various equip-
ment (e.g. running wheels) are used, physical training and environmental enrichment becomes
mixed.

In Paper II, we tried to separate the possible effects of physical activity from possible effects of
environmental stimulation on the outcome of incomplete spinal cord injury. We performed 3
experiments to study: (1) the effects of environmental enrichment on the outcome of incomplete
spinal cord injury, (2) the effects of voluntary wheel running on recovery of spinal cord injury,
when the rats were giving access to running wheels after spinal cord injury, and (3) the effects of
access to running wheels only before injury.

In the first experiment we used either no environmental enrichment, or environmental enrich-
ment before, after or before and after injury. Our environment enrichment aimed to improve ani-
mal well being rather then to stimulate locomotor activity. We used a gnawing stick, folded paper
strips, a PVC tube and a shepherd shack. However, using a battery of behavior tests, we could not
detect any significant difference between groups. We conclude that environmental enrichment
as used in our experiment does not significantly alter the outcome after spinal cord injury in rats
and does not appear to change the behavior of the animals.

In the post injury running experiment, and, despite the fact that rats with access to running
wheels developed an excessive running behavior (running up to what would correspond to 40
km per day), functional recovery was not enhanced in terms of BBB scores or other behavior tests
used, as compared to animals that had no access to running wheels. Other studies have used
forced exercise and found recovery in humans, cats and rats (H. Barbeau, 2003; K. Fouad and K.
Pearson, 2004). In these experiments subjects were forced to move, where they otherwise would
not be able to move at all. We suggest that to improve recovery, a basic amount of training might
be necessary, and that this critical threshold of self training might be reached by the rats moving
freely in their cages.

In the third experiment we tested if physical activity and training prior to injury might be neu-
roprotective. However, we did not detect differences between groups in either BBB scores or sub-
scores. Nevertheless, rats with access to running wheels before injury lost less weight and recov-
ered weight faster after spinal cord injury, and might thus have a more robust body condition.
Additionally, we found a small improvement in the gridwalk test and a slightly faster reaction in
the hotplate test, which might suggest beneficial effects of voluntary exercise before injury.
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While these results pose a limit on how helpful environmental enrichment and locomotor train-
ing may be in an incomplete rodent spinal cord injury, they do not contradict the established ben-
eficial effects of physiotherapy and guided training in human spinal cord rehabilitation. Repeti-
tive exercise also has beneficial effects on general health of the spinal cord injured patient, reduc-
ing urinary tract infections, improving cardiovascular function, muscular and bone strength and
increasing personal well being, However, we suggest that improvements in terms of functional
and sensory recovery might be limited.

Inhibiting EGFR promotes functional recovery after SCI

One suggested reason for the lack of regeneration after spinal cord injury is the reaction of astro-
cytes (M. T. Filbin, 2003; G. Yiu and Z. He, 2006). Astrocytes enclose the damaged area and
reestablish the blood brain barrier (T. G. Bush et al., 1999; J. R. Faulkner et al., 2004; M. V.
Sofroniew, 2005; S. Okada et al., 2006). In this process many astrocytes change into reactive
pheontypes and form a glial scar that presents a physical and chemical barrier, as astrocytes secrete
growth inhibiting molecules, including chondroitin sulfate proteoglycans (CSPG’s). Overcoming
this inhibitory barrier of astrocytes and molecules is thought to be crucial to enhance regeneration
(M. E. Schwab, 2002a; J. Silver and J. H. Miller, 2004; J. W. Fawcett, 20006).

The epidermal growth factor receptor (EGFR) is a cellular transmembrane receptor with tyrosine
kinase enzymatic activity. EGFR-dependent signaling is involved in cell proliferation, apoptosis
and angiogenesis (R. W. Wong and L. Guillaud, 2004). EGFR activation also triggers astrocytes
into becoming reactive astrocytes (B. Liu et al., 2006), and stimulates the secretion of CSPG’s (G.
M. Smith and C. Strunz, 2005) and the formation of cribiform structures, that might contribute
to the formation of glial scars (A. H. N. Bin Liu, 2004). Intrathecal delivery of EGF and FGF-
2 after spinal cord injury has been shown to stimulate gliogenesis from endogenous stem cells
after SCI and resulted in bigger proliferative lesions (A. M. Parr and C. H. Tator, 2007). It was
recently shown that blocking the EGFR promotes neurite growth in vitro and promotes regenera-
tion in the injured optic nerve (V. Koprivica et al., 2005). This was suggested to be mediated via
a novel NOGO depending mechanism, which is not fully understood. Ultimately, activation of
the EGFR resulted in activation of Rho (V. Koprivica et al., 2005; J. M. Schwab et al., 2006a).
Another report found that application of an EGFR inhibitor rescued retinal ganglion cells in a
chronic glaucoma model. However, the fact that EGFR is expressed in astrocytes, but not axons,
suggests that beneficial effects of EGFR inhibition might be mediated via astrocytes (B. Liu et
al., 20006).

In Paper III, we show that local blockade of EGFR via intrathecal delivery of the irreversible
EGER inhibitor PD168393, after incomplete spinal cord injury leads to a remarkable recovery of
hindlimb function, which was accompanied by a recovery of bladder function not seen without
treatment, improved sensory function, eating and weight gain. These functional improvements
were correlated with improvements of several histological parameters, including tissue sparing,
amounts of myelin and 5-HT and TH-immunoreactive fiber tracts. The observed improvements
were seen soon after injury and suggest a neuroprotective effect, rather then long-distance fiber
regeneration, although the latter cannot be excluded. Tracing of the corticospinal tract showed
only single CST axons below the lesion, suggesting that regeneration of the CST can not explain
the observed functional recovery (Fig. 5). Various other mechanisms have been proposed to
explain early treatment induced recovery, such as fast synaptic rearrangements, dampening of
secondary damage processes as well as remyelination (P. J. Reier, 2004; E. J. Bradbury and S. B.
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McMahon, 2006). Notably, treated animals continued
to improve throughout the observation period, suggest-
ing that effects of a two week EGFR blockade might be
a combination of beneficial effects, some of which taking
much longer to develop. Importantly, we did not observe
any side effects of treatment, there was no allodynia, pain
or hypersensitivity. Indeed, treated animals spent more
time eating and showed increased weight gain as com-
pared to control animals.

Clinically, autonomic dysregulation and urinary blad-
der dysfunction are common problems after spinal cord
injury. Improvement of bladder, bowel and sexual func-
tion are highly ranked by spinal cord injured patients as
factors to increase quality of life (K. D. Anderson, 2004).
It has been shown previously that residual urine corre-
lates with injury severity (V. Pikov and J. R. Wrathall,
2001). We found a rapid reduction of the residual urine
of treated animals as compared to control animals, indi-
cating recovery of normal urinary function, not seen in
the controls.

Histological analysis revealed increased spinal cord tis-
sue sparing and twice as much myelin sparing in treated
animals. Myelin sparing could be correlated with func-
tional improvements. 5-HT and TH fiber alterations
have been correlated with sensory, motor and autonomic
disorders (B. C. Hains et al., 2002). We therefore sug-
gest that rescue of 5-HT and TH networks may partly
underlie improved bladder recovery and possibly sensory
function.

To further understand the mechanisms of EGFR inhibi-
tion, we studied the cellular location of mRNA encod-
ing EGFR and EGFR protein-like immunoreactivity. We
found a marked increase of EGFR mRNA and EGFR-
immunoreactivity after injury, mainly confined to astro-
cytes. Moreover, phosphorylated EGFR was mainly
found in astrocytes with a reactive phenotype, especially
surrounding the lesion center. We found some expres-
sion of EGFR and pEGFR in a subpopulation of DRG
neurons and to a smaller amount also in reactive macro-
phages/microglia. It has been suggested that EGFR acti-
vation triggers astrocytes into becoming a form of reac-
tive astrocytes that does not support repair mechanisms
in adult injured CNS tissue.

Fig. 5. Corticospinal tract tracing of
EGFR inhibitor treated rats. Only
single CST axons were found below
the lesion center (T7) in both groups,
suggesting that other recovery mecha-
nisms then CST regeneration might
explain the better outcome.
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Fig. 6. EGFR immunoreactivity in the injured spinal cord. EGFR (blue) immunoreactivity was found co-

localized with GFAP (green) in astrocytes forming the glia limitans. After spinal cord injury astrocytes
become reactive and increase and size, and especially close to the injury level they were found to co-local-

ize GFAP and EGFR immunoreactivity.

Inflammatory processes are thought to play a crucial role in mediating secondary damage after
spinal cord injury. Because we found colocalization of EGFR and Ox-42-IR macrophages/microg-
lia, these cells could be another target for the EGFR inhibition.

Preliminary experiments with the EGFR inhibitor erlotinib (Tarceva®, Roche), a drug used for
lung cancer treatment suggests a dose-dependent beneficial effect after SCI (Fig. 7). The observed
effects and the fact that other EGFR inhibitors are in clinical use for the treatment of lung cancer
are encouraging and may pave the way for future clinical trials.

25



Matthias Erschbamer

5 |
a 4
—=— Control

(1))
5 | —+— low dose
g 3 : —&— medium
i —o—high
»
32
(aa]

1 |

0 |

1 2 3 4

weeks after SCI

Fig. 7. Preliminary experiments with erlotinib (Tarceva) suggest a dose dependent
beneficial effect after spinal cord injury as evaluated by the BBB subscore.

Schwann cells enhance functional recovery

Schwann cells are one of the most promising cell types being used in cell based treatment strate-
gies for spinal cord repair. Physiologically, Schwann cells support myelinated and non-myelinated
axons in the peripheral nervous system. They were found to provide physical support for growing
axons and produce a variety of neurotrophic proteins and other factors that allow regeneration of
axons after peripheral nerve injury (M. Oudega and X. M. Xu, 2006). It has long been known
that pieces of peripheral nerve, deprived of their axons and grafted into the brain will effectively
induce ingrowth of nearby CNS axons (F. Tello, 1911). Grafted to the spinal cord, peripheral
nerves can be used as bridges for regenerating axons (S. David and A. J. Aguayo, 1981) and lead
to a degree of functional recovery after spinal cord injury (H. Cheng et al., 1996; Y. S. Lee et al.,
2002; M. J. Fraidakis et al., 2004; E. C. Tsai et al., 2005). Engraftment of isolated Schwann cells
also results in better functional and structural outcome after experimental SCI, reduces cavitation
and promotes regeneration of sensory and spinal axons into the graft and provides myelination
(M. B. Bunge, 2001, 2002; T. Takami et al., 2002; M. Oudega and X. M. Xu, 2006; A. Buss et
al., 2007). Interestingly, spinal cord injury also leads to activation of endogenous Schwann cells
that may enter the spinal cord and improve axonal growth (A. Buss et al., 2007). Although trans-
plantation of Schwann cells does improve outcome after experimental spinal cord injury, recent
reports of poor survival of Schwann cells grafted into the injured spinal cord (C. E. Hill et al.,
2006; D. D. Pearse et al., 2007) have raised questions about the mechanisms mediating the ben-
eficial effects. At the same time an increased presence of endogenous Schwann cells was seen sug-
gesting that improvement might be due to endogenous mechanisms.
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In Paper IV, we use a novel source of mouse Schwann cells derived from the boundary cap neu-
ral crest stem cells ((NCSCs). The boundary cap is a neural crest derived structure which con-
tains stem cells destined to differentiate into specific populations of neurons and glial cells (G.
S. Maro et al,, 2004; J. Hjerling-LefHler et al., 2005). Recently, it was shown that Schwann cells
can be efficiently generated from boundary cap neural crest stem cells (blNCSCs), and that such
cells have the potential to myelinate axons in vitro and in vivo (J. B. Aquino et al., 2006). Cells
were differentiated into Schwann cells and transplanted into adult Sprague-Dawley rats 1 week
after a standardized moderate or severe weight drop injury. Animals received daily cyclosporine
(10mg/kg daily intraperitoneally) beginning one day before cell transplantation to counteract
cell rejection.

We found that cell transplantation caused a significantly improved hindlimb locomotor recovery
in terms of BBB scores and subscores and grafted animals also performed significantly less errors
on the gridwalk test. Sensory tests like hotplate, cold spray and von Frey hairs did not reveal
any signs of allodynia when applied to the forepaws. Most animals did not react upon hindlimb
stimulation.

Histological analysis revealed poor survival of cells, even as early as 2 days after injury. This sug-
gests that functional improvement is mediated by other mechanisms than those requiring long
term survival of grafted cells. Histological analysis revealed that transplanted animals had more
tissue preserved in terms of entire spinal cord area at the lesion center and a larger preserved dorsal
funiculus and corticospinal tract area.

It is well established that after spinal cord injury peripheral Schwann cells invade the injury zone
(Fig. 8) (S. A. Gilmore and D. Duncan, 1968; W. F. Blakemore, 1975; J. C. Bresnahan, 1978). We
found an increase of endogenous Schwann cell-like cells in grafted vs control animals. We also
observed that proliferating ependymal cells expressed Schwann cell and oligodendrocyte precur-
sor markers. Thus, we suggest that the ependyma serves as an additional source of Schwann cell-
like cells found at the lesion side after spinal cord injury.

Next, we tested if BNCSC-derived Schwann cells also improve recovery from a more severe spinal
cord injury. The BBB score indicated effects also in this case, although differences between treated
and control animals were less pronounced.

Finally, we tested if Schwann cells needed to be grafted alive, and found that engraftment of
freeze-thaw killed cells did not lead to a significant improvement over control animals and that
both controls and animals given dead cells performed significantly worse then animals trans-
planted with live cells.

We propose mouse neural crest stem cell-derived Schwann cell-like cells as new source for graft-
ing studies. Our findings demonstrate therapeutic potential of bNCSCs in a rat spinal cord
contusion injury model and suggest that the beneficial effects are mediated by enhancement
of endogenous mechanisms. With the help of specific cell type and lineage markers we showed
dynamic changes in glia and progenitor cells after spinal cord injury soon and long after grafting.
Endogenous Schwann cell-like cells were found to be closely associated with the appearance of
neurites within the injury zone. Most endogenous Schwann cell-like cells were of a myelinating
phenotype, although keeping some immature features. Finally we suggest that a fraction of the
Schwann cell-like cells and oligodendrocyte cells could be derived from the ependyma.
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Fig. 8. p75 positive endogenous Schwann cells in untreated rats after
spinal cord injury.

Proton Spectroscopy in CNS after SCI

A variety of tests of sensorimotor function are used to characterize outcome after experimental
spinal cord injury. These tests, however, do not provide information about chemical and meta-
bolic processes in the injured CNS. Proton magnetic resonance spectroscopy (MRS) is a non-
invasive technique that can be used to obtain biochemical profiles of defined tissue volumes (L.
Minati et al., 2007). Stimulated protons show slightly different frequencies, which depend on the
types of molecules carrying the protons. In 'H MRS, small differences of hydrogen resonance
frequencies are used to establish the presence of metabolites and neurotransmitters quantitatively,
using the creatine peak as reference. MRS has been used to evaluate a number of CNS diseases,
like neoplasia, multiple sclerosis, Alzheimer’s disease, Parkinson’s disease and amyotrophic lateral
sclerosis (ALS) (S. K. Gujar et al., 2005; A. Lin et al., 2005; S. G. Mueller et al., 2006).

In Paper V, we use proton magnetic resonance spectroscopy to monitor chemical changes in the
rat CNS in vivo following spinal cord injury. We performed spectroscopy in 4 different places of
the CNS: the spinal cord caudal to the lesion, an area around the thalamus, a bigger and a smaller
area in the motor cortex. While MRS has been used for a wide range of CNS diseases, our study
is the first to monitor changes after spinal cord injury in the spinal cord, motorcortex and thala-
mus simultaneously.
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Already 1 day after injury, we found an increase of glutamate in the spinal cord. We also found an
increase of N-acetylaspartate + N-acetylaspartylglutamate (NAA + NAAG), which is considered
to be a neuronal marker and an osmolytic regulator for neurons (J. R. Moffett et al., 2007). We
suggest that this might be a compensatory up-regulation below the lesion. Three days after injury
we found an increase of glutamine and myo-inositol, a marker for glia. Increase of myo-inositol
has been interpreted as increase of glial content or glial proliferation (A. Brand et al., 1993; M. U.
Schuhmann et al.,, 2003). Multivariate analysis showed that spectral properties allowed separa-
tion of injured versus non-injured spinal cord and corresponding brain areas with high sensitivity
and specificity. A prediction model showed that treatments could be well identified based on the
chosen spectral properties.

In sensorimotor cortex, glutamate and glutamine were significantly decreased one day after
injury. Decrease of glutamine/glutamate might reflect the lost input from the lower limbs to
the cortex. NAA + NAAG was decreased in cortex 1 and 3 days after injury and remained low
throughout the observation period. NAA is considered to be a neuronal marker useful in stud-
ies of brain diseases (J. R. Moffett et al., 1993; G. Tsai and J. T. Coyle, 1995; J. R. Moffett et al.,
2007). Decreases of NAA have been shown by MRS in multiple sclerosis, Alzheimer’s disease and
Parkinson’s disease (A. Lin et al., 2005; A. Belli et al., 2006; R. A. Yeo et al., 2006; J. R. Moffett
et al., 2007). The decrease in cortex appeared temporary and we suggest that this reflects the lost
input from the hind limbs. Further, we found increased levels of phosphocholine and glycero-
phosphocholine, markers for an increased cellular membrane turnover. All macromolecules and
lipids where found to show and overall tendency to decrease over time.

In the area placed around thalamus, we were able to detect a series of metabolites. However, no
significant changes over time could be observed, despite some tendencies that pointed in the same
direction as found in cortex, such as an NAA decrease and a slight glutamate decrease.

The non-invasive nature of the spectroscopy technique allowed repeated measurements and
allows a fast and safe establishment of a neurochemical profile even of small structures in the
CNS. We detected and monitored changes of several metabolites, both in the brain and the spi-
nal cord below the lesion. Limitations of the technique as performed in the rat include the rather
inhomogeneous voxel content in the small rodent CNS. For the spinal cord scans we needed to
scan 5 segments caudal to the spinal cord lesion, in order for the surface coil to be close enough
to spinal cord tissue.

Future experiments should help develop an even better prediction model for spinal cord injury,
especially in the early phase after injury, when it is difficult to predict outcome. The initial uncer-
tainty to predict the final outcome after spinal cord injury may delay the initiation of novel treat-
ments and make interpretations of experimental treatment outcomes difficult. Our findings sug-
gest MRS is a helpful tool to monitor metabolic changes in vivo in the brain and the spinal cord
itself after spinal cord injury, and should become a helpful tool both to determine the extent of
spinal cord injury and to evaluate experimental treatment strategies.
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Future perspectives

During the last years a variety of different treatment strategies have emerged that provides hope
that treatments for spinal cord injury may be developed. Several clinical trials have been initi-
ated in an attempt to translate results from basic science to clinical practice (C. H. Tator, 2000).
Sometimes, however, overly enthusiastic descriptions of basic data increase pressure to initiate
clinical trials (H. Pearson, 2003), and have resulted in trials with moderate success (C. H. Tator,
2006). Therefore, treatments need to be carefully evaluated before moving into clinics (G. Cour-
tine et al., 2007).

Among the treatments that show promising results are RhoA inhibitors, where a first clinical trial
showed promising results (Cethrin study/Bio-Axone). Several cell based treatments, among them
bone marrow stromal cells, olfactory ensheathing cells and Schwann cells are currently being
evaluated clinically and reported to enhance improvement. Peripheral nerve grafts in combina-
tion with FGF also suggest positive results in clinical settings (H. Cheng et al., 2004).

Clearly, there is no “magic bullet” to cure spinal cord injury. As different treatment strategies aim
at different targets, a combination of several treatments will be needed. However, such combina-
torial experiments are difficult to plan and evaluate even in rodents (P. Lu and M. H. Tuszinski,

2007).

Even if functional improvement is seen, it is sometimes difficult to explain the exact mechanisms,
eg. for chondroitinase, olfactory ensheathing cells or Schwann cells (Y. Li et al., 2005; D. Crespo
etal., 2007; D. D. Pearse et al., 2007). A better understanding of underlying mechanisms might
enable us to design better treatments.

While many researchers see astrocytes as a rather homogenous cell population with a limited
ability to react upon injury and interact in the CNS, it becomes increasingly clear that astrocytes
might actually be part of the pathophysiology of many CNS diseases, like ALS and multiple scle-
rosis (F. P. Di Giorgio et al., 2007; M. Nagai et al., 2007; A. Williams et al., 2007). Indeed, “The
astrocyte represents the most abundant yet least understood cell type of the CNS” (R. M. Bachoo
et al., 2004). Modulation of astrocytic responses might be a mechanism by which the beneficial
effects of e.g. olfactory ensheathing cells or the EGFR inhibitor treatment after spinal cord injury
is accomplished (Y. Li et al., 2005; M. Erschbamer et al., 2007). Further understanding of the
reaction of glial cells in spinal cord injury might help design new treatment strategies.
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