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REVIEW

Stimulating neuroregeneration as a therapeutic
drug approach for traumatic brain injury

Bernhard K Mueller, Reinhold Mueller and Hans Schoemaker

Neuroscience Research, Abbott GmbH and Company KG, Ludwigshafen, Germany

Traumatic brain injury, a silent epidemic of modern societies, is a largely neglected area in drug development and no drug is
currently available for the treatment of patients suffering from brain trauma. Despite this grim situation, much progress has been
made over the last two decades in closely related medical indications, such as spinal cord injury, giving rise to a more optimistic
approach to drug development in brain trauma. Fundamental insights have been gained with animal models of central nervous
system (CNS) trauma and spinal cord injury. Neuroregenerative drug candidates have been identified and two of these have
progressed to clinical development for spinal cord injury patients. If successful, these drug candidates may be used to treat brain
trauma patients. Significant progress has also been made in understanding the fundamental molecular mechanism underlying
irreversible axonal growth arrest in the injured CNS of higher mammals. From these studies, we have learned that the axonal
retraction bulb, previously regarded as a marker for failure of regenerative growth, is not static but dynamic and, therefore,
amenable to pharmacotherapeutic approaches. With the development of modified magnetic resonance imaging methods, fibre
tracts can be visualised in the living human brain and such imaging methods will soon be used to evaluate the neuroregenerative
potential of drug candidates. These significant advances are expected to fundamentally change the often hopeless situation of

brain trauma patients and will be the first step towards overcoming the silent epidemic of brain injury.
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Neuroregenerative approaches for central nervous
system injury

For thousands of years, damage to the adult central nervous
system (CNS) in humans has been regarded as an ‘ailment
which cannot be treated’, a phrase used to characterize the
hopeless situation of two spinal cord injury victims in the
4500-year-old Edwin Smith Papyrus (Donovan, 2007). Only
recently has this dogma and therapeutic nihilism been over-
come and fundamental insight gained, making neuroregen-
erative drug approaches feasible. The amazing progress seen
over the last 30 years stems from the remarkable discovery of

Correspondence: Bernhard K. Mueller, Neuroscience Research, Abbott GmbH
and Company KG, 67061 Ludwigshafen, Germany. E-mail: bernhard.mueller@
abbott.com

Received 8 August 2008; revised 24 October 2008; accepted 27 October 2008

Albert Aguayo and his co-workers that adult CNS neurons are
able to grow extensively after injury if offered a permissive
peripheral nerve transplant (Richardson et al., 1980; David
and Aguayo, 1981; Aguayo et al., 1991; Xie and Zheng, 2008).
These experiments not only helped to overcome the dogma
that injured adult CNS axons have lost their axonal growth
capability but also induced a shift in focus towards the micro-
environment of injured axons, giving rise to the question,
‘What makes the CNS micro-environment so hostile for
regrowth of injured fibers?” One of the first to answer this
question was Martin Berry who postulated that breakdown
products of the CNS myelin are responsible for the failure of
injured CNS fibres to regrow. Martin Schwab and colleagues
soon discovered the differences between CNS myelin and that
of the peripheral nervous system where regeneration of
injured nerve fibres is known to occur (Berry, 1982; Schwab
and Thoenen, 1985; Schwab and Bartholdi, 1996; Xie and
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Zheng, 2008). The inhibitory activity of CNS myelin was
overcome in a seminal rat spinal cord injury experiment con-
ducted by Schnell and Schwab. They showed that intraven-
tricular injection of hybridoma cells, producing a monoclonal
antibody directed against inhibitory proteins of the CNS
myelin, later called NOGO A, enhanced regenerative growth
of injured corticospinal tract fibres across the spinal lesion site
and improved functional recovery (Schnell and Schwab,
1990). Since these pioneering studies, we have learned that,
besides CNS myelin, glial scar tissue forming at the lesion site
in the spinal cord or brain also impedes fibre growth. Some of
its molecular constituents will be discussed later in more
detail (Silver and Miller, 2004; Mueller et al., 2005). Based on
experiments with antagonists of myelin-associated inhibitors
or glial scar-associated inhibitors or pharmacological modifi-
ers of the neuronal growth response, performed primarily in
animals with spinal injury, several mechanisms have been
described to account for drug-induced axon growth or
rearrangement-induced functional improvement. A recent
classification distinguishes regeneration from sprouting and
plasticity based on the inciting event, the timing of axonal
growth and rearrangement and distance of axonal regrowth
(Cafferty etal., 2008). The term regeneration is used to
describe the growth of injured or damaged axons over longer
distances and over longer periods of time, whereas sprouting
refers to growth from injured or damaged fibres or from intact
fibres over moderate distances. Plasticity, in a narrow sense,
describes changes in the underlying network induced by
damaged fibres and correlated functional loss (Cafferty et al.,
2008). The most time-consuming of these is the process of
regeneration which takes weeks to months to bring about
functional improvements, whereas sprouting and plasticity
occur at a faster rate, that is, within days or even hours of the
damaging event (Cafferty et al., 2008). Most of these different
mechanisms have been identified in animals with spinal cord
injury and another important insight gained from these
experiments was that, despite their often meandering course
within the spinal cord tissue, regrowing fibres are able to
synapse with their proper target neurons. Just how they are

guided to their synaptic partners is not actually known but
re-expression of many classes of developmentally active
attractive and repulsive axon guidance molecules at the site of
lesion or damage might be an explanation for the proper
pathfinding and paucity of aberrant connections formed. This
constitutes a very encouraging sign for the development of
axonal growth therapeutics and several neuroregenerative
drug candidates are currently being evaluated in clinical trials
with spinal cord injury patients (Baptiste and Fehlings, 2008;
Gonzenbach and Schwab, 2008). Table 1 provides a summary
of potential axonal growth therapeutics including their pro-
posed mode of action and investigational status in spinal cord
injury. If successful, it is envisioned that these regenerative
drug approaches will be extended to other CNS injuries such
as traumatic brain injury (TBI).

Traumatic brain injury

Traumatic brain injury constitutes a major public health
problem with a reported annual incidence of 150-500 cases
per 100 000 (Bruns and Hauser, 2003; Kraus and Chu, 2005;
Bazarian et al., 2007) and is regarded as a silent epidemic of
modern societies with death from TBI accounting for 1-2% of
all deaths from all causes (Graham et al., 2002 in Greenfield’s
Neuropathology; Goldstein, 1990). In the United States, 1.4
million people suffer from TBI each year. A total of 50 000 TBI
victims die, 235000 are hospitalized and 1.1 million are
treated and released from emergency units [Centers for
Disease Control and Prevention (CDC), 2008]. Several high-
risk groups have been described: children aged 0-4 years,
young people aged 15-19 years and people older than 64
years (Kraus and Chu, 2005; CDC, 2008). Males are more
affected than females with ratios between 1.6 and 2.8 (Kraus
and Chu, 2005) or 1.5 (CDC, 2008). Due to high incidence
and the tender age of the TBI victims, the burden on the
healthcare systems is heavy with medical and related costs
amounting to $60 billion per year in the United States in 2000
(Corso etal.,, 2006; CDC, 2008). TBI is clinically classified

Table 1 Regenerative strategies under evaluation for spinal cord injury treatment

Therapeutic agent Proposed mechanism of action Status

Rho inhibitor (Cethrin®) Blockade of growth inhibitory pathway phase I/lla
Anti-Nogo A antibodies Neutralization of growth inhibitory myelin protein phase I/lla
Chondroitinase ABC Degradation of glycosaminoglycan chains of growth inhibitory proteoglycans preclinical
Anti-NgR antibodies or antagonists Blockade of growth inhibition mediating receptor preclinical
LINGO-1 antagonist Blockade of growth inhibition mediating receptor complex preclinical
Anti-RGM A antibodies Neutralization of growth inhibitory protein preclinical
Rho kinase (ROCK) inhibitors (Fasudil) Blockade of growth inhibitory pathway preclinical
Sema3A inhibitor (SM-216289) Neutralization of growth inhibitory protein preclinical
Neurotrophins (BDNF, CNTF, GDNF) Growth promotion by neurotrophin receptor stimulation preclinical
PDE4 inhibitor (Rolipram®) Growth promotion by increasing cAMP levels preclinical
Anti-RYK antibodies Neutralization of growth inhibitory proteins preclinical
Noggin (BMP-antagonist) Neutralization of inhibitory proteins preclinical
EGFR inhibitor (PD168393) Blockade of growth inhibitory pathway preclinical
GSK-3B inhibitor (Lithium, SB415286) Blockade of growth inhibitory pathway preclinical
PKC inhibitor (G66976) Blockade of growth inhibitory pathway preclinical
L1 cell adhesion molecule Neurite growth promotion preclinical
Iron-chelator (Cordaneurin®) Inhibition of collagen scar formation preclinical

Summary of regenerative drug approaches in spinal cord injury with proposed working mechanism and status of development.
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based on the Glasgow Coma Score, loss of consciousness, and
post-traumatic amnesia into three categories — mild, moderate
and severe — the approximate percentage distribution being
50%, 30% and 20% respectively (Kraus and Chu, 200S5; Kraus
et al., 2007). The most common TBI causes in the US are falls
(28%), motor vehicle accidents (20%), struck-by events (19%)
and assault (11%) (CDC, 2008). To exemplify the hidden or
silent epidemic of TBI, estimates of “The Centers of Disease
Control and Prevention’ suggest that approximately 5.3
million TBI victims in the US require long-term or even life-
long help to perform their daily living activities (CDC, 2008).

Despite significant medical need, no pharmacotherapy is
currently available to fundamentally relieve or improve the
situation of TBI victims. This may result from the heteroge-
neity of brain injuries, the precise type, location and extent of
the primary injury, the contribution of different pathological
mechanisms, delayed secondary injury mechanisms and com-
pounding conditions such as brain swelling, increases in
intracranial pressure, and hypoxia. Depending on the severity
of the injury, acute TBI may induce coma or a vegetative or
minimally conscious state (MCS), whereas mild to moderate
TBI may lead to neurobehavioural deficits, especially in cog-
nition. Cognitive symptoms may manifest as deficits in verbal
fluency, mental flexibility or working memory as well as
impaired attention, planning inability and increased impul-
sivity (Kraus et al., 2007; CDC, 2008). Long-term sequelae of
TBI may include the induction of epileptic seizures and
increased risk for Alzheimer’s and Parkinson’s diseases.

The large variety of symptoms caused by TBI impedes iden-
tification of the clinically relevant neuropathology which is
responsible for the symptoms occurring in the brain injury
patients. An important concept developed over recent
decades focuses on the degeneration of cerebral white matter
and is known as diffuse axonal injury (DAI) or traumatic
axonal injury (Graham et al., 2002; Gennarelli and Graham,
2005). Implicit to this concept is its ability to explain the
progressive severity of TBI symptoms with an increasing
amount of axonal damage, ranging from concussive syn-
dromes to the most severe brain impairment characterized by
immediate or prolonged coma (Graham et al., 2002). In addi-
tion, the concept is supported by human neuropathology and
experimental brain injury models and has enabled the devel-
opment of a grading system of increasing severity: DAI I is
characterized by widespread axon damage in the corpus cal-
losum, cerebral hemispheres and brainstem. DAI IT comprises,
in addition, focal abnormalities that are often associated with
haemorrhaging in the corpus callosum. The most severe form,
DAI III, encompasses DAI II characteristics plus axonal abnor-
malities resulting from haemorrhaging in the rostral brain-
stem (Graham etal., 2002). Focal lesions in the corpus
callosum and brainstem can be identified macroscopically in
DAI III, whereas DAI may be inferred from imaging studies
but might require light microscopic analysis of post-mortem
brain tissue for conclusive confirmation (Graham et al., 2002;
Kraus et al., 2007).

Diffuse axonal injury may be caused directly by a traumatic
incident or indirectly by ischemia and could be the only
significant pathology in certain, mild TBI cases (Kraus et al.,
2007). Continuous efforts over the last 20 years have revealed
many mechanistic aspects of DAI and, as a result, the original
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opinion - that axons are disrupted by shear forces at the
moment of injury — was discarded. This was replaced by a
refined picture of a progressive process wherein the initial
acceleration-deceleration insult first triggers local axolemmal
permeability. This was evidenced by the influx of tracer mol-
ecules into the axon, for example, horseradish peroxidase or
fluorescent dextranes, which are normally excluded due to
their high molecular weight (Pettus et al., 1994; Stone et al.,
2004). At the same time, local axolemmal permeability would
permit a massive influx of calcium which, in turn, activates
Ca-dependent proteases, for example, calpain. In support of
this hypothesis, an alteration of the neurofilament and micro-
tubular axonal cytoskeleton including the occurrence of
calpain-specific breakdown products of spectrin has been
reported (Saatman et al., 1996; Posmantur et al., 1997; Biiki
etal., 1999). Calcium influx is buffered by uptake into the
mitochondria, eventually building up to levels inside their
matrix high enough to trigger opening of the mitochondrial
permeability transition pore (MPTP). Indeed, swollen mito-
chondria with ruptured membranes, hallmarks of MPTP
opening, are observed at sites of axonal injury (Colicos and
Dash, 1996; Pettus and Povlishock, 1996; Okonkwo and Pov-
lishock, 1998). Mitochondrial membrane rupture not only
impairs ATP production but leads to the release of cytochrome
c and the activation of caspases, further contributing to the
cytoskeletal breakdown observed in experimental TBI (Biiki
et al., 2000). As a consequence of the proteolytic attack on the
microtubule and neurofilament network, anterograde axonal
transport is stopped at these sites, leading to the accumula-
tion of organelles. Experimentally, this accumulation is easily
visualized using antibodies to the amyloid precursor protein
(APP) which serves as a marker for anterograde axonal trans-
port. Accumulation of transport vesicles and organelles results
in concomitant swelling of the axon, ultimately leading to
disconnection of the distal axonal segment which is removed
by Wallerian degeneration over time. The remaining neuron
is characterized by a structure known as an axonal end bulb,
described in more detail below. Interestingly, dying back of
the neuronal soma does not appear to occur even in cases of
perisomal axonal disconnection (Kelley et al., 2006) despite
the activation of caspases involved in the induction of apo-
potosis. The elucidation of such a hierarchical order of events
ranging from the initial insult to axonal disconnection rep-
resents considerable progress in understanding the mecha-
nism of DAI (Biki and Povlishock, 2006). However, this is
probably an oversimplification of the process as, for instance,
recent studies have shown apparent disconnections, that is,
early breakdown in axolemmal integrity can occur without
producing axonal swelling for several hours and swelling can
be evidenced in axons in which there are no signs of axolem-
mal permeability (Stone et al., 2004; Kelley et al., 2006). More-
over, several questions still remain to be answered. For
instance, why is the injury diffuse, that is, why do we see
damaged axons next to intact ones which seem to have expe-
rienced the same initial insult? Does confinement of the bulk
of injury to myelinated fibre tracts reflect higher susceptibility
of these or does it just mirror the ease of observation? How
long after the insult does TBI result in ongoing axonal damage
— just for the number of hours the experimental data cover or
for several days? The last question, in particular, might be of
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considerable significance in the light of therapeutic interven-
tion. The success of a neuroprotective or axoprotective strat-
egy, for example, by inhibiting calpain or acting at the
mitochondrial level (Posmantur et al.,, 1997; Okonkwo and
Povlishock, 1998; Biiki et al., 1999), will most likely be limited
to the time of axonal disconnection. In contrast, neuroregen-
erative approaches might range far beyond this point, increas-
ing the attractiveness of such therapeutic interventions.
Documentation of axonoprotective or neuroregenerative
effects of new drug candidates now seems feasible thanks to
new imaging techniques.

A recently developed magnetic resonance imaging tech-
nique, called diffusion tensor imaging (DTI), has become an
extremely valuable tool for evaluating patients with brain
injuries. DTI enables measurement of the integrity of white
matter fibre tracts making the axonal organization of the
brain visible. It measures the diffusion of water molecules that
prefer to diffuse along white matter fibre tracts (anisotropi-
cally) and not perpendicularly to the course of the fibre tracts
(Mori and Zhang, 2006). Values for fractional anisotropy (FA)
range between 0 and 1, with O standing for isotropic, lack of
directional diffusion, and 1 representing anisotropic (direc-
tional) diffusion. Factors influencing FA are myelination of
fibre tracts and axonal integrity and density (Mori and Zhang,
2006; Kraus et al., 2007). In a recent study, DTI was validated
in a controlled cortical mouse TBI model using histology and
electronmicroscopic analysis. The technique was able to
detect perilesional white matter damage in a range of acute to
subacute time points, thereby predicting the approximate
time since trauma (Mac Donald et al., 2007). DTI was also able
to correlate recovery of the damaged corticospinal tract with
functional improvement in a patient suffering from parapare-
sis after TBI (Han et al., 2007). These remarkable abilities of
DTI make it an extremely valuable tool in the evaluation of
restorative and axon regenerative therapies in animal models
of TBI. DTI has recently been used to document myelin-
protective activities of a therapeutic antibody candidate in an
animal multiple sclerosis model (Mi et al., 2007) and is exten-
sively used in rodent models characterized by axonal or
myelin damage.

The axonal retraction bulb of the injured central
nervous system

Immunohistochemical analysis of post-mortem brain sec-
tions of TBI victims very often reveal DAI characterized by
axonal swelling, varicosities, transected axons with terminal
end bulbs, also called retraction balls, retraction bulbs or
dystrophic axons (a generic term for misshapen axons carry-
ing larger spheroids and smaller varicosities) in the corpus
callosum, thalamus, brainstem, cerebellum or cerebral hemi-
spheres (Graham et al., 2002; Coleman, 2005; Gennarelli and
Graham, 2005). These axonal bulbs or varicosities as indica-
tors of failed or reduced axonal transport (Coleman, 2005) are
not visible in DTI but become visible when immunostained
with markers like B-APP (APP), or with certain neurofilament
markers (SMI-32). B-APP positive axonal pathology has been
observed not only in TBI but in multiple sclerosis, spinal cord
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injury, stroke, Alzheimer’s disease and several other CNS dis-
orders, suggesting the existence of convergence points
(reduced axonal transport, mitochondrial dysfunction, intra-
axonal calcium accumulation) of axonal degeneration,
despite very different primary insults (Coleman, 2005).

Historically, silver staining techniques have enabled visual-
ization of axonal retraction bulbs in injured CNS tissue where
Wallerian degeneration, a proactive axon death mechanism,
has resulted in removal of the distal axon, leaving the proxi-
mal axon equipped with a large terminal retraction bulb
(Coleman, 2005). Despite their characteristic appearance, our
knowledge of these structures is still fragmentary. Questions
arising in this regard address the reversibility of the retraction
bulbs, sensitivity of different axons to bulb formation, rela-
tionship of Wallerian degeneration mechanisms and acute
axonal damage programmes to retraction bulb formation and
their static nature. More recent results from various groups
suggest that terminal retraction bulbs may not be as static as
originally considered, pointing to the possibility of therapeu-
tic intervention by enhancing their structural plasticity.
During development of the central and peripheral nervous
system, the tips of neurites are not equipped with end bulb-
like terminals, but form highly mobile structures, known as
neuronal growth cones. These structures regulate and direct
neurite growth, are equipped with remarkable abilities to
respond to a large variety of guidance cues and are responsible
for proper wiring of the embryonic nervous system (Mueller,
1999). In the adult CNS, damage to axons does not result in
the generation of a new growth cone but results in the for-
mation of axonal retraction bulbs. These structures seem to be
remarkably stable as they can be found in brain injury sites
often years after damage has occurred and are regarded as the
visible static marker for failed regenerative growth responses
of damaged axons (Li and Raisman, 1995; Tom et al., 2004).
Results from recent in vitro, in situ slice culture, and in vivo
experiments suggest that dystrophic endings or retraction
bulbs are, however, dynamic, that they contain both F-actin
and disorganized microtubules and are able to extend fine,
potentially regenerative sprouts, pointing to regenerative,
albeit truncated, behaviour (Tom et al., 2004; Dickson et al.,
2007; Ertirk et al., 2007).

Injury to the adult CNS results in formation of a glial scar
at the lesion site and this scar tissue represents a major
barrier to successful nerve regeneration. Regenerating neu-
rites usually do not penetrate scar tissue and avoid this
inhibitory area, despite the presence of factors promoting
outgrowth. Inhibitory factors of the scar tissue are complex
chondroitinsulfate proteoglycans (CSPG), proteins with a
chondroitin sulphate glycosaminoglycan moiety, and other
inhibitory factors such as ephrins, semaphorins, RGMs
(repulsive guidance molecule), tenascins, and other mol-
ecules. As only little is known about the response of adult
neurites to scar tissue, the development of an in vitro model
of scar tissue is a step forward in studying the behaviour of
neurites encountering the artificial scar and evaluating drug
candidates that promote regeneration (Tom et al., 2004). In
an artificial gradient consisting of Aggrecan, a CSPG present
at high levels in CNS scars, and the potent outgrowth pro-
moter Laminin, present in a counter-gradient, regenerating
adult sensory neurons entered the artificial scar but their



outgrowth was stalled by the high CSPG concentration, and
the neurites developed a bulbous, dystrophic appearance,
very similar to that of the retraction bulb structures observed
in the injured CNS (Tom et al., 2004). Besides the in vitro
generation of these end bulb-like structures, the authors also
clearly demonstrated that the dystrophic axons or truncated
growth cones were not immobile but showed extensive
dynamic behaviour. This was confirmed by in vivo analysis of
fluorescently labelled, injured and dystrophic sensory nerves
in the adult rat spinal cord, proving that dynamic behaviour
of dystrophic nerves was maintained, even 1 week after
injury. Using this in vitro model, a first analysis of signalling
cascades underlying the behaviour of dystrophic neurites
was attempted but no clear signalling candidate emerged
from this study (Tom et al., 2004). Similar conclusions were
obtained with respect to the dynamic behaviour of axonal
bulbs forming after axonal transection. Dickson and col-
leagues used live-imaging methods to observe the behaviour
of transected adult Dil-labelled neocortical neurites in an
in situ rat brain slice model (Dickson et al., 2007). Within a
period of 30 min to 2 h, transection of the neurites resulted
in a stereotypic response of the cut axons characterized by
formation of large bulb-like structures which is very similar
and probably identical with the retraction bulbs observed
in vivo (Dickson et al., 2007). Again, these terminal end bulbs
or retraction bulbs were neither immobile nor static but
extended very fine regenerative axonal sprouts. These not
only increased in length but changed their growth direction,
highlighting not only the dynamic behaviour of the termi-
nal bulbs but also suggesting that axons in vitro and in vivo
respond to mechanical injury with regenerative growth
responses (Kerschensteiner et al., 2005; Dickson et al., 2007).
Currently, nothing is known about the molecular machinery
of this response but a direct comparison with the behaviour
of regenerating axons in the agnathostom lamprey suggested
that it might be the propulsive forces of the neurofilaments
invading the terminal bulb which drive their dynamic
behaviour (Zhang et al., 2005). In another study, it was sug-
gested that it is the microtubular system, and not neurofila-
ments, that underlies the formation of retraction bulbs
(Ertiirk et al., 2007). Using transgenic mice expressing green
fluorescent protein-M (GFP-M) and yellow fluorescent
protein-H (YFP-H) under the control of the neuron-specific
Thy-1 promoter, the authors focused on the in vivo behav-
iour of the GFP-labelled dorsal root ganglia neurons (Ertiirk
et al., 2007). These neurons possess independent centrally
and peripherally projecting axon branches enabling com-
parative observation of the in vivo response after transecting
the peripheral or the central axon branches. Transection of
the peripheral axon resulted in formation of a new growth
cone and regeneration of the severed axon, whereas transec-
tion of the central dorsal root ganglion (DRG) axon induced
formation of an immobile, non-growing retraction bulb and
resulted in regenerative response failure. Detailed analysis of
these retraction bulbs gave new insights into their behaviour
and molecular characterization with the retraction bulb of
the proximal cut end growing in size over weeks and con-
taining disorganized microtubules, trans-Golgi vesicles and
normal-looking mitochondria (Ertiirk et al., 2007). Focusing
on microtubules, the retraction bulbs contained both stable
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(detyrosinated) and dynamic (tyrosinated) microtubules in a
disorganized structure in contrast to the highly organized
appearance of dynamic and stable microtubules in the
peripheral growth cone, pointing to an important role of
microtubule organization in the formation of retraction
bulbs and growth cones. To support this, Ertiirk and col-
leagues treated the injured peripheral axon at the lesion site
with the microtubule disruptor Nocodazole (330 umol-L™7) 1
day after transection. Twenty-four hours later, more than
40% of the peripheral growth cones had transformed their
growth cones into retraction-bulb like structures (Ertiirk
et al., 2007). These new results suggest that disrupting micro-
tubules suffices to transform a growth cone into a retraction
bulb which gives rise to the following two questions, ‘Does
microtubule-stabilization lead to formation of new growth
cones from retraction bulbs or does it reduce the develop-
ment of retraction bulbs?’ Treating the central branches
locally, immediately after dorsal column injury with the
microtubule stabilizer Taxol, reduced the number of retrac-
tion bulbs from 71% to 23% and stimulated axon growth
(Erttirk ef al., 2007). These exciting data suggest that inter-
fering with microtubule stability is a potential pharmaco-
therapeutic approach to preventing, reducing or reversing
retraction bulb formation in CNS injury. Due to the poten-
tial side effect of systemic Taxol treatment with induction of
peripheral neuropathies, local application is recommended
or, alternatively, other ways of enhancing microtubule sta-
bility are worth evaluating. Target candidates would be pro-
teins regulating microtubule-associated proteins such as
Glycogen synthase kinase-33, (GSK-3B), the synapses of
amphids defective kinases (homologues of the partitioning
defective-1, PAR-1, serine/threonine Kkinases), c-Jun
N-terminal kinases or collapsin-response mediator protein 2
because their inhibition or deletion has been shown to affect
the process of microtubule stabilization and thereby of axon
formation (Witte et al.,, 2008). Anti-neoplastic agents, the
taxanes, the epothilones, macrolide antibiotics with a dis-
tinct tubulin binding mode, laulimalide, a natural cytotoxic
product isolated from marine sponges and structurally dis-
tinct from the taxanes, with a common working mechanism
of binding to tubulin and stabilizing microtubules have been
described in recent years (Cortes and Baselga, 2007; Fojo and
Menefee, 2007; Gallagher, 2007; Liu et al., 2007) and might
be candidates for local application in animal models of TBI
to evaluate their potential ability in reversing the retraction
bulb status of injured axons, thereby stimulating regenera-
tive growth and functional recovery.

These approaches target the growth machinery of injured
axons but another approach is to modify the micro-
environment of the injured axons or their response to this
micro-environment. Comparing transected central with
transected peripheral axons suggests that the different behav-
iour of the severed axons in the peripheral nervous system
(PNS) and CNS is not caused by a general inability to form a
growth cone but that external influences, which differ in the
PNS and CNS, are responsible for growth cone formation or
retraction bulb induction. In the next paragraph, we will
therefore focus on the repulsive or inhibitory micro-
environment with which an injured or lesioned axon is con-
fronted in the CNS.
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The inhibitory environment of the injured axon in
the central nervous system

It is now generally accepted that the damage caused by
primary TBI is worsened by secondary pathological injury
mechanisms (Gennarelli and Graham, 2005). Secondary
pathology starts shortly after the traumatic insult and shares
many features with spinal cord injury (Figure 1) such as
ischemia, haemorrhaging, excitotoxicity, free radical forma-
tion, and necrotic and apoptotic cell death (Mueller et al.,
2005). These secondary injury mechanisms worsen the
primary insult and increase damage making any pharmaco-
therapeutic approach even more difficult. Due to the occur-
rence of multiple pathological injury mechanisms, any
neuroprotective strategy focusing on only one of these
mechanisms will probably not result in any significant thera-

Injury human Spinal cord

peutic benefit for brain injury patients. However, it may
support future, more promising restorative neuroregenerative
therapy by limiting secondary injury-related damage to the
brain.

One of the main reasons for the limited success of pharma-
cotherapeutic approaches in brain injury patients is the
inability of the injured nerve fibres to regrow and establish
new synaptic connections because the micro-environment in
the CNS is hostile to the regeneration of nerve fibres with
many molecular growth inhibitors appearing at the lesion
site. As mentioned above, such a hostile micro-environment
keeps the injured axons in a permanently inhibited growth
mode, characterized by the occurrence of varicosities and
retraction bulbs. The appearance of many different molecular
neurite growth inhibitors at the lesion site, in the cicatrix and
mature scar in brain injury patients is a formidable barrier for
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Figure 1

Diagram of human spinal cord injury. The primary injury site is usually small and secondary mechanisms such as excitotoxicity,

inflammation and oedema formation contribute significantly to enlargement of the primary site of injury. An injured, transected and
demyelinated nerve fibre is shown in the box. The transected nerve fibre expresses receptors for many neurite growth inhibitory proteins. Many
of them activate the Rho-Rho-kinase pathway leading to irreversible growth arrest of the injured fibre.
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any function-restoring, neuroregenerative therapy and sug-
gests that targeting these neurite growth inhibitors could be a
way of overcoming the long-lasting, invariably permanent
stalling of neurite growth.

A remarkable example of regenerative fibre
growth in a human TBI patient

Before we focus on molecular neurite growth inhibitors, we
would like to address the question of whether axonal regen-
eration is possible in patients with severe brain injury. In the
adult mammalian CNS, axonal growth over a distance greater
than 1 mm rarely occurs without therapeutic intervention
(Cafferty et al., 2008) but in a recent publication, Voss and
colleagues describe a 39-year-old patient, who was in a MCS
for 19 years as a result of severe closed head injury caused by
a motor-vehicle accident, and who spontaneously emerged
from MCS after 19 years (Voss et al., 2006). In two DTI exams
8 and 18 months after recovery from MCS, the authors
observed large increases in FA in the posterior white matter
and correlated these anisotropy increases with the patient’s
clinical improvement suggesting that axonal regrowth was
responsible for the late recovery of the patient (Voss et al.,
2006). The fascinating study by Voss and colleagues suggests
that significant axonal growth is possible, even in a patient
with severe head injury, after years in MCS and that the
axonal changes can be monitored or followed by DTI. It is not
known what mechanisms induced axonal regrowth and the
patient’s recovery but it is assumed that treatment of TBI
patients with neuroregeneration-stimulating drugs is a valu-
able strategy, no matter if the patient is in coma, a vegetative
state, MCS or a locked-in state.

Neutralizing the molecular neurite
growth inhibitors

Many neuroregenerative drug candidates have been evaluated
in models of spinal cord injury (Table 1) and important
lessons have been learned from these studies. Both spinal cord
injury and brain injury share many similarities and a
common feature of both injuries is the inhibition of regrowth
after axonal injury. As mentioned above, neurite growth
inhibitors present in CNS myelin and scar tissue are respon-
sible for this growth inhibition (He and Koprivica, 2004;
Schwab, 2004; Mueller et al., 2005; Schwab et al., 2005a; Liu
et al., 2006). Table 2 lists well-known neurite growth inhibi-
tors together with their receptors or the primary binding
protein of their receptor complex. Scar- or lesion-associated
inhibitors encompass CSPGs, RGMs and members of the
ephrin and semaphorin families (Mueller et al., 2005). Well-
characterized growth inhibitors of the CNS myelin are
myelin-associated glycoprotein (MAG), NOGO A, and oligo-
dendrocyte myelin glycoprotein, all binding to NgR1, a
glycosylphosphatidyl-inositol-anchored (GPI) glycoprotein
expressed by some neurons (Fournier et al., 2001; Domeni-
coni etal., 2002; Liu etal.,, 2002; Wang et al., 2002). The
lipid-anchored NgR1 has no signal transduction domain and
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Table 2 Neurite growth inhibitory biomolecules and their receptors

Neurite growth inhibitor Receptor

Nogo A

Myelin associated
glycoprotein (MAG)

Oligodendrocyte myelin
glycoprotein (OMgp)

Semaphorin 3A

NgR1 (nogo66 receptor)
NgR1 (nogo66 receptor), NgR2

NgR1 (nogo66 receptor)

Neuropilin-1 (NP-1)

Semaphorin 4D Plexin-B1
Semaphorin 5A Plexin-B3
Repulsive guidance molecule Neogenin
A (RGM A)
Ephrin B3 EphA recectors, class B Ephs

Chondroitin sulphate
proteoglycans (CSPG) NCAM, tenascin

Netrin-1 UNC5H

Wnt, Wnt 5a RYK

Bone morphogenetic BMP recs. | and Il, RGM proteins as
proteins (BMP-2, BMP-4) coreceptors

Unknown, various candidates, e.g. L1,

Overview of neurite growth inhibitory molecules and their receptors. Many of
these inhibitory proteins play an important role as guidance molecules during
development of the vertebrate central nervous system.

therefore requires transducing co-receptors. Three candidates
have been identified, the low affinity neurotrophin receptor
p75, LINGO 1 and TROY/TA]J, a p75-related member of the
TNF receptor family (Wong etal., 2002; Mi etal.,, 2004;
Mueller et al., 2005; Park et al., 2005; Shao et al., 2005). Neu-
tralization of NOGO A using a monoclonal antibody resulted
in induction of regenerative growth in spinal cord injury and
enhancement of cognitive defects after experimental brain
injury in rodents. Importantly, expression analysis in TBI
patients gave a clear indication of Nogo A up-regulation or
accumulation at the human lesion sites (Thallmair et al.,
1998; Buss et al., 2005; Lenzlinger et al., 2005). Blocking MAG
in an experimental TBI study resulted in neuroprotection and
functional improvements (Thompson et al., 2006). Positive
effects were also observed in brain injury models when NgR1
was neutralized by NgR antagonists (Lee et al., 2003). Inhibi-
tion of these myelin-associated inhibitors or of one of their
receptors has so far resulted in neuroprotective, neuroregen-
erative effects with concomitant functional improvements.
Targeting of other neurite growth inhibitors pathologically
associated with TBI is therefore a possible strategy.

Other myelin-associated molecules with neurite growth
inhibitory activity play important roles in the early develop-
ment of neuronal maps. They belong to the families of the
ephrins, semaphorins and RGMs that are up-regulated or
re-expressed in spinal cord injury sites and/or human brain
injury sites (Miranda et al., 1999; Willson et al., 2002; Moreau-
Fauvarque efal., 2003; Schwab efal.,, 2005a,b; Hata etal.,
2006). We focus here on the family of the neurite growth
inhibitors of the RGM family because the expression pattern
of these GPI-anchored molecules has been described in
human brain after TBI, in ischemic human brain and in rat
spinal cord lesions (Monnier et al., 2002; Mueller et al., 2006).

Repulsive guidance molecule proteins are GPIl-anchored
glycoproteins that play a role in neurite growth inhibition
(RGM A) and iron metabolism (RGM C/hemojuvelin), and
exist in membrane-bound and soluble forms (Mueller et al.,
2006). These proteins bind to their receptor Neogenin,
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thereby inducing neurite growth inhibition (Rajagopalan
et al., 2004; Conrad et al., 2007). In addition, all RGM proteins
have been shown to interact with bone morphogenetic pro-
teins (BMP) 2 and 4 (Babitt ef al., 2005; 2006; Samad et al.,
2005) and early data suggest that BMP interaction with RGM
A also results in neurite growth inhibition. RGM A therefore
displays two different modes of neurite growth inhibition
(Figure 2). In the trans-mode, RGM A on oligodendrocytes or
microglial cells bind to Neogenin on axons thereby stimulat-
ing RhoA and Rho-kinase via LMO4 release (Hata et al., 2006;
Conrad et al., 2007; Schaffar et al., 2008) whereas in the cis
mode RGM A on axons interact with the BMP-2 or 4, promot-
ing interaction of the RGM A/BMP-complex with the BMP-
receptors, resulting in direct activation of LIM kinase 1 and
axonal growth inhibition (Matsuura et al., 2007; 2008).

In healthy adult human brain, immunostaining with a pan-
RGM antibody showed expression of RGM on some neuronal
perikarya, oligodendrocytes and white matter fibre tracts as
well as on smooth muscle cells of the vasculature and choroid
plexus, and on endothelial cells (Schwab et al., 2005b). A very
similar evolutionarily conserved expression pattern was
observed in rat spinal cord (Schwab et al., 2005a), suggesting

that these molecules contribute to the failure of regenerative
neurite growth after traumatic brain and spinal cord injury.
Injury to the human brain induces massive accumulation of
RGM-positive cells at the injury site in rather rapid progress
within 12 h of injury (Schwab et al., 2005b). For weeks after
injury, much higher RGM-positive cell counts are found at the
lesion site and, with the maturation of cicatrix and scar tissue,
extracellular-like, pseudo-laminar RGM staining patterns are
observed at the site of injury pointing to cleavage or secretion
of the protein into the extracellular matrix of the forming scar
(Schwab et al., 2005b). In one patient, a pseudo-laminar RGM
staining pattern was observed in the scar tissue even S years
after brain injury. This is a clear sign that the pathological
up-regulation and deposition of such potent neurite growth
inhibitors is a very stable process preventing any further
restorative or regenerative growth of injured axons (Schwab
etal., 2005b). Similar accumulation of RGM has been
observed in the penumbral region of patients suffering from
ischemic stroke and in spinal cord lesions in rats, suggesting
that this molecule is an important inhibitor of regenerative
growth of injured axons in the CNS of humans and rodents
(Schwab et al., 2005a,b; Hata et al., 2006). Neutralizing RGM A

MODES OF NEURITE GROWTH INHIBITION

RGM A

/

P75/ Troy

@
@ &

'
=

neogenin RGM A

TRANS BMP-2/BMP-4

N
1rBMP—R 1/1

LIMK

CIS

Rho—kinase

Axon growth inhibition

Figure 2 Modes of neurite growth inhibition of molecules expressed on CNS myelin and oligodendrocytes. RGM A has two modes of
inducing growth inhibition: a trans-mode, with RGM A on myelin/oligodendrocytes binding to neuronal Neogenin and downstream activation
of the Rho-Rho-kinase pathway. LMO4 is a transcriptional co-regulator, present in neurites and growth cones, stimulating the Rho pathway via
an unknown mechanism. In the cis mode, RGM A expressed on neurites interacts with BMP-2/BMP-4. This complex then stimulates LIM-Kinase
via activation of BMP-receptors | and Il, leading to axonal growth inhibition (Figure 2 is a courtesy of Dr T. Yamashita, University of Osaka,

Japan).

British Journal of Pharmacology (2009) 157 675-685



in a rat spinal cord injury model using a small amount of
a function-blocking RGM A-specific polyclonal antibody
resulted in significant long distance regenerative growth of
injured axons through the lesion and beyond, the formation
of synapses and significant functional improvement (Hata
et al., 2006; Kyoto et al., 2007), thereby proving that neutral-
ization of the pathologically increased levels of RGM A stimu-
lates regeneration and functional recovery (Mueller etal.,
2006). Due to the similar RGM A molecular neuropathology
of rat spinal cord injury and human TBI, it is therefore
expected that RGM A neutralization will also stimulate the
regrowth of injured axons and functional recovery in TBI
models.

Releasing the molecular brake in stalled neurites

Targeting external inhibitors of the micro-environment like
RGM A, NOGO A, MAG or Nogo receptor 1, is one mechanism
for stimulating regrowth of the injured axon. Another mecha-
nism separate from stimulation of microtubule assembly but
probably converging on it, focuses on elements of the signal
pathway of injured axons, the mechanism underlying the
irreversible brake. The inhibitors of neurite growth mentioned
above have all been shown to stimulate the serine/threonine
kinase, Rho kinase, within the injured nerve (Mueller et al.,
2005; Kubo and Yamashita, 2007). Neutralization of this kinase
with small molecule (e.g. Fasudil, Y-27632) or peptidic inhibi-
tors (e.g. p21-tat) promoted functional recovery through neu-
roprotective and neuroregenerative mechanisms in rodent
spinal cord injury models (Hara et al., 2000; Dergham et al.,
2002; Fournier et al., 2003; Sung et al., 2003; Tanaka et al.,
2004). In addition, Nogo-66, a potent neurite growth inhibi-
tory fragment of NOGO A and MAG, was shown to inhibit
microtubule assembly by activating Rho kinase, thereby
linking the molecular braking mechanism with the motor
driving force, the microtubule assembly (Mimura et al., 2006).
Other interference points for drug candidates to stimulate
regenerative growth of injured axons are certain isoforms of
protein kinase C (Hasegawa et al., 2004), the epidermal growth
factor (EGF) receptor (Koprivica etal., 2005) and GSK-3
(Burgaya et al., 2006; Ito et al., 2006). Inhibitors blocking these
elements of neural inhibitory signalling pathways may be good
candidates for testing in brain injury models.

Conclusion

The results obtained over the last 30 years from lesion para-
digms such as spinal cord injury have taught us important
lessons. One lesson deals with regrowing axons and their
ability to re-establish broken connections. This process is not
at all stochastic but precisely follows guidance-molecule-
decorated pathways in the damaged CNS. Aberrant behaviour
resulting from the formation of faulty connections is there-
fore not necessarily a critical issue. The transected axon is not
inherently immobile but is in a latent state of growth which
is suppressed by factors of the local environment. Attenuation
of inhibition by antagonists neutralizing single inhibitory
factors can therefore reverse the permanent growth inhibitory
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mode. With the development of new in vitro and in vivo assays
focused on the axonal retraction bulb, the development of
small molecules and antibodies, new imaging techniques
enabling visualization of axonal damage not only in animal
models of brain injury but also in humans suffering from
brain injury, we are in a position to develop new strategies for
the development of regeneration-promoting therapeutics
which will help to overcome the silent epidemic of TBI.
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