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ABSTRACT

Peripheral nerves injuries result in paralysis, anesthesia and lack of autonomic
control of the affected body areas. After injury, axons distal to the lesion are
disconnected from the neuronal body and degenerate, leading to denervation of
the peripheral organs. Wallerian degeneration creates a microenvironment distal
to the injury site that supports axonal regrowth, while the neuron body changes in
phenotype to promote axonal regeneration. The significance of axonal
regeneration is to replace the degenerated distal nerve segment, and achieve
reinnervation of target organs and restitution of their functions. However, axonal
regeneration does not always allows for adequate functional recovery, so that after
a peripheral nerve injury, patients do not recover normal motor control and fine
sensibility. The lack of specificity of nerve regeneration, in terms of motor and
sensory axons regrowth, pathfinding and target reinnervation, is one the main
shortcomings for recovery. Key factors for successful axonal regeneration include
the intrinsic changes that neurons suffer to switch their transmitter state to a pro-
regenerative state and the environment that the axons find distal to the lesion site.
The molecular mechanisms implicated in axonal regeneration and pathfinding
after injury are complex, and take into account the cross-talk between axons and
glial cells, neurotrophic factors, extracellular matrix molecules and their receptors.
The aim of this review is to look at those interactions, trying to understand if some
of these molecular factors are specific for motor and sensory neuron growth, and
provide the basic knowledge for potential strategies to enhance and guide axonal

regeneration and reinnervation of adequate target organs.

Key words: axonal regeneration, peripheral nerve, Schwann cell, neurotrophic

factors, extracellular matrix, motor neuron, sensory neuron.
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1. INTRODUCTION

Injuries to the peripheral nerves result in loss of motor, sensory and
autonomic functions conveyed by the involved nerves. After a nerve injury,
transected fibers distal to the lesion are disconnected from the neuronal body and
undergo Wallerian degeneration, thus, leaving the peripheral organs denervated.
In parallel, a series of molecular and cellular changes known as retrograde reaction
and chromatolysis occur at the soma of axotomized neurons. Wallerian
degeneration serves to create a microenvironment distal to the injury site that
favors axonal regrowth, while retrograde reaction leads to metabolic changes
necessary for regeneration and axonal elongation. The functional significance of
axonal regeneration is to replace the distal nerve segment lost during
degeneration, allowing reinnervation of target organs and restitution of their
corresponding functions. Through this sequence of events, injured axons of the
peripheral nervous system are able to regenerate and reinnervate their target

organs.

After axonotmesis, where the connective sheaths of the nerve are preserved
and only the axons are injured, functional recovery is usually good. In contrast,
after neurotmesis (nerve transection), when the endoneurial tubes loss their
continuity, axons are often misdirected and reinnervate incorrect target organs
even if refined repair is applied (Bodine-Fowler et al, 1997; Molander and
Aldskogius, 1992; Valero-Cabre and Navarro, 2002). Thus, although the amount of
axonal regeneration can be considerably high, the lack of selectivity of axon-target
reconnection leads to a poor functional recovery. Indeed, only a low percentage of
adult patients regain normal function after complete transection and surgical
repair of a major peripheral nerve. Appropriate and inappropriate targets can be
reinnervated by axotomized neurons. For example, efferent motor axons may be
misdirected to sensory end organs, and cutaneous afferents to motor endplates or
sensory end organs of inappropriate modality or location. Thus, function will be
degraded or permanently lost, depending on the severity of mismatch. As surgical
nerve repair techniques cannot be further refined, there is a need for new and
improved strategies to enhance specific axon regeneration following nerve injuries

(Lundborg, 2003). Tissue specificity, i.e. preferential growth of axons towards a
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distal nerve stump rather than to other tissues, has been documented (Politis et al.,
1982). Fascicular specificity, the preferential regeneration through the original
nerve fascicle, was suggested in early studies but not confirmed by further
investigations. Target organ specificity, or adequate reinnervation of each type of
end organ (muscle, sensory receptor, ...) by axons that originally served that organ,
is less than perfect, although preferential reinnervation has been observed (Figure
1). However, the mechanisms through which motor and sensory axons specifically
reinnervate their corresponding targets are still poorly understood. Some authors
defend a preferential muscle reinnervation by motor axons, the so-called
preferential motor reinnervation (Brushart, 1988, 1993; Brushart et al, 1998).
Pruning of the axons that reinnervated an erroneous target may contribute to
improve the specificity of regeneration (Madison et al, 1996). Expression of the
peptide L2/HNK1 (Martini et al., 1992) in motor but not sensory Schwann cells, or
the presence of NCAM and polisyalic acid in the regenerative motor axons (Franz
et al., 2005) can also mediate this preferential motor reinnervation, although other
authors argue that the key point for preferential attraction of axons to their targets
is the expression of trophic factors by the own target organ and the distal stump

(Madison et al., 2007).
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Fig. 1. Problems derived from the lack of specificity of peripheral nerve
regeneration, which disrupt the normal accurate innervation of motor and sensory
targets (A). B: Abortive regeneration leads to chronic target denervation and
atrophy. C: Misdirected regeneration of axons to inappropriate targets. D:
Misdirected regeneration of axons to functionally inappropriate muscle targets. E:
Hyperinnervation of muscle targets by regenerating axons of several different
neurons.

Since the mechanisms that control axon regeneration are diverse and
complex, it is important to take all of them into account before designing new
strategies that may improve specific reinnervation. After the lesion, the injured
neurons suffer important changes to switch their neuro-transmitter state to a pro-
regenerative state (Plunet et al., 2002). The environment that the axons find distal
to the lesion site is also determinant for successful regeneration. Neurotrophic
factors secreted by Schwann cells or target organs modulate axonal attraction, and
the creation of a favorable pathway in the distal nerve stump allows the growing
axons to adhere and elongate. The cross-talk between axons and their immediate
environment is thus essential in determining the intrinsic capacities for
regeneration and reinnervation. Therefore, it is important to deeper understand
the molecular interactions between neurotrophic factors, their receptors, adhesion
molecules and extracellular matrix elements in the regenerative process. These
clues are involved in cell chemotaxis, migration and axonal elongation, and their
signaling pathways can promote cell survival or apoptosis. The focus of this work
is to review those interactions, trying to understand whether any factors can be
specific for motor and sensory axons, and how can they help to induce specific

reinnervation of target organs.
2. NEURONAL CHANGES TRIGGERED BY AXONAL INJURY

Neurons have an intrinsic growth capacity during the embryonic stage,
which is repressed upon the adult transition to allow proper synaptic
development. However, after axotomy, neurons switch again from a transmission
state to a growth state, with changes in the expression of genes that encode for
transcription factors (Herdegen et al, 1991; Leah et al, 1991; Schwaiger et al,

2000), which in turn regulate the expression of genes involved in cell survival and
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neurite outgrowth (for reviews see Navarro et al, 2007; Raivich and Makwana,
2007). This switch is essential in the capacity of neurons to regenerate; therefore
the neuronal reaction is stronger after peripheral than central injuries, in which
regeneration is poor and limited (Rossi et al, 2007). The increased intrinsic
growth capacity of injured peripheral neurons is manifested experimentally by the
conditioning lesion paradigm (McQuarrie et al, 1977). Axotomy of a peripheral
neuron previous to the test lesion, “primes” the neuron, switches it on to a
regenerative state and, thus, it will regenerate faster after receiving the second
injury. Since the effect may require time for gene transcription (Smith and Skene,
1997), the conditioning lesion is effective if applied from 2 to 14 days before the

test lesion.

Signals responsible for the initiation and maintenance of the regenerative
neuronal response include a variety of mechanisms acting at sequential time
phases (Figure 2). The burst of action potentials initiated at the injury site and the
disruption of the axonal transport are key points to trigger the growth capacity of
neurons after axotomy (for reviews see Abe and Cavalli, 2008; Hanz and
Fainzilber, 2006; Rishal and Fainzilber, 2010). At the lesion site, entrance of
extracellular sodium and calcium to the injured axoplasm triggers action potentials
that will be the first signals to warn the soma of the axonal injury and will provoke
chromatolytic changes in the cell body (Mandolesi et al., 2004) mediated by rapid
elevation of intracellular calcium and cAMP. On the other hand, the injury also
disrupts the retrograde transport flow of signals from normal innervated targets,
providing negative signals that inform the soma of the disconnection. Therefore,
the reconnection has to be linked to recovery of the lost signals to allow proper
synaptic development. For example, transport of endogenous nerve growth factor
(NGF) decreases after injury (Raivich et al, 1991) and it is considered an
important negative signal to inform the neuron that its axon has been
disconnected from its target. For this reason, artificial application of NGF to
axotomized sensory neurons interferes with the axotomy-like changes observed in
the cell body and delays axonal regrowth (Gold, 1997). Finally, there are also
positive signals arriving to the soma by retrograde transport. Activated proteins,
termed "positive injury signals”, are endogenous axoplasmic proteins that undergo

post-translational modifications at the lesion site upon axotomy, and then
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Regeneration Associated Genes (RAGs), inducing the increased production of
GAP43 and BDNF among other factors.

The different signals induced by the axonal injury lead to changes at the
neuronal body. Among them, increase of intraneuronal cAMP after injury seems
crucial to guarantee successful regeneration of the neurons even in non-
permissive environments. cAMP can regulate axon attraction or repulsion by
guidance cues from the environment (Domeniconi and Filbin, 2005; Filbin, 2003).
For example, low levels of cAMP convert the attractive effects of NGF and brain
derived neurotrophic factor (BDNF) into repulsion. In the case of NT3, levels of
cGMP but not cAMP, regulate its responsiveness (Song et al, 1997). On the other
hand, the decrease in cAMP levels in mature neurons when compared to
embryonic or postnatal cells, explains the lower capacity of mature neurons to
regenerate (Cai et al., 2001). Downstream effectors of cAMP are polyamines, with a
strong stimulatory effect on neurite outgrowth both in vitro and in vivo (Wong and
Mattox, 1991). Another downstream effector transducing the neuronal changes
due to cAMP is the mammalian sterile 20-like kinase-3b (Mst3b), a serine protein-
kinase which is phosphorylated by PKA (Zhou et al., 2000). The in vivo inactivation
of Mst3b reduces the density of regenerating sensory axons a few days after

axotomy (Lorber et al, 2009).

A key point in the changes that neurons suffer after injury is the activation
of mitogen associated protein kinase cascades. Some activated intracellular
signaling enzymes, such as MAPK, JNK and ERK are known to play an important
role in triggering neurite outgrowth (Lindwall and Kanje, 2005; Perlson et al.,
2005), whereas other kinases, as AKT and p38, have been recently described to
exert early signaling responses (Michaelevski et al., 2010), although their role is
still controversial. In parallel, there is nuclear localization and phosphorylation of
different transcription factors, such as c-Jun, junD, ATF3, Sox11 and STATS3
(Fujitani et al., 2004; Jankowski et al., 2009; Mason et al., 2011; Nadeau et al., 2005;
Schwaiger et al, 2000). Activation of these transcription factors will lead to
changes in gene expression of the injured and regenerating neurons, with an

increase of actin, growth associated tubulin isotypes and growth associated



19

protein GAP-43, and a decrease of neurofilament proteins (Hoffman and Cleveland,
1988; Hoffman et al, 1987; Skene and Willard, 1981), ion channels and proteins
involved in the neurotransmission machinery (Costigan et al., 2002; Jankowski et

al, 2009; Mason et al., 2003; Tsujino et al., 2000).

Another possible regulator of the JAK/STAT pathway recently described
that promotes axon regeneration is mTOR. Activation of the mTOR pathway is also
essential for the growth capacity of peripheral neurons after injury. Blockade of
the upstream inhibitors of mTOR, TSC1/TSC2 complex, mimics the conditioning
lesion effect (Abe et al, 2010; Hay and Sonenberg, 2004; Park et al, 2008). In
contrast, mTOR is not activated in central neurons, a fact that may contribute to
their reduced regenerative response, since forced activation of mTOR in retinal
ganglion cells or corticospinal neurons promotes their axonal growth (Liu et al,
2010; Park et al, 2008). The control of protein synthesis by mTOR is important in
the ability of neurons to regenerate, however its expression after injury seems to
be transient and it returns to baseline levels 3-4 days after injury, suggesting that a
prolonged expression of mTOR might enhance axonal regeneration. Indeed, mTOR
over-expression increases the levels of GAP43 after injury, but a chronic over-
expression of mTOR can affect the accuracy of target reinnervation (Abe et al.,
2010). Interestingly, another upstream inhibitor of mTOR, PTEN, seems to play an
important role in the intrinsic capacity of peripheral neurons to regenerate, since
its inhibition promotes axon growth independently of mTOR activation (Christie et

al, 2010).

Some of the genes over-expressed after injury by neurons are related to
increased production of trophic factors, that can act in an autocrine or a paracrine
manner. After axotomy, both motor and sensory neurons increase the expression
of BDNF (Kashiba and Senba, 1999; Kobayashi et al, 1996) and FGF-2 (Grothe and
Unsicker, 1992; Huber et al, 1997; Madiai et al, 2003), NGF is only increased in
sensory neurons (Gu et al, 1997; Shen et al, 1999), and the expression of NT-3
does not change (Shen et al, 1999). The expression of different receptors for

neurotrophic factors is also differentially regulated after axotomy (see below).

Another relevant change in the neuronal phenotype after axotomy is the

downregulation of neurotransmitters and transmitter-related proteins. However,
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there are also marked changes in the expression of neuropeptides in the
axotomized neurons, which vary in different types of neurons and contribute to
neural signaling after injury (Hokfelt et al, 2000). Thus, motor neurons
characteristically show a rapid and long-lasting increase in calcitonin gene-related
peptide (CGRP) immunoreactivity (Borke et al, 1993), whereas CGRP, as well as
substance P (SP) are down-regulated after injury in small and medium size
primary sensory neurons (Dumoulin et al, 1991; Noguchi et al, 1990; Shadiack et
al, 2001; Villar et al, 1991), due to interruption of target-derived NGF to the
neuronal body (Eriksson et al., 1997). However, CGRP and SP appear to increase at
the regenerating front, where they are synthetized at the tip of the growing axons
(Lietal, 2004; Toth et al, 2009; Zheng et al. 2008). Blocking CGRP synthesis at the
axonal level with siRNA and blocking its receptor on Schwann cells were found to
impair nerve regeneration and Schwann cell recruitment during neurite growth
(Raivich et al,, 1992; Toth et al.,, 2009). Other peptides such as vasoactive intestinal
polypeptide, galanin and neuropeptide Y, which are normally expressed at low
levels in sensory neurons, are markedly increased in those neurons (Villar et al,
1989; Villar et al., 1991; Wakisaka et al, 1991), and transiently upregulated also in
motor neurons (Zhang et al, 1993) after axotomy. These changes seem to be

involved in regenerative and/or compensatory processes following nerve damage.
3. BIOLOGY OF AXONAL ELONGATION: THE GROWTH CONE

The regeneration of a sectioned axon involves the transformation of a stable
axonal segment into a highly motile tip, called growth cone, that senses the
surrounding environment and leads the elongation of the regenerating axon. It is
important that growth cones elongate following the endoneurial tubes of the distal
nerve to eventually reinnervate their peripheral target organs. When growth cones
do not reach the distal stump they may sprout within the proximal stump forming
a neuroma. In the distal stump, denervated Schwann cells proliferate on the basal
membrane of the endoneurial tubes and form columns, the so-called bands of
Blingner, over which growth cones advance (Bunge et al., 1982). Each regenerating
axon may give rise initially to over 10 axonal sprouts (Witzel et al., 2005), but the
number of branches decreases with time in the distal segment, as sprouts that do

not make peripheral connections undergo atrophy and eventually disappear,
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whereas axons reinnervating target organs mature and enlarge in size.
Nevertheless, even several months after injury, regenerating neurons may support
multiple sprouts, branching from the level of the lesion, in the distal nerve stump.
This fact explains the higher counts of nerve fibers in the distal stump compared to
the real number of proximal fibers that regenerate across the lesion (Horch and

Lisney, 1981; Jenq and Coggeshall, 1985; Mackinnon et al., 1991).

The orientation of the advancing tip is guided by gradients of neurotrophic
and neurotropic factors produced mainly by non-neuronal cells (Figure 3). This
process is also known as chemotaxis. The molecular cues that the regenerating
axon will find at the lesion site and into the distal nerve stump can have both
chemoattractive and chemorepulsive properties, and can be diffusible or
membrane-bound. Indeed, the different signals may create a permissive
environment for axonal growth or constitute a molecular barrier that impairs
axonal elongation (for reviews see Dickson, 2002; Mueller, 1999; Song and Poo,

1999; Tessier-Lavigne and Goodman, 1996; Wen and Zheng, 2006).
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Fig. 3. A. Neurotrophic and neurotropic factors are needed during peripheral nerve
regeneration and determine the response of the growth cone, which extends
lamellipodia and filopodia depending on the different attractive and repulsive
gradients present in the extracellular environment. Neurotrophic factors are
diffusible molecules like NGF, GDNF, BDNF or NT3, while neurotropic factors are
substrate-bound cues such as laminin, fibronectin and collagen or cell adhesion
molecules, that maintain hemophilic interactions. B. Filopodia and lamellipodia are
the mobile path-finder parts of the growth cone. When filopodia encounter a
permissive substrate, growth cone receptors bind to ECM molecules. These
receptors are coupled to F-actin fibers that re-organize the cytoskeleton and lead
growth cone protrusion. F-actin polymerization pushes the membrane forward at
the protrusion domain, while microtubules already stabilized at the central
domain localize and polymerize depending on actin network. C. The extracellular
matrix influences the state of the regenerating neurons and determines the
response of the growth cone. Interactions between substrates and their receptors
change the intracellular levels of second messengers, as for example cAMP, in the
growth cone. Interactions between ligands and CAMs activate small GTPases that
play a fundamental role in growth cone motility and cytoskeleton remodeling.

The growth cone advances by three main steps: protrusion, engorgement
and consolidation (Mortimer et al, 2008). The growth cone shows three
functionally specific regions: a central domain (C-domain), a transition zone (T-
zone) and a peripheral domain (P-domain) (Bouquet and Nothias, 2007). The T-
zone is placed between the microtubule-rich C-domain and the actin-rich P-
domain. Actin polimerization triggers the protrusion of growth cone membrane
and this facilitates the delivery of new microtuble segments at the P-domain, as
well as their stabilization along actin bundles. This allows the displacement of the
C-domain forward (engorgement) and the further consolidation of the nascent
axon. Addition of soluble tubulin into the distal ends of microtubules that enter the
C-domain leads to microtubule polymerization, whereas high concentrations of
myosin at the T-zone lead to the contraction of the actin network, inducing
formation of an actin-filament arc. The most distal part of the growth cone, the P-
domain bears lamellipodia, membranous protrusions from which extend several
expansions called filopodia, mainly formed by actin filament bundles. Equilibrium
between actin polymerization and depolymerization generates constant
protrusion forces, thus allowing filopodia to act as the "tentacles" of the growth

cone, pulling and pushing to explore the microenvironment.
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Cytoskeleton proteins of regenerating peripheral axons undergo qualitative
and quantitative changes similar to those of growing axons during development
(Hoffman and Cleveland, 1988). Transection of motor and sensory fibers increases
the levels of tubulin isoforms, actin and peripherin, and decreases the levels of
neurofilaments that regulate axon caliber. The enhanced metabolic requirements
of the growing axons are sustained by an increased synthesis of different
components at the neuron body that will be anterogradely transported to the fiber
tip (Hoffman and Lasek, 1980; McQuarrie et al, 1989), although there is also local
synthesis and degradation of proteins in the axon (Verma et al., 2005; Willis and
Twiss, 2005). During the final consolidation phase, new microtubules are
assembled in the C-domain, probably mediated by the activity of microtubule- and

actin-associated proteins.

Factors that may be involved in the control of microtubule assembly in
growth cones include calcium, cyclic nucleotides, post-translational modification of
tubulin and microtubule-associated proteins (MAPs) (Gordon-Weeks and
Mansfield, 1992). When the growth cone has moved on and microtubules have
become incorporated into the neurite cytoskeleton, post-translational
modifications of tubulin increase the stability of microtubules to depolymerization
(Schulze et al, 1987). The stabilization of microtubules in a permanent
cytoskeleton is also dependent on a set of structural proteins that can be classified
as MAP (MAP1-MAP5) and tau proteins; both classes induce polymerization of
tubulin and remain bound to the newly formed microtubules. Tau proteins bind to
several tubulin molecules simultaneously, thereby enhancing tubulin
polymerization. MAPs act similarly, but they can cross-link the microtubule to
other cell components. All known MAPs are highly phosphorylated proteins, and
thus substrates for phosphorylating enzymes and GAPs, particularly GAP-43. GAP-
43 expression is closely related with periods of active growth cone function, and
its levels are dramatically increased within regenerating nerves after axonal injury

(Benowitz and Lewis, 1983; Skene, 1989).

The contribution of cytoskeletal proteins to axonal regeneration is crucial
(Lewis and Bridgman, 1992). In fact, despite the diversity of signaling pathways

that can lead to or inhibit axonal growth, ultimately any factor that alters the
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growth capacity of neurons implies changes in the cytoskeleton components (for
reviews see Lowery and Van Vactor, 2009; Tang, 2003). The small GTPases of the
Rho family (being RhoA, Racland Cdc42 the most well-known) integrate the
upstream signaling cues for the downstream cytoskeleton rearrangements in a
spatial-specific manner, reproducing at the cytoplasmatic level, the extracellular
environmental changes. Receptor complexes present at the growth cone can
recruit GTPases, which are needed to control the contractile capability dependent
on actin-myosin interactions (Luo, 2002). Although numerous signalling
transduction molecules can convey guidance information, the Rho-family and their
effectors, such as Rho-associated kinases (ROCKs) among others, are probably the
key points in the intracellular signaling cascades that promote regeneration (Tang,
2003). Activation and regulation of these molecules and their effectors is complex,
and different GTPases can be activated by the same guidance cues. On the other
hand, different trophic molecules, as for example NGF, and the extracellular matrix
molecule laminin, regulate neurite outgrowth acting coordinately on the same
GTPase (Rankin et al, 2008). Nowadays, it is considered that the spatial-temporal
localization and activation of small GTPases by different trophic molecules is

essential for their functional outcome (Pertz et al., 2008).

Guidance cues of the external environment also play a main role in the
elongation of the growth cone. Guidance cues interact with specific receptors on
the surface of the growth cone, and trigger a cascade of cytoplasmic events that
eventually lead to the cytoskeletal rearrangement associated with oriented neurite
extension. For example, cell adhesion molecules (CAMs) mediate the adhesion of
filopodia to tropic molecules of the extracellular matrix (Letourneau and Shattuck,
1989). Moreover, lipid rafts (see below) present at the growth cone amplify
guidance cue signals (Fujitani, 2005; Guirland et al., 2004); neurotrophins, for
instance, can exert their chemoattractive gradient acting through these

microdomains.

During development, axons use at least two types of cues as they grow
along the spinal nerves and into peripheral nerves. First, they respond with
differential attraction between different types of axons, an effect mediated by

changes in expression of several CAMs. Second, axons can also be guided by
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molecular cues, either attractive or repulsive, coming from the local environment
of the limb. Both motor and sensory axons are specified with respect to their
peripheral targets during development, thus their axons have to respond to a set of
guidance signals as they travel through the spinal plexus, the peripheral nerve
trunk and successive branching points to an adequate target. Motoneurons project
axons out of the central nervous system to muscle targets located at the periphery.
Distinct pools of motoneurons, corresponding to fast/slow and flexor/extensor
subclasses seem to be specified at embryonic stages (Landmesser, 2001). During
development, motoneurons are able to grow their axons to appropriate muscles, in
response to sets of guidance cues, presumably inhibitory, provided by non-
myogenic cells within the limb. The decision of a motor axon to project to dorsal or
ventral muscles (functionally antagonists) in the limb is controlled in part by
signaling through several ephrins and their receptors at the plexus level
(Schneider and Granato, 2003). Muscular sensory axons grow slightly later than
motor axons and they become adjacent and fasciculate along motor axons
innervating the same muscle. In contrast, developing cutaneous sensory axons
bundle together, and at short distance from the dorsal root ganglia (DRG), axons
that project along individual cutaneous nerves are already restricted in their
position (Honig et al, 1998). The achieved pattern of peripheral projections has to
be maintained throughout life for an adequate functional control of skeletal
muscles, as well as for the accurate localization and perception of stimuli affecting
cutaneous or muscular sensory receptors. It has been reported that members of
the three main families of guidance molecules (Netrins, Semaphorins and Slits)
play key roles as molecular barriers or promoters for sensory axon growth during
development (Del Rio et al., 2004). For motor axons, molecules such as T-Cadherin,
HGF/SF as well as Ephrins have been involved during their development (Gavazzi,
2001; Krull and Koblar, 2000). However, despite the similarities of axonal growth
during development and post-injury regeneration, the regulation and participation
of the former molecules during peripheral nerve regeneration and selective
sensory and motor axon outgrowth remain unclear. In addition, the growth cone
integrates the information of several extracellular signals and convergent
intracellular pathways. Indeed, numerous in vitro growth cone turning assays

indicated that intracellular kinases (e.g., ERK1/2, PI3K, GSK3@ (Liu and Snider,
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2001) and signalling cascades activated by axonal guidance receptors are
modulated by cyclic nucleotides cAMP and c¢cGMP (Song and Poo, 1999). For
example, elevated cGMP levels may counteract the inhibitory effects of Sema3A on

sensory neurons (Schmidt et al, 2002).

Several studies have reported that motor and sensory fibers respond
differently after nerve lesions (Hoke et al, 2006; Lago et al, 2007). CAMs
differentially expressed by sensory or motor Schwann cells may play a role for
preferential guidance. Preferential reinnervation is thought to be due to
collaboration between the regenerating axons and the appropriate pathway
(Brushart, 1993; Madison et al., 1996), although attempts to promote specific axon
guidance using biochemical methods had modest success until now. Moreover, a
detailed study of factors able to induce specific regeneration of motor and sensory

axons is currently not available.
4. REGENERATION ALONG THE DISTAL NERVE STUMP

In order to achieve successful regeneration, neurons have to survive and to
activate the re-growing program that will lead to axonal elongation and associated
plastic changes of their network. This program is influenced by interactions
between the neurons and the neighboring glial cells, mediated by cell- and
substrate-adhesion molecules and their receptors, and by several trophic factors
secreted into the extracellular space. A number of key players in this regenerative
process have been identified, but the relationship between molecular events,
particularly the triggering of gene expression and the corresponding cascade of
signalling pathways, is still incompletely understood.

The environment that the axons find distal to the lesion site is crucial for
their regeneration and thus, it is important to create a favorable milieu for axonal
outgrowth. An intact peripheral nerve does not support axonal growth as
effectively as a degenerated nerve, due to the presence of inhibitory factors for
regeneration (Mueller, 1999; Tang, 2003), such as chondroitin sulfate
proteoglycans (CSPGs) of the extracellular matrix and myelin-associated inhibitors
of regeneration (Mukhopadhyay et al, 1994). These molecules, upregulated after
nerve injury, show neurite-inhibitory activity (Braunewell et al, 1995; Shen et al.,

1998; Zuo et al, 1998) and contribute in delaying axonal growth following the
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Fig. 4. Degeneration and regeneration after peripheral nerve injury. A: Normal
neuron and nerve fiber. B: Wallerian degeneration. The axotomy results in
fragmentation of the distal axon and myelin sheaths. Schwann cells proliferate and
macrophages invade the distal nerve segment and phagocyte degrading materials.
C: Schwann cells in the distal segment line up in bands of Blingner. Axonal sprouts
advance embedded in the Schwann cells and attracted by gradients of
neurotrophic factors. D: Axonal reconnection with end organs and maturation and
remyelination of the nerve fiber.

Regenerating axons have to cross the injury site prior to reaching the distal
stump. After axonotmesis, as produced by a nerve crush, there is only disruption of
the axons but the perineurium and the endoneurial tubules are preserved, so the
axons usually reach the distal stump with no major delays. However, after
complete nerve transection, when the continuity of the connective tissue is lost
and elongation towards the distal nerve is not allowed, a neuroma usually forms at
the severed nerve end, which is frequently associated with significant pain and
dysesthesia. Regenerative axonal sprouts continue to grow blindly within a dense
collagenous and fibroblastic stroma in the neuroma. In contrast, if the continuity of
the nerve is re-established by means of a direct suture of the stumps, axons can
readily elongate along the distal degenerating nerve, although they have to cross
the scar tissue at the rejoined site that imposes some delay. When primary suture
is not possible, a bridge constituted by an autologous nerve graft is an adequate
alternative (Lundborg et al., 2004). An important impediment for a good recovery
after nerve transection is the loss of the normal fascicular architecture of the
peripheral nerve after the surgical repair, with axons growing dispersed in
numerous mini-fascicles (Lago and Navarro, 2006). Consequently, the
topographical peripheral projections of motor and sensory neurons are distorted
and functional recovery is hampered (Gramsbergen et al., 2000; Valero-Cabre and
Navarro, 2002; Valero-Cabre et al., 2004). The type of nerve graft used has been
related to the level of recovery; motor nerve grafts have been found to allow more
robust regeneration and better functional outcome than sensory nerve grafts
(Moradzadeh et al, 2008; Nichols et al., 2004), possibly related to the larger
endoneurial tubes of motor nerves. Another study provided evidence that
regeneration of motor axons was promoted at earlier times by a motor nerve graft

(from ventral spinal root), whereas reinnervation of sensory pathways was slightly
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improved in the presence of a sensory graft (from dorsal root) (Lago et al., 2007).
Findings by Redett et al. (2005) showed that motoneurons maintain more
regenerating collaterals in cutaneous than in muscular distal nerves. Such
difference could be due either to increased collateral formation in cutaneous nerve
or to increased collateral pruning in muscle nerve. In either instance, they indicate
that motor and sensory pathways have distinct functional identities that regulate
the regenerative sprouting of axons. Nevertheless, the potential differential
contribution of Schwann cells in either motor and sensory nerves has been also

suggested.

5. CHANGES IN SCHWANN CELLS AFTER NERVE LESIONS

Schwann cells are derived from the neural crest and their precursors are
able to proliferate until they differentiate to mature myelinating and non-
myelinating phenotypes. Interestingly, mature Schwann cells have the remarkable
capacity to reverse their phenotype and dedifferentiate when they lose contact
with axons. Therefore, after a peripheral nerve injury, the molecular markers
characteristic of myelinating and non-myelinating Schwann cells are
downregulated (Figure 5). In particular, expression of myelin markers decreases
dramatically as a consequence of axonal degeneration distal to the injury site,
whereas markers of immature and non-myelinating Schwann cells are re-acquired
(Scherer, 1994; Scherer and Salzer, 1996). The loss of the transcription factor
Krox-20 after nerve section or axonotmesis (crush) probably allows the cells to
resume their constitutive c-Jun expression, which will help the glial cells to de-
differentiate and proliferate (Parkinson et al., 2008). The phenotype of reactive
Schwann cells resembles the one of immature Schwann cells and they form a
permissive substrate for regeneration. When these cells regain contact with the

axons, they re-differentiate again (Jessen and Mirsky, 2008).

Between day 1 and 5 after injury, Schwann cells start proliferating and their
peak of activation occurs around day 3 and then decreases during the following
weeks (Bradley and Asbury, 1970). This proliferation plays a key role during

Wallerian degeneration since, in coordination with macrophages, Schwann cells
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factor (GDNF) and insulin-like growth factor-1 (IGF-1). Interestingly, the time
course of expression after the injury is different for each factor. In contrast,
Schwann cells down-regulate the production of myelin proteins, as well as some

other trophic factor, as for example CNTF (Rabinovsky et al, 1992).

As regenerating axons enter the distal portion of the nerve, they are guided
haptotactically along the Schwann cell substratum by binding of trophic factors to
their own receptors. The close apposition of regenerating axons and Schwann cells
facilitates the receptor-mediated, intercellular transfer of neurotrophic factors.
Once Schwann cells regain the contact with axons, the expression of neurotrophic
factors and their receptors is suppressed. This mechanism creates a dynamic
gradient where the highly activated Schwann cells are located distally into the
degenerated nerve stump. This gradient of substrate-adsorbed neurotrophic
factors would help to maintain the proper directionality of axonal regeneration.
When the neuronal axons reinnervate target organs, Schwann cells return to a
quiescent state (Taniuchi et al, 1988). The regenerating axons that are advancing
into the endoneurial tubes give signals to the Schwann cells making them turn to a
mature phenotype. Interestingly, the regenerating axons originated by myelinated
neurons instruct the Schwann cells to form myelin, while unmyelinated fibers
remain unmyelinated independently of the origin of the Schwann cells they

encounter in the distal pathway (Politis and Spencer, 1981).

Besides the myelinating or unmyelinating phenotype, Schwann cells from
motor and sensory nerve branches appear to express different molecular markers
that may contribute to the capacity of some axons to specifically regenerate
towards appropriate pathways and reinnervate corresponding target organs. It
was shown that Schwann cells associated to motor but not to sensory neurons
differentially express the L2/HNK1 carbohydrate epitope (Martini et al., 1992).
Interestingly, after injury it seems that the expression of L2/HNK1 by motor
associated Schwann cells is lost, but if these cells recover contact with
regenerating motor axons, they show a stronger tendency to express L2/HNK1
than Schwann cells formerly associated with sensory axons, although they also
enter in contact with motor axons (Martini et al.,, 1994). On the other hand, NCAM-

positive cells have been localized exclusively in sensory nerve fascicles, and they
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have been identified as non-myelin forming Schwann cells of sensory
unmyelinated fibers (Saito et al, 2005). Both markers appear distinctly by about
three weeks postnatally, suggesting that they play a role during development of
nerve fasciculation. However, HNK-1 and NCAM immunoreactivity is lost within
weeks/days after nerve transection in motor and sensory fascicles, respectively
(Saito et al, 2005), although it may reappear after recontact with the appropriate
axons (Martini et al, 1994). This fact suggests that Schwann cells dedifferentiate
after injury and lose the expression of specific markers decisive for their

phenotype, but they retain some of their acquired properties.

Regarding the neurotrophic profile, Hoke et al. (2006) observed that
Schwann cells of sensory and motor (ventral roots) nerves exhibit differing growth
factor profiles at baseline and, interestingly, respond differently during
denervation and when reinnervated by cutaneous or motor axons. mRNAs for NGF,
BDNF, vascular endothelial growth factor (VEGF), IGF-1 and hepatocyte growth
factor were expressed vigorously by denervated and reinnervated cutaneous
nerves but minimally by ventral roots, whereas mRNAs for GDNF and pleiotrophin
were increased to a greater degree in motor than in cutaneous nerves. Such
differences were maintained during Wallerian degeneration, although they tended
to decline with time when reinnervation was induced by the wrong type of axons
(Hoke et al, 2006). Immunohistochemical analyses of the expression of
neurotrophins have shown that Schwann cells around intact sensory axons of the
dorsal root and cutaneous saphenous nerve exhibit a higher expression of NGF,
BDNF and NT-3 than those around intact motor axons. In contrast with intact
nerves, distal segments of transected saphenous nerve and muscular femoral
nerve displayed much higher intensity of immunostaining for neurotrophins, but
at similar levels when compared with each other (Dubovy, 2004). These results
indicate that upregulation of neurotrophins in the reactive Schwann cells of the
injured peripheral nerve provides similar conditions for the growth of both
sensory and motor axons, suggesting that trophic factors may not contribute
significantly to the sorting of different types of axons during nerve regeneration.
Further investigations addressed to enhance the selective phenotype of motor or

sensory Schwann cells, by engineering them to overexpress certain neurotrophic
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factors or membrane adhesion molecules, might help to elucidate the above

discrepancies and promote selective axonal regeneration.

The key role of active Schwann cells in axonal regeneration is evidenced by
the poor functional recovery achieved when using acellular nerve grafts to repair
nerve resections (Hall, 1986). Similarly, the slow decrease in the capacity of
Schwann cells to maintain an active pro-regenerative phenotype with time
explains the limited capacity of chronically denervated nerves to sustain axon
regeneration, and reveals the importance of early nerve repair and strategies to
accelerate regeneration (Gordon et al, 2003). After severe injuries of proximal
nerves, that requiere long periods of time for regeneration, the poor motor
recovery reached has been related to the decreased capacity of Schwann cells to
provide support for regeneration (Sulaiman and Gordon, 2000), together with the
regression growth state of the chronically axotomized neuron (Fu and Gordon,
1995a) and the atrophy of the denervated muscle (Fu and Gordon, 1995b; Gordon
etal, 2011; Maetal, 2011). Interestingly, a recent work points out the importance
of terminal Schwann cells of the motor endplate in failed reinnervation of
chronically denervated muscles. After a window of opportunity, motor axons that
reach the target organ fail to reinnervate the endplate. In contrast, sensory axons
are able to reinnervate the skin in a similar degree both at early or later stages.
Schwann cells of the motor endplate could become non-permissive for
regeneration after long periods of denervation and prevent functional synapses of

the motor axons with the muscle (Ma et al, 2011).

6. NEUROTROPHIC FACTORS. EFFECTS ON DIFFERENT NEURONS AFTER
INJURY

Large quantity of studies depicts the important role of neurotrophic factors
in determining neuronal survival both during development and after injury. Under
physiological conditions, non-neuronal cells synthesize and secrete several trophic
factors, needed for maintenance of the homeostatic state of intact neurons.
Schwann cells and several peripheral tissues (muscle, skin, etc.) have a basal
expression of neurotrophic factors, which play biological functions in promoting
survival and maintenance of sensory, motor and autonomic peripheral neurons

(Gordon, 2010; Lewin and Barde, 1996; Raivich, 1994). After nerve injury the
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expression of those neurotrophic factors increases, in an attempt to support the
survival and growth of regenerating axons and reinnervation of denervated target
organs. The changes in the distal nerve follow different patterns for different
trophic factors; thus, there is an initial up-regulation of some of them, like NGF,
BDNF and GDNF, whereas others, as NT-3 and CNTF, are down-regulated. Their
levels return to normal with regeneration, but in case of chronical denervation the
distal nerve stump may continue to express neurotrophic factors for at least 6
months following injury (Michalski et al, 2008), although other studies point the
failure of Schwann cells to maintain high levels of trophic factors after 2 months of

chronic denervation (Gordon, 2009).
6.1. Neurotrophins

The neurotrophin family includes NGF, BDNF, and neurotrophins NT-3, and
NT-4/5. Among them, NGF is the most studied one. It is known to act specifically
on a subpopulation of small primary sensory and on sympathetic neurons (Levi-
Montalcini, 1987). It seems to be expressed at similar levels in intact cutaneous
and motor nerves, but after injury there is an up-regulation in denervated sensory
dorsal roots to a larger extent than in motor ventral roots (Hoke et al, 2001). In
adult animals, NGF is needed for collateral sprouting of nociceptive and
sympathetic axons into denervated skin, but does not affect large sensory axons
(Diamond et al., 1987; Gloster and Diamond, 1992). In contrast, application of NGF
after axotomy delays the onset of regeneration (Gold, 1997), probably by reducing
the neuronal body response to injury (Mohiuddin et al, 1999), although without
compromising the rate of subsequent regeneration. On another hand, focal
administration of NGF or NT-3 to adult axotomized nerves inside a blinded
impermeable chamber effectively prevented sensory neuronal loss, which mainly

affects small DRG neurons (Rich et al., 1987; Groves et al., 1999).

Another neurotrophin, BDNF, is differently expresssed in motor and
sensory intact nerves, and after injury, it can be detected also at higher
concentrations in cutaneous nerves than in ventral roots (Hoke et al., 2006). The
role of BDNF in nerve regeneration is controversial, although the presence of its
receptor trkB seems crucial to sustain axonal regeneration (Boyd and Gordon,

2001). Deprivation of endogenous BDNF impairs axonal growth and myelination



35

(Zhang et al., 2000), whereas local infusion of BDNF improved nerve regeneration
in neural conduits (Vogelin et al, 2006). Interestingly, Boyd and Gordon (2001)
described no effects on axonal regeneration when BDNF was administered acutely
after a cut and suture of the sciatic nerve, although it enhanced regeneration in a
dose dependent manner when applied after chronic axotomy (Boyd and Gordon,

2003).

Neurotrophin-3 was shown to be present at higher concentration in
cutaneous sensory than in motor nerves in baseline conditions, but no great
differences between roots were found after injury (Hoke et al, 2006). NT-3 is
present in adult skeletal muscles and has a trophic role on motoneurons and
primary sensory neurons innervating muscles. Its trophic action on motoneurons
was shown in vitro (Braun et al, 1996), whereas in vivo it seems to exert a
selective action on type 2b fast muscle fibers (Sterne et al., 1997b). On the other
hand, other studies (Ernfors et al, 1993; Airaksinen et al, 1996) confirm its
important role for the survival of proprioceptive and mechano-receptive sensory
neurons. Moreover, NT-3 can be found in trigeminal, cervical and lumbar spinal
ganglia (Hory-Lee et al., 1993; Zhou and Rush, 1995). It is interesting to highlight
that in chicken embryos, NT-3 responsive sensory neurons extend neurites well
both on laminin and fibronectin coated coverslips, whereas NGF responsive
neurons grow better on laminin. Thus, differences seem to exist in substrate

preference between NGF and NT-3 responsive sensory neurons (Guan et al., 2003).

Focal delivery of BDNF, NT-3 or NT-4 into fibronectin guides revealed that
NT-4 preferentially improved the functional reinnervation of slow motor units,
whereas BDNF and NT-3 showed less effects on regenerating motoneurons (Simon
et al, 2003). In another study, exogenous administration of NT-3 was selectively
beneficial for the reinnervation of 2b fast muscle fibers (Sterne et al, 1997b),
suggesting that different growth factors might preferentially influence different
type of motoneurons. The use of specific growth factors could also be useful to
selectively guide axons from a mixed population of DRG neurons. By using a
compartmentalized delivery of NGF and NT-3 in vitro, Lotfi et al. (2011) tried to
preferentially enhance growth of nociceptive and proprioceptive subsets of

sensory neurons, respectively. They found that the NGF channel attracted
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nociceptive axons, that elongated longer when compared to saline or NT-3
channels, whereas there were more proprioceptive fiber branches in the NT-3

channels. However, the authors failed to corroborate these findings in vivo.

The specific receptors for neurotrophins are called Trks, and are a family of
protooncogene receptors, which mediate their effects on distinct populations of
DRG neurons from E15 onward and in some motoneurons as well. TrkA is the high
affinity receptor for NGF and it is expressed in subpopulations of primary sensory
neurons, especially in the small ones (Bennett et al, 1996a). Interestingly the
expression of this receptor is higher in visceral afferents than in cutaneous
afferents (Mu et al.,, 1993). The high affinity receptor for BDNF and NT-4/5 is TrkB,
normally found in spinal motoneurons and also in mid-size primary sensory
neurons (Klein et al, 1989, 1992; Mu et al, 1993). After axotomy, motoneurons
increase the expression of TrkB (Ernfors et al., 1993; Kobayashi et al., 1996; Piehl
et al, 1994). TrkC, the high affinity receptor for NT-3, is present in spinal
motoneurons and in a subpopulation of large diameter primary sensory neurons
(Lamballe et al,, 1991; Mu et al, 1993). In addition, it is important to consider that
neurotrophins have also a low affinity receptor P75, whose expression increases
mainly after injury. The role of this receptor is controversial as it can exert also
pro-apoptotic functions. Following peripheral nerve injury, neurotrophin
receptors are upregulated on the distal portion of the nerve, in denervated
Schwann cells and in growth cones of regenerating axons (Raivich and Kreutzberg,
1994), although differentially regulated. Thus, reduced levels of TrkB and TrkC
receptors are detected in Schwann cells of the distal injured nerve (Funakoshi et
al., 1993), whereas TrkA has been found to decrease in the DRG neurons perikarya,
but increase at the regenerating nerve front (Webber et al., 2008). After axotomy
there is an increased transport of all the neurotrophins dependent on
neurotrophin binding to the P75 and Trk receptors in sensory neurons, but only to

P75 that is upregulated in motoneurons (Curtis et al., 1998).
6.2. Glial derived neurotrophic factor

GDNF belongs to the TGFa-1 superfamily and has a trophic effect on
sensory, motor and autonomic neurons (Buj-Bello et al., 1995; Ebendal et al., 1995;

Henderson et al, 1994a; Trupp et al, 1995; Matheson et al, 1997; Baloh et al,
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1998). Two weeks after birth, some of the small-diameter non-peptidergic neurons
of the DRG (a subpopulation that can be identified as lectin IB4 positive) lose their
sensitivity to NGF and become GDNF sensitive (Bennett et al., 1996a; Molliver et
al, 1997). The [IB4-labeled sensory neurons have an impaired intrinsic axonal
regeneration capacity and higher vulnerability to axonal injury than the NGF-
dependent sensory neurons, even if exposed to GDNF supply (Leclere et al., 2007).
In contrast, overexpression of GDNF in motoneurons has profound positive effects
on neuronal survival after axotomy (Zhao et al, 2004) and prevents axotomy-

induced ChAT decrease (Henderson et al., 1994a; Yan et al., 1995)

Although it has been shown that GDNF levels are higher in cutaneous
nerves than in ventral roots in intact animals (Hoke et al, 2006), this factor is
similarly up-regulated both in injured ventral and dorsal roots (Hoke et al,, 2001).
This up-regulation of GDNF after injury triggers also the up-regulation of its
receptor (GFRa-1) suggesting its important role for neurotrophic support (Hoke et
al, 2000). In fact, several studies showed that GDNF enhances regeneration of both
motor and sensory axons. For example, sustained delivery of GDNF to the injury
site in vivo by a synthetic nerve guide allowed regeneration of both sensory and
motor axons over long gaps to a significantly higher number than with NGF
delivery (Fine et al, 2002). In DRGs, GDNF delivery enhances the conditioning
injury effect, although only at low GDNF concentrations (Mills et al, 2007).
Furthermore, GDNF expression decline was associated with impaired regeneration
after long-term denervation (Hoke et al, 2002), whereas GDNF applied to the
proximal stump of chronically sectioned nerves increased the number of
motoneurons that were able to regenerate their axons (Boyd and Gordon, 2003).
GDNF has also important effects on Schwann cells, and when applied at high doses
in adult rats induces proliferation of Schwann cells and the myelination of axons,
even the normally unmyelinated ones (Hoke, 2003). This fact suggests that GDNF
can mediate axon-glial interactions. Schwann cell-derived GDNF is taken up by
sensory and motor neurons and transported anterogradely along the axons for

release from terminals, where it may act on glial cells expressing its receptor GFR.

The GDNF receptor complex is composed of the ligand binding receptors

GFRa and the signal-transducing domain RET (Treanor et al., 1996; Bennett et al,
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2000; Trupp et al, 1996). GDNF seems to bind preferentially GFRa-1, while GFRa-
2, GFRa-3 and GFRa-4 are supposed to bind preferentially neurturin, persephin
and artemin. GDNF forms a high-affinity complex with GFRa-1, and then this
complex recruits Ret, induces phosphorylation of specific tyrosine residues of Ret
and activates intracellular signaling. One third of primary sensory neurons that
bind to lectin IB4 do not express Trk receptors but the GDNF specific receptor Ret
(Lin et al, 1993). GFRa-1 and RET are expressed in subpopulations of both small
and large diameter DRG neurons, while GFRa-2 and GFRa-3 are found only in
small diameter primary sensory neurons (Bennett et al, 2000). GFRa-1 is also
expressed in glial cells (Trupp et al, 1997). Dramatic changes are found after
axotomy in the expression of these receptors: GFRo-1 and Ret are greatly
increased in large diameter neurons, whereas GFRa-3 increases in small diameter

cells, and, in contrast, GFRa-2 is reduced after injury.

6.3. Fibroblast growth factor

Among the 23 members of the FGF family, FGF-2 has been shown to be the
most important contributor to nerve regeneration (Grothe and Nikkhah, 2001).
Different isoforms of this trophic factor are expressed in adult nervous tissue by
glial cells and different neuronal populations, and play a key role in signal
transduction in central and peripheral nervous systems (Ornitz and Itoh, 2001).
Moreover, some FGF-2 isoforms seem to be differentially regulated during
development and also after injury (Giordano et al., 1992; Grothe, 2000; Meisinger
et al, 1996) and differential effects of FGF-2 isoforms have been reported.
Transplantation of Schwann cells overexpressing the 21-23 kDa FGF-2 supported
sensory recovery through a long gap injury, whereas the 18 kDa isoform inhibited
myelination of regenerated axons (Haastert et al., 2006). In contrast, in cultured
DRG neurons both low- and high molecular weight FGF-2 isoforms increase the
number of axonal branch from control rats. Although it does not promote neurite
elongation, FGF-2 significantly enhances the response to a preconditioning lesion
(Klimaschewski et al., 2004). In vivo, FGF-2 is up-regulated both at the lesion site
and in neuron bodies after nerve lesion. Whereas transgenic mice overexpressing
FGF-2 showed greater number of regenerating axons after injury by regulating

Schwann cell proliferation (Jungnickel et al., 2006), mutant mice lacking FGF-2 had



39

significantly increased axon and myelin size but no difference in the number of
regenerated fibers (Jungnickel, 2010). In fact, FGF-2 acts also on Schwann cells, as
it was reported to stimulate their mitogenesis and proliferation (Davis and

Stroobant, 1990).

Four different high affinity tyrosine transmembrane receptors have been
described to which FGF-2 binds with different affinities (Ornitz et al., 1996). The
main receptors in the nervous system, FGFR 1-3, are up-regulated after injury
(Grothe et al, 1997) and in vitro studies found enhanced sensory neuron
outgrowth after FGFR-1 overexpression, mediated by activation of extracellular
signal-regulated kinase (ERK) and Akt pathways (Hausott et al, 2008). Moreover,
FGF seems to maintain interactions with heparin and heparan sulfate protoglycan
(HSPG) (Ornitz, 2000) that increase the affinity of the FGF-FGFR complex
(McKeehan et al,, 1998; Szebenyi and Fallon, 1999).

6.4. Insulin-like growth factors

IGF-1 and IGF-2 are related to the endogenous regulation of repair and
regeneration processes. Both isoforms were reported to support motoneuron
development as well as survival after axotomy when administered at the injury
site (Pu et al, 1999). In vitro, addition of IGF-1 to the medium elicited neurite
growth of sensory neurons, through activation of the PI3-kinase pathway
(Kimpinski and Mearow, 2001). Moreover, exogenous application of this
neurotrophic factor enhances the speed of axonal regeneration (Kanje et al., 1989;
Glazner et al, 1993) and improves functional recovery (Emel et al, 2011). Some
studies support the concept that IGF-1 promotes motor branches regeneration as
it enhances motoneuron sprouting in vitro and in vivo (Caroni and Grandes, 1990),
and it is up-regulated in ventral roots after injury (Hoke et al, 2006). Injured
nerves show increased expression of IGF-1 and IGF-2 as well as IGF binding
proteins (IGFBP) 4 and 5, whereas IGFBP-6 mRNA is strongly upregulated in spinal
motoneurons after lesions, suggesting a special relevance for these neurons
(Hammarberg et al.,, 1998). On the other hand, the expression of IGF-1 is known to
decrease during aging and continuous application of this trophic factor improved

axonal regeneration and muscle reinnervation in aging animals (Apel et al., 2010).
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6.5. Neuregulins

Alternative splicing of the NRG1 gene gives at least 16 different products
(Falls, 2003; Steinthorsdottir et al, 2004) of which the most studied are neu
differentiation factor (NDF), heregulin, acetylcholine receptor inducing activity
(ARIA) and glial growth factor (GGF). NDF and heregulin are known to play a role
in growth and differentiation activities in breast epithelial cells, and ARIA and GGF
are found mainly at the neuromuscular junction and at Schwann cells during
development (Corfas, 1993; Falls, 2003; Holmes et al, 1992; Marchionni et al,
1993; Wen et al, 1992; Wen et al., 1994).

GGF is expressed by sensory, motor and sympathetic neurons (Marchionni
et al, 1993; Chen and Ko, 1994). It has specific effects on Schwann cells, mediated
via heterodimers of erbB2, erbB3 and erbB4 receptors, which seems to be
important for the interactions between these glial cells and neurons. Following
nerve lesion, GGF mRNA increases in DRG neurons, and expression of erbB2 and
erbB3 receptors in glial cells of the distal nerve stump is also upregulated (Li et al.,
1997) indicating a coordinated response to axotomy between axon and Schwann
cells (Carroll et al, 1997). GGF promotes Schwann cell proliferation and
maturation when regenerative axons have reinnervated target organs (Birchmeier
and Nave, 2008; Falls, 2003; Raivich, 1994). GGF was shown to be a promising
enhancer for glial cell proliferation when compared with NGF, as exogenous
application of GGF after facial nerve anastomosis promotes Schwann cell migration

and decreases the amount of myelin debris (Yildiz et al., 2011).

Neuregulinl effect through erbB signaling is necessary for Schwann cell
differentiation and myelination, establishment of neuromuscular junctions and
also for normal sensory function development (Chen et al.,, 2006). Neuregulins may
act as an axonally derived signal with trophic effect on denervated Schwann cells,
facilitating their supportive role in axonal regeneration. In addition, neuregulins
produced by Schwann cells themselves may be partially responsible for Schwann
cell proliferation during Wallerian degeneration, via autocrine or paracrine
mechanisms (Carroll et al, 1997). After sciatic nerve crush, neuregulinl ablation
resulted in a slower rate of regeneration, severe defects in remyelination, and

abnormalities in neuromuscular junction reinnervation (Fricker et al, 2011).



41

6.6. Pleiotrophin

Pleiotrophin (PTN), also called heparin binding neurotrophic factor, is a
heparin binding secreted protein. PTN is expressed in the nervous system during
development and seems to trigger postsynaptic clustering of acetylcholine
receptors (Peng et al, 1995). Two days after nerve injury there is an up-regulation
of PTN, that reaches a peak after 7 days and returns back to baseline levels 3
months after injury (Mi et al, 2007). Immunohistochemical analysis showed PTN
in nonneuronal cells in distal nerve segments, including Schwann cells,
macrophages and endothelial cells, but not in axons (Blondet et al. 2005). High
concentrations of this trophic factor were found in intact ventral roots, whereas
they were low in intact cutaneous nerves. After injury it was dramatically up-
regulated in ventral roots, PTN being one of the neurotrophic factors more
markedly overexpressed in axotomized motoneurons (Hoke et al, 2006). PTN
application in spinal cord organotypic cultures promoted neurite elongation of
motoneurons. Moreover, PTN increased axonal regeneration but not survival of
avulsed spinal motoneurons (Chu et al, 2009). However, PTN applied to the
lesioned peripheral nerve in vivo impaired muscle reinnervation (Blondet et al,

2006).
6.7. Osteopontin

Osteopontin (OPN) is a matricellular glycoprotein, strongly expressed by
macrophages after injuries of the central but not in the peripheral nervous system
(Kiiry et al., 2005), a fact that could explain why OPN is supposed to inhibit axonal
growth only in the central nervous system. On the other hand, OPN is expressed by
myelinating Schwann cells of intact peripheral nerves. One to 4 days after
axotomy, OPN levels transiently increase in the distal nerve stump and there is a
downregulation thereafter, reaching a minimum 14 days after the lesion (Jander et
al, 2002). This event suggests a role of such glycoprotein in peripheral nerve

regeneration, but this hypothesis needs further investigation to be corrobarated.
6.8. Neuroactive cytokines

Some studies indicate that ciliary neurotrophic factor (CNTF) can be

considered an “injury factor” released by glial cells after axotomy (Adler, 1993). It
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is known to be present in normal adult peripheral nerves, produced by the
Schwann cells. Overexpression of CNTF in Schwann cells increases the expression
of myelin proteins and activates their differentiation in vitro and in vivo (Homs et
al, 2011). Released CNTF following nerve lesion may bind to the CNTF receptor a-
ret, that is localized mainly in neurons and exerts a paracrine effect promoting cell
survival and axonal growth (Hu et al, 2005). CNTF also promotes survival of
motoneurons in neonatal animals following axotomy (Sendtner et al,, 1990). This
neuroactive cytokine seems to play an important role in guiding motorneuron
reinnervation and in promoting the sprouting of their axons (Siegel et al, 2000).
Indeed, systemic CNTF administration enhanced muscle fiber reinnervation and
intramuscular nerve branching (Ulenkate et al, 1994). However, in the screening
done by Hoke et al. (2006) CNTF was expressed at similar levels in intact
cutaneous and motor nerves and its levels were similar in both sensory and motor
axons after injury as well. In fact, viral-mediated overexpression of CNTF in
Schwann cells enhanced the regenerative responses of both sensory and motor

neurons (Homs et al, 2011).

The leukemia inhibitory factor (LIF) has an in vitro activation similar to
CNTF in sympathetic neurons. It shares the signaling pathway with CNTF and it is
considered that the roles of both cytokines are overlapping (Ip et al, 1992).
Schwann cells are the main producer of LIF, that it is retrogradly transported by a
subpopulation of small diameter neurons in DRG; most of them are positive for
IB4, while the remaining are positive for TrkA and CGRP (Curtis et al, 1998;
Thompson et al, 1997). Following nerve transection, LIF is up-regulated by
Schwann cells at the injury site. In vivo studies suggest a role of LIF in promoting
motor pathway regeneration, since its administration after nerve injury increases
muscle mass and muscle contraction force (Tham et al, 1997). Moreover, motor
regeneration is impaired in LIF knockout mice (Kurek et al, 1997). On the other
hand, LIF seems to be essential for sympathetic (Rao et al, 1993) and sensory
(Ekstrém et al., 2000; Cafferty et al, 2001) neuron survival and regeneration after

injury.

Interleukin-6 (IL-6) and its receptor are up-regulated by neurons after

injury (Streit et al, 2000) and the combined over expression of both elements
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enhances nerve regeneration (Hirota et al, 1996). IL-6 also plays a role in the
conditioning lesion effect, since in IL-6 -/- mice there was a lack of GAP43
upregulation after a preconditioning injury and no enhancement of regeneration
(Cafferty et al,, 2004). However, the role of IL-6 in the conditioning lesion effect is
controversial, since other authors defend that IL-6 is sufficient but not necessary
to mimic the conditioning lesion effect on axonal growth (Cao et al, 2006).
Moreover, the exogenous application of FGF-2 (low molecular weight isoform)
strongly enhanced the mRNA levels of IL-6 and its receptor in Schwann cells, as
both trophic factors are supposed to play a key role in the early reaction of

Schwann cells to peripheral nerve injury (Grothe et al., 2000).

Although several experiments have demonstrated the usefulness of specific
neurotrophic factors in nerve regeneration, it is becoming more apparent that the
survival of sensory neurons and motoneurons depends on multiple neurotrophic
factors acting synergistically or in a defined sequence (Terenghi, 1999).
Furthermore, the possible preferential effects of some neurotrophic factors on
regeneration of certain subpopulations of neurons have not been fully

demonstrated in comprehensive comparative studies.
7. EXTRACELLULAR MATRIX AND ADHESION MOLECULES

Cell adhesion molecules (CAMs), extracellular matrix (ECM) molecules and
guidance molecules maintain an important role during axonal regeneration, by
exerting attraction/repulsion cues to the tip of the re-growing axon. Thanks to the
receptors present at the growth cone site, the axons can respond to the different
cues (Huber et al, 2003). For instance, chemoattraction is the consequence of a
gradient that the growth cone interprets as a “signal” and converts into motion,
giving rise to a well defined machinery in which ECM and CAM bindings are

fundamental.
7.1. ECM components

The ECM is part of the extracellular environment in animal tissues, and it is
composed of different kinds of glycoproteins, proteoglycans and also non-
proteoglycan polysacharides (as hyaluronic acid). It has mainly structural

functions, providing support and maintaining cellular regulation. Many cells are
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able to bind the extracellular matrix and this cell-to-ECM adhesion is regulated by

specific ECM receptors that are present on the cell surface.

In the peripheral nerve, Schwann cells and fibroblasts produce the
components of the endoneurial ECM under the control of axons. The molecules
present at the ECM may have stimulatory or inhibitory cues for axonal
regeneration. Therefore, in an intact adult nerve, the “inhibitory” component
predominates to prevent collateral sprouting, whereas after injury the ECM
undergoes changes to favor a pro-regenerative environment. The ECM
components can be divided into two main categories: proteoglycans and
glycoproteins. The latter can be divided into collagen and non-collagenous
molecules (for example tenascin, laminin and fibronectin) (Carbonetto et al,

1987).

Proteoglycans, such as chondroitin sulfate proteoglycans (CSPG), are found
in the peripheral nerve, where they can inhibit the growth-promoting activities of
other extracellular matrix components (Zuo et al., 1998). For example, they inhibit
growing of the axons on laminin by interfering with integrin signaling (Hamel et
al, 2008). Degradation of CSPG in the distal stump increases regeneration
(Krekoski et al. 2001; Zuo et al., 2002) of both motor and sensory neurons (Udina
et al, 2010). After injury, CSPGs are cleaved by activated matrix
metalloproteinases (Ferguson and Muir, 2000; Zuo et al, 1998) (Zuo et al., 2002)
and this allows axonal regeneration, creating a permissive environment. On the
other hand, glycosaminoglycans (GAGs) have an enhancing role on in vitro
neuritogenesis and in vivo nerve regeneration and muscle reinnervation.
Moreover, GAGs are supposed to maintain interaction with IGF-1(Gorio et al,

1998).

Among the glycoproteins, three of them have an important role in axonal
regeneration and their effects have been proved both in vivo and in vitro: collagen
(Babington et al., 2005), fibronectin (Gardiner et al., 2007) and laminin (Werner et
al., 2000).

Collagens are trimeric molecules formed by three a chains (for review see

Gordon and Hahn, 2010) and can be divided into several sub-families according to
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the type of structure they form: fibrillar (types I, II, 111, V, XI), facit-fibril associated
collagens with interrupted triple helices (types IX, XII, XIV), short chain (types VIII,
X), basement membrane (type IV) and other kinds with a different conformation
(types VI, VII, XIII). Several studies showed the important role of collagens in axon

pathfinding and in synaptic connection and maintenance (Fox, 2008).

Fibronectins are dimers formed by two almost identical monomers; in
vertebrates, different kinds of isoforms are present due to alternative mRNA
splicing. Fibronectin exists in two conformations: soluble and insoluble, the soluble
fibronectin is one of the most abundant components of blood plasma and it is
produced by hepatocytes, while the insoluble cellular fibronectin is incorporated
in the double layer membrane of many cells types (Pankov and Yamada, 2002). In
the nervous system fibronectin is secreted by Schwann cells and also by fibroblasts
(Baron-Van Evercooren et al, 1986; Chernousov and Carey, 2000). It forms a
fibrillar network and maintains interactions with collagen IV and laminins,
promoting in this way cell proliferation and differentation. Moreover, fibronectin
binds mainly integrins but contains also domains for fibrin, collagen, heparin and
syndecan (Mao and Schwarzbauer, 2005). Fibronectin is up-regulated immediately
after peripheral nerve injury (Lefcort et al.,, 1992); embryonic isoforms of this ECM
molecule were found to be up-regulated after injury and they seem to promote
regeneration in different ways (Lefcort, 1996; Mathews and Ffrench-Constant,
1995; Vogelezang et al, 1999). However, in vitro studies demonstrated that
fibronectin stimulates less neurite outgrowth in primary sensory neurons than

laminin (Gardiner et al, 2007).

Laminins are heterotrimers consisting of a, § and y chains. In vertebrates
five a, three B and three y chains have been found and these subunits can form 45
different laminin isoforms with a tissue-specific localization. The different
isoforms are usually identified by changes in the a subunit: a1 chain is expressed
by developing and some adult epithelial cells; a2 is mainly found in Schwann cells
and basement membranes of striated muscles; a3 is expressed in the epidermis;
a4 can be found in a variety of tissues, as endothelium, smooth muscles, fat cells,
Schwann cells, neuromuscular junction and bone marrow, and a5 is widely

expressed in embryonic, developing and adult tissues (epithelia, endothelia,
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muscles, neuromuscular junctions) (Durbeej, 2010; Hallmann et al, 2005; Miner,
2008; Schéele et al., 2007; Tzu and Marinkovich, 2008). Some laminin isoforms are
now known to play a fundamental role in nerve regeneration. In the peripheral
nervous system, two different kinds of laminins are mainly present, containing o.2
and a4 chains, both synthetized by Schwann cells (Wallquist et al., 2002), while a5
can be detected in the sensory end organs (Caissie et al., 2006). Together with a 1
and a y1 chain, these a subunits form laminin 2 (a2f1y1), laminin 8 (a4f1y1) and
laminin 10 (a5p1v1), respectively. The main receptors for these isoforms are

integrins a1f1, a2f1, a6p1, a7p1 and sydecans.

After nerve injury the levels of laminin 8 increase in the proximal stump,
with a peak of up-regulation at 3 days and normalization around 42 days after the
lesion, a fact that hihglights the important role that this isoform probably plays in
the early dynamics of nerve regeneration. On the other hand, laminin 2 is up-
regulated after injury and this increase lasts longer than 42 days (Wallquist et al.,
2002). The same study proposes a correlation between the expression of cytokines
by macrophages and the up-regulation of laminins. During the early stages of
nerve regeneration, there is a coordinated temporal expression of laminin a4 and
integrin a6 subunits in relation to Schwann cell proliferation, while laminin a2 and
integrin a7 subunits are over-expressed at later stages, playing a more direct
function on axonal regeneration itself. Although separate studies point out that
spinal motoneurons preferr to grow on substrates containing o2 laminin
(Wallquist, 2005) whereas sensory neurons extended neurites preferentially on
a4 laminin (Fried et al, 2005), no conclusive data supports the specificity of
laminins for some populations of axons. Furthermore, there is not a differential
pattern of expression of both isoforms a2 and a4 in motor and sensory roots

(Plantman et al., 2008).

Tube repair is an alternative technique to the classical suture or autograft
repair of transected peripheral nerves, but it also offers a unique method to
investigate and manipulate the local environment of axonal regeneration.
Regeneration in tubular guides is dependent on the formation of a connective cable
that bridges the gap between the nerve stumps. Inside the tube with the attached

nerve stumps at the ends, an initial fibrin clot is formed, and provides a guiding
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surface for the ingrowth of fibroblasts and Schwann cells migrating from both
proximal and distal stumps (Liu, 1992; Williams et al, 1983). The intratubular
cable is then enriched with ECM components, mainly collagen fibrils longitudinally
oriented, fibronectin and laminin. Regenerating axons then grow from the
proximal nerve, directed by the Schwann cells in the intratubular connective cable.
In vivo studies that used components of the naturally formed ECM, such as fibrin,
fibronectin, hyaluronate, collagen and laminin-containing gels to prefill the lumen
of the tube guide, have reported enhancement of peripheral nerve regeneration
with respect to empty guides (Williams, 1987; Bailey et al., 1993; Chamberlain et
al, 1998; Madison et al.,, 1988; Labrador et al,, 1998). On the contrary, application
of anti-laminin antibody or anti-laminin/collagen receptor to grafts or tubes
inhibits axonal regeneration, whereas anti-fibronectin antibody has no effect
(Wang et al., 1992). In comparative studies, it was found that axonal growth for
longer distances and higher levels of target reinnervation occurred with a laminin
matrix with respect to collagen, fibrin and hyaluronate containing gels (Labrador
et al, 1998; Navarro et al., 1996). On the other hand, by using an aligned collagen
or laminin matrix, the rate and the direction of axonal elongation is improved due
to contact guidance with the fibrils aligned along the tube axis, mimicking the
natural orientation of the endoneurial tubules (Ceballos et al., 1999; Chamberlain
et al, 1998; Verdu et al, 2002). However, most of the studies investigating the
influence of ECM components in vivo have focused on enhancing axonal
regeneration across long gaps, and little is known on the differential effects in vivo

regarding selective interaction with sensory and motor axons.
7.2. CAM components

Different CAMs can be found in the nervous system and are well-known for
their key role in binding molecules of the ECM and the surface of other adjacent
cells. Cadherins, members of the immunoglobulin superfamily (IgSF), and integrins

mediate the interactions between the ECM and other CAMs present on other cells.
7.2.1. Cadherins

Cadherins (calcium-dependent adherent proteins) mediate cell to cell

adhesion and consist in a superfamily with almost 50 different members (Angst et
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al, 2001). The different cadherin subfamilies present different structures; the
prototype contains single-pass transmembrane proteins, five cadherin repeats in
the ectodomain and a highly conserved cytoplasmic region (Juliano, 2002). Among
all the different subtypes, N-cadherin is the most studied in the nervous system,
where it plays an important role in axon outgrowth and fasciculation and in
synaptic formation and consolidation (Ranscht, 2000). These adhesion molecules
contain two different domains, the juxtamembrane domain (JMD) and the C-
terminal catenin-binding domain (CBD) that can bind to catenins and form

cadherin-catenin complex.
7.2.2.1g CAMs

Among the different members of the immunoglobulin (Ig) super family the most
studied in the nervous system are the neural CAMs (NCAMs). These molecules are
characterized by the presence of Ig-like domains, bind mainly in a homophilic
manner and trigger different processes, such as axon pathfinding and target
recognition. NCAM seems to mediate neurite outgrwth through at least two main
different pathways: FGFR phosphorilation and Fyn association. Several studies
indicate that the disruption of these interactions affect MAPK activation and the
consequent neurite outgrowth (Jessen et al., 2001; Niethammer et al., 2002; Saffell
et al., 1997). Moreover, the polysilated form of NCAM is known to play a crucial
role in regeneration of motor nerve branches (Franz et al, 2005) and in promoting
preferential reinnervation of muscles, as motor neurons in NCAM (-/-) mice
reinnervate motor and cutaneous pathways with equal preference. Polysialic acid
(PSA) is a carbohydrate attached to the glycoprotein backbone of the NCAM
molecule, and it is implicated in nervous system development. Besides, PSA seems
to be differently upregulated in motoneurons after injury; in fact, some pools of
motoneurons show a high increase in PSA expression and this seems to trigger the
preferential motor reinnervation of the quadriceps femoris muscle (Franz et al,
2008). to Repair of the transected femoral nerve by a tube guide containing a PSA
mimetic peptide enhanced Schwann cell proliferation, remyelination of regnerated
axons and locomotion recovery. These effects were likely mediated by NCAM

through its interaction with FGFR (Mehanna et al., 2009).
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Other types of CAMs, as for example L1 and L2, are known to affect axonal
regeneration. However, their role is controversial since L1 ablation in Schwann
cells was shown to enhance functional recovery after peripheral nerve injury,
suggesting an inhibitory role of this molecule in Schwann cell proliferation after
nerve damage (Guseva et al,, 2009). On the other hand, L2 epitope interacts with
the adhesion molecule HNK-1, a marker of motor Schwann cells. It has been
suggested that HNK-1 participates in motor axon regeneration (Mears et al., 2003;

Vrbova et al, 2009) and influence preferential motor reinnervation (see above).
7.2.3. Integrins

Integrins are glycosylated heterodimers formed by a and § subunits, which
are mainly implicated in focal adhesion and focal complexes formations (cell-to-
basal lamina interactions). Integrins are non-covalently associated type I
transmembrane proteins which have a cytoplasmatic () and an extracellular (a)
domain (van der Flier and Sonnenberg, 2001; Hynes, 2002). In vertebrates, 18 a
and 8 P subunits have been described and these can form 24 different integrin
complexes (Takada et al., 2007). Depending on their functions and interactions,
integrins can be grouped into different sub-families (Table 1). Certain integrin
subunits are ligand-specific, while some ECM molecules as laminin and fibronectin
can bind to different integrins (Hynes, 2002). Integrins are also receptors for
members of the Ig superfamily, thus mediating cell-to-cell adhesion. The integrin
B1 family is composed of 12 different heterodimers; the 1 subunit provides the
bound to actin cytoskeleton in each of this heterodimers, while the a subunit
determines the ECM molecule-ligand specificity. Schwann cells express three
different integrins: a1p1, a6p1 and a6p4, which are known to bind both laminin 2
and 8. Integrin a 11 seems to be expressed only by immature Schwann cells, while
a6P1 is expressed also during adulthood, although it is thought that its main
function could be induction of myelination during development (Wallquist et al.,

2002).

Integrins have both mechanical and chemical functions at the same time
and are involved in outside-in and inside-out signaling. Integrins control Rho

protein activation and translocation of Racl and Cdc42 to the plasma membrane
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(Del Pozo et al., 2002), especially in specific membrane domains called lipid rafts
(see below). Many integrins can form complexes with receptor protein tyrosine
kinases (RPTKs) (Giancotti and Ruoslahti, 1999; Yamada and Even-Ram,
2002)(Table 1).

After axotomy, neurons overexpress a4f1, a5p1, a6p1 and a7p1 integrins
(Ekstrom et al.,, 2003; Kloss et al, 1999; Vogelezang et al., 2001; Wallquist, 2004;
Werner et al., 2000) that are important to promote axonal regeneration (Figure 6).
Thus, embryonic and neonatal neurons can grow on inhibitory environments due
to the elevated expression of integrins among other intrinsic factors (as elevated

cAMP, see above) when compared to mature neurons (Lemons and Condic, 2008).

Fig 6. In vitro expression of
integrin 31 (green) in
regenerating sensory neurons
of a DRG explant embedded
in a collagen type I 3D
matrix. The concentration of
certain ligands influences the
expression of integrin
receptors and the elongation
of neurites. Phosphorylated
neurofilament — neuronal
marker in red, DAPI — nuclear
marker in blue.

Integrin subunit o7 is considered crucial for axonal regeneration in
peripheral nerves. For example, deletion of the gene that encodes for a7 drastically
reduces the speed of motor axon regeneration and delays target reinnervation
(Werner et al.,, 2000). Similarly, the poor regenerative response observed in knock
out mice of c-jun could be related to the lack of up-regulation of a7 integrin
subunits in these animals after injury (Raivich et al, 2004). In agreement with
these observations, over-expression of a7 subunit in injured neurons increases
axon regeneration (Condic, 2001). The conditioning lesion effect also depends on

integrin over-expression by sensory neurons. Increased neurite growth in DRG
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neurons primed by a previous axotomy is mediated by a7 integrin in matrigel or
collagen substrates (Ekstrom et al, 2003). In contrast, over-expression of a5
integrin mediates the enhancement of neurite outgrowth of conditioned neurons

on fibronectin (Gardiner et al., 2007).

The intracellular signals triggered by the the interaction between ECM and
integrins also influences the cellular response to soluble growth factors and
cytokines. In fact, integrin-mediated cell adhesion not only initiates direct signals
but also modulates transmission of signals downstream of growth factor receptors
(Del Pozo et al, 2004; Del Pozo et al, 2002; Schwartz and Ginsberg, 2002).
Integrins, as other cell adhesion molecules, are necessary partners of growth
factors and cytokine receptors (Giancotti and Tarone, 2003). For example, integrin
B1 is involved in transmembrane signaling of GDNF, since the GDNF receptor
GFRa-1 can form complexes with this integrin subunit after administration of
GDNF (Cao et al, 2008), and GDNF can also increase the integrin levels (Chao et al,
2003; Funahashi et al., 2003; Grabham and Goldberg, 1997).

8. INTERACTIONS BETWEEN NEUROTROPHIC FACTORS, RECEPTORS AND
CAMS AT LIPID RAFTS

Interactions between cell adhesion molecules, growth factors and cytokines
are mainly performed in specific plasma membrane domains called lipid rafts, an

important structure rich in receptors that can be found at the growth cones.

The membrane bilayer in eukaryotic cells is mainly composed of three
different classes of lipids: glycerophospholipids, sphingolipids and sterols; these
kinds of lipids allow proteins to associate to the membrane thanks to their
different properties. However, the lipid distribution in the cell membrane is
asymmetrical and the composition and the physical state of certain lipid domains
differ from the rest of the bilayer mosaic. Lipid rafts are rich in cholesterol and
sphingolipids, and their state reveal a dynamic structure where cholesterol
maintains a liquid order thanks to interaction with sphingolipids. A general
marker of lipid rafts is the ganglioside GM1. Some lipid rafts are enriched with
caveolin, and they are called caveloae microdomains. Among the proteins that

accumulate in the lipid rafts are src-family kinases and G-proteins (Simons and
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present in the lipid rafts (Poteryaev et al, 1999; Trupp et al., 1997) and it recruits
RET after GDNF administration. Thus, any corruptive manipulations of the lipid

raft blocks RET recruitment (Tansey, 2000).

TrkB is translocated at the lipid rafts after BDNF administration but its
translocation has been related to short-term BDNF actions, as synaptic
transmission and plasticity, whereas it does not affect neuronal survival (Suzuki et
al., 2004). Similarly, Guirland et al. (2004) described a selective implication of lipid
rafts in some of the functions of BDNF when examining its chemoattractant effect
using a growth cone turning assay (Lohof et al, 1992). Disruption of lipid rafts by
depletion or sequestration of cholesterol only affected the growth cone turning
assay, while the growth cone rate of extension mediated by BDNF was not altered.
Thus, it seems that the lipid rafts can be mostly involved in specific behaviors of
the cells. When the stability of lipid rafts was perturbed, by affecting GM1
gangliosides, BDNF effects on growth cone turning responses and elongation were
abolished; therefore, it seems that gangliosides have an important role in BDNF
signaling pathway, as reported also in other studies (Ferrari et al., 1995; Pitto et
al, 1998). Repulsion from inhibiting molecules, such as netrin-1 and semaphorin
3A, was also blocked after the disruption of lipid rafts. Guirland and colleagues
(2004) looked at TrkB receptor behavior and observed that, after BDNF
administration just on one side of the growth cone, the receptors were distributed
in an asymmetric way and were co-localized with gangliosides GM1 at the side of
the growth cone that was exposed to the neurotrophic factor gradient. Therefore,
the asymmetrical distribution of the lipid rafts in the cell may allow BDNF to elicit
different effects under different conditions on the same neurons or just in certain
parts of the cell (Guirland et al, 2004). On the other hand, the presence of P75
receptor in the lipid raft has an inhibitory role in the translocation of TrkB into the
raft mediated by BDNF (Suzuki et al., 2004). The activated P75 receptor can also be
localized in lipid rafts after NGF administration (Higuchi et al., 2003). Since in this
study they used mouse cerebellar neurons and E18 rat hippocampal neurons that
are known to express P75 but not TrkA, the results suggest that NGF induces
translocation of phosphorilated P75 to lipid rafts in neurons that express only P75

as an NGF receptor.
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Besides its role in growth factor signaling transduction, lipid rafts play also
a role in cell adhesion mechanisms: many adhesion molecules such as TAG-1
(transiently expressed axonal glycoprotein-1), NCAM-120 (neural cell adhesion
molecule), Thy-1 and F3/contactin can be found in the lipid rafts and are GPI-
anchored. Integrins have also been found into lipid rafts in fibroblasts, T cells and

neurons (Ichikawa et al.,, 2009; Palazzo et al., 2004)

Thus, lipid rafts are key points where adhesion molecules and growth
factors can interact and cross-talk. For example, the Rho family of small GTPase
plays a central role in integrating signals from integrins and growth factors.
Interestingly, the presence of Rho and Rac in lipid rafts depends on integrins.
Integrins maintain lipid rafts in the plasma membrane, inhibit internalization of
Rac binding sites and regulate Rho-mediate microtubule stabilization (Palazzo et
al., 2004). Integrins can also control signal pathways other than Rho, like ras/Erk,
JNK, PI-3-kinase, FAK and src family kinases, by raft internalization. ERK activation
by integrins would be important in situations with low concentration of growth
factors, where growth depends on co-stimulation of ERK by integrins and growth

factors.

It is important to take into account the role of these structures in nerve
regeneration when looking at the axonal rewiring, as they are known to make a
specialized signaling platform in the plasma membrane, and therefore can
transduce signals different from those in the non-raft membrane (Anderson and
Jacobson, 2002; Simons and Toomre, 2000; Suzuki et al., 2004). Moreover, lipid
rafts are a platform for protein complexes able to promote specific and short-
lasting behaviors, for example, from neurotrophic factors and adhesion molecule

signals, which will be affected by disruption of these microdomains.
9. CONCLUSIONS

Rewiring the peripheral nervous system after nerve injury has been
considered an easier issue to manage when compared to the central nervous
system repair. However, several mechanisms underlying nerve regeneration are
not fully known yet. Several molecules are known to play an important role in

axonal regeneration, both at the neuronal and at the distal nerve levels, but the
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way they interact between each other is still not clear. This issue reduces the
possibilities of achieving optimal regeneration, also in terms of target organ
specific reinnervation. The present review presents an overview of the factors that
are playing a major role during peripheral nerve regeneration, taking in
consideration the interactions between axons, glial cells and the extracellular
matrix molecules. The switch of the gene machinery of the neurons to a pro-
regenerative state triggers axon sprouting and elongation along the endoneurium,
where Schwann cells have proliferated. Unfortunately, the topographic
distribution of nerve fascicles and of motor and sensory fibers is disrupted after
transection injuries of the nerve (Badia et al.,, 2010; Lago and Navarro, 2006), a fact
that largely affects the accuracy of target organ reinnervation. Therefore, attempts
to directing axons during re-growth and appropriate pathfinding will be crucial for
improving functional recovery after severe nerve lesions. For such attempts, it is
important to consider the interactions maintained between neurotrophic factor
receptors and cell adhesion molecules, since their reciprocal influence is known to
direct the tip of the axon during outgrowth. The emerging concept is to attempt re-
wiring at the microdomain level, where neutrophic factor receptors and cell
adhesion molecules are interacting and activating the regenerative machinery
under the influence of the extracellular environment. Promising strategies to
promote specific axon regeneration could be bio-engineered grafts to bridge the
lesion gap (Rodriguez et al, 2000; Navarro et al., 2003; Marino et al., 2009), which
combine the best substrates for regeneration, enriched with Schwann cells and
funcionalized to over express selected trophic factors (Tannemaat et al, 2008;

Mason et al, 2011).



Table 1. Types of integrins and their main specifications. For complete review see

(Barczyk et al, 2010).

ECM components & NT factor

p1 Family Cell type expression
relations
Collagens/Sema7A
alpl Endothelial cells/Fibroblasts
VEGF/TGFB/PDGF/MCP-1/IL-8
Collagens/E-cadherin/Endorepellin
a2f1 Endothelial cells/Fibroblasts
VEGF
a3p1 Laminins/CSPG4 Epithelial cells
a4p1 Fibronectin/VCAM1 Endothelial cells
a5p1 Fibronectin/Endostatin Fibroblasts
a6p1 Laminin Epithelial cells and glia
a7p1 Laminin Muscle cells and neurons
Kidney and ureter bud
a8p1 Fibronectin/Vitronectin/Nephronectin
epithelium
Fibronectin/VCAM1/Cytotactin/
a9p1 Endothelial cells
Osteopontin/Tenascin-C/VEGF
alOp1 Collagens Chondrocytes
Collagens
allpl Fibroblasts
PDGF
aVp1 Fibronectin/Vitronectin T-cells




ABBREVIATIONS

AKT /PKB: protein kinase B

BDNF: brain derived neurotrophic factor
cAMP: cyclic adenosine monophosphate

CAMs: cell adhesion molecules

Cdc42: cell division control protein 42 homolog
cGMP: cyclic guanosine monophosphate

ChAT: choline acetyltransferase

CGRP: calcitonin gene-related peptide

CNTF: ciliary neurotrophic factor

CSPG; chondroitin sulfate proteoglycan

DRG: dorsal root ganglia

ECM: extracellular matrix

ERK: extracellular signal-regulated kinase

FGF: fibroblast growth factor

FGFR: fibroblast growth factor receptor

GAP: growth associated protein

GDNF: glial cell-derived neurotrophic factor
GFR: glial cell derived neurotrophic factor family receptor
GGF: glial growth factor

GSK3b: glycogen synthase kinase 3 beta

HGF/SF: hepatocyte growth factor/scatter factor
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HNK1: human natural killer 1

HSPG: heparan sulfate protoglycan

IB4: isolectin B4

IGF-1: insulin-like growth factor 1

[L-6: interleukin 6

JNK: c-Jun N-terminal kinase

LIF: leukemia inhibitory factor

mTOR: mammalian target of rapamycin
MAP: microtubule-associated protein
MAPK: Mitogen-activated protein (MAP) kinase
NCAM: neuronal cell adhesion molecule
NGF: nerve growth factor

NRG1: neuregulin 1

NT-3: neurotrophin 3

OPN: osteopontin

P38: mitogen-activated protein kinase 38
P75: low-affinity nerve growth factor receptor/P75 neurotrophin receptor
PKA: protein kinase A

PMR: preferential motor reinnervation
PNS: peripheral nervous system

PTEN: phosphatase and tensin homolog
PTN: pleiotrophin

RET: proto-oncogene - receptor tyrosine kinase
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Rho: ras homolog gene family

Sema 3A: semaphoring 3A

SP: substance P

STAT3: signal transducer and activator of transcription 3
TGFa-1: transforming growth factor alpha 1
Thy-1/CD90: cluster of differentiation 90

TrK: receptor tyrosine kinase

TSC: tuberous sclerosis protein

VEGF: vascular endothelial growth factor
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OBJECTIVES

Functional recovery is still poor after peripheral nerve lesions, mainly due to
insufficient axonal regeneration and to misrouted growth and reinnervation of the
target organs. The lack of specificity of nerve regeneration, in terms of motor and
sensory axons growth, pathfinding and target matching, is one of the main
shortcomings for recovery. The molecular mechanisms involved in nerve
regeneration after injury are complex, including the interrelation between axons
and glial cells, neurotrophic factors, extracellular matrix molecules and their

receptors.

The main aims of this thesis are:

- to investigate potential molecular factors that may selectively promote

regeneration of motor and sensory neurons, and

- to provide basic tools for strategies to enhance and guide axonal regeneration

and selective reinnervation of adequate target organs.

The specific objectives of this thesis are:

1) To setup a 3D in vitro model that mimics the permissive peripheral nervous
system environment. This model allowed the comparison of motor and
sensory neuron regeneration using a collagen matrix as a support for

neurites outgrowth,

2) To modify the environmental conditions of the 3D culture models by adding
different trophic factors in the matrix, in order to assess the differential
effects on neuritogenesis of spinal sensory and motor neurons. Several

neurotrophic factors were tested,

3) To correlate the effects of selected neurotrophic factors in vitro with the
changes in their expression in motor and sensory nerve branches after

injury,



4)

5)

6)
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From the results of the previous objectives, to investigate in detail the
possible mechanisms of action through which fibroblast growth factor 2

(FGF-2)promotes motoneuron neuritogenesis,

To produce a lentiviral vector (LV) that allows for FGF-2 over-expression.
The effects of the LV-FGF2 were characterized in vitro and in vivo, and the
bio-activity of FGF-2 secreted by infected cells tested on motor and sensory

neurons using our in vitro model,

To comparatively assess the capabilities of Schwann cells and olfactory
ensheathing cells, two glial populations that support axonal regeneration,
for promoting neurite elongation and branching of sensory and motor

neurons.
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Abstract

In this work we set up an in vitro model, based on organotypic cultures of
spinal cord slices and dorsal root ganglia explants from P7 rats, embedded in a
collagen matrix and cultured under the same conditions. As specific reinnervation
of end-organs is still an unresolved issue in peripheral nerve research, we
characterized a model that allows us to compare under the same conditions motor
and sensory neuron regeneration. RT97 labeling was used to visualize the
regenerating neurites that extended in the collagen gel from both motor neurons
in the spinal cord slices and sensory neurons in the DRG explants after a few days
in vitro. By adding different neurotrophic factors in the collagen matrix, we
evaluated the reliability of DRG and spinal cord preparations. Moreover, we also
set up a co-culture with dissociated Schwann cells to further mimic the permissive
environment of the peripheral nerve. Thus, these in vitro models can be useful
tools to investigate mechanisms for the selective regeneration of sensory and

motor neurons, which can be translated into in vivo models.

Key words: axonal regeneration, organotypic culture, motor neurons, sensory

neurons, neurotrophic factors, Schwann cells.



69

Introduction

After peripheral nerve injury transected axons can regenerate and
reinnervate denervated targets. Although neurons are able to regenerate their
axons along the distal degenerating nerve after a nerve transection, reinnervation
of target organs and functional recovery is often deficient because axons
regenerate at random and can aberrantly reinnervate targets that do not match
their original function. Specificity of reinnervation is a key issue to improve
functional recovery after peripheral nerve injuries, but not much is known about
this phenomenon and how it could be improved. Neurotrophic factors and
extracellular matrix molecules are potential promoters of axonal regeneration for
certain neuronal population (Huber et al., 2003), but a direct comparison between
the effects of different factors on sensory and motor regenerative capabilities has
not been fully addressed. On the other hand, a differential expression of molecules
in motor and sensory nerves has been reported, for example, motor axons express
polysialic acid-neural cell adhesion molecule (PSA-NCAM) during regeneration
(Franz et al., 2005), while motor Schwann cells present L2/HNK-1 (Martini et al,
1992). Moreover, a different profile of trophic factor expression between motor
and sensory nerves has been described (Hoke et al, 2006). These evidences
support the contention that motor and sensory axons may respond differently
depending on the environment and on the intrinsic neuron regenerative
capabilities. Differences in these capabilities have already been observed between
subpopulations of sensory neurons in vitro (Leclere et al, 2007) (Kalous and

Keast, 2010).

In vitro models offer certain advantages over in vivo studies since
interpretation of results may be easier and more conditions can be assessed.
However, such studies have mainly focused on sensory neurons (Tucker and
Mearow, 2008), since dissociated neurons or whole explants of dorsal root ganglia
(DRG) from adult animals can be easily cultured. In contrast, motor neurons are
more complex to manage in vitro. This fact limits a direct comparison of the growth
capabilities of these two neuronal populations and their response to different
cues. Dissociated motoneuron cultures are usually from embryonic origin.

However, embryonic neurons have an intrinsic capacity to grow that adult neurons
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lack. Adult dissociated motoneurons can survive only in the presence of serum in
the medium, or in serum-free media with muscle extracts and cAMP (Montoya et
al, 2009). However, addition of these factors can interfere with the results of the
experiments when testing other factors or conditions. Postnatal motoneurons can
be also studied on organotypic cultures of spinal cord slices. Young postnatal rats
(around P7) are commonly chosen since the cytoarchitecture of the spinal cord is
already established, neuronal viability is still high and there is no dependence of
the target organ (Delfs et al, 1989; Stavridis et al, 2005). Successful organotypic
cultures of adult mice have also been reported when supplemented with serum
(Krassioukov et al, 2002). The organotypic spinal cord slice has been mainly used
to study motoneuron survival and not often motor axon outgrowth (Guzman-Lenis
et al, 2009a). In these preparations, neurites usually grow in or around the spinal

cord (Bonnici and Kapfhammer, 2008; Guzman-Lenis et al, 2009b).

The aim of this work was to set up an in vitro model allowing a reliable
comparison of motor and sensory neurons outgrowth in control and manipulated
environments, where different molecules with potential capacity to promote
specific outgrowth of sensory or motor neurons can be assayed. We focused on
neurotrophic factors as they are known for their capability in attracting axons
(Terenghi, 1999) and we made a screening in order to find possible guiding cues
for motor and sensory axons. We modified two well known in vitro methods: the
organotypic spinal cord slice and the DRG explant, embedding both samples into a
3D collagen matrix, which creates a permissive environment for neurite elongation
(Tucker et al., 1996). Collagen gels can be easily manipulated maintaining the same
concentration, density and pH and allow to add molecules to assess changes in
neurite outgrowth related to the modified environment. Because Schwann cells are
known to play an important role during peripheral nerve regeneration (Jessen and
Mirsky, 1999), we also set up a co-culture with primary Schwann cells, to look at

their interactions with the regenerating neurites.

Materials and Methods

Spinal cord slices and DRG explants cultures
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Sprague-Dawley OFA rats of postnatal day 7 were decapitated and their
spinal cord (lumbar and high sacral segments) and DRG (low thoracic and lumbar)
were dissected, placed in cold Gey’s balanced salt solution (Sigma) enriched with 6
mg/ml glucose, and cleaned from blood and meningeal debris. Spinal cords were

then cut with a Mcllwain Tissue Chopper into 350 pm thick slices.

A volume of 450 ul of rat tail type I collagen solution (BD Biosciences) at a
concentration of 3.4 mg/ml, was mixed with 50 ul of 10X basal Eagle’s medium
(Gibco) and 2 wl of 7.5% sodium bicarbonate solution (Tucker et al, 1996). The
final concentration of the collagen gel was thus 3.05 mg/ml. Single drops of 30 ul
were deposited on poly-D-lysine (PL, 1ug/ml, Sigma) coated coverslips, which
were placed in Petri dishes or 24-well multidishes (Iwaki, Asahi Technoglass,
Chiba, Japan) and kept in the incubator at 37°C and 5% CO; for two hours to

induce collagen gel formation.

Spinal cord slices and DRG explants were then placed on the gelled collagen
droplets and covered by a second drop of 30 ul of the same collagen solution. The
embedded samples were placed again in the incubator for 45 minutes before
adding Neurobasal medium (NB, Invitrogen), supplemented with B27 (Invitrogen),
glutamine and penicillin/streptomycin (Sigma). The medium volume delivered
into Petri dishes and wells was 1.5 ml and 0.5 ml respectively. After one day in
culture, the medium of spinal cord cultures was removed and changed by a
penicillin/streptomycin free medium. DRG explants were cultured for 2 days, and

spinal cord slices for 4 days.

Schwann cells culture and purification

Schwann cells were isolated from two months old Sprague-Dawley rats,
following a previously reported method (Verdu et al, 2000). Sciatic nerve
segments were stored in cold Gey’s balanced salt solution (Sigma) and cleaned
from connective tissue. Nerves were enzymatically dissociated in 1 ml Ca%* and
Mg2+ free Hank's medium (Sigma) with 0.25% trypsin (Sigma), 1mg/ml
collagenase A (Sigma) and 1 mg/ml DNAse (Roche), followed by mechanical

dissociation. Samples were then centrifuged at 900 rpm for 7 minutes. The cells



72

were resuspended and seeded onto poly-D-lysine coated Petri dishes (Iwaki, Asahi
Technoglass, Chiba, Japan) and incubated with 2 ml of DF-10S medium. After 5
days, cells were enzymatically detached with 0,25% trypsin (Sigma). For
immunopurification, cells were incubated with mouse monoclonal primary
antibody anti-nerve growth factor receptor (NGF-Receptor, p75, 1:1000,
Chemicon), and then with goat secondary antibody anti-mouse IgG conjugated
with microbeads (Miltenyi). Finally, labeled cells were separated in a MACS
column (Miltenyi) placed within a magnetic field.

Cells were transfected with a lentivirus-GFP vector (a generous gift of Dr.
Joost Verhaagen, Netherlands Institute for Brain Research). Lentiviral vectors were
added to the dish at a multiplicity of infection of 1:100 for 48 h. Transduced
Schwann cells were used when high levels of transgene expression were achieved.
Expression of the reporter gene GFP was directly visualized under an inverted
fluorescence microscope (Olympus CKX41). An adequate amount of Schwann cells
suspension in DF10S medium was gently mixed into the collagen matrix to get a
final concentration of 50x103 or 10x103 Schwann cells in each volume of collagen

matrix used to embed spinal cord organotypic slices and DRG explants.

Immunohistochemistry

Spinal cord cultures were fixed with 4% paraformaldehyde in phosphate
buffered saline (PBS) for 30 minutes, and DRG cultures for 15 minutes. Samples
were then incubated for 48 hours with primary antibodies: mouse RT97 (1:200,
Developmental Studies Hybridoma Bank), mouse SMI32 (1:2500, Sternberger
Monoclonals Inc.), chicken anti-NF200 (1:1000, Millipore), rabbit anti-growth
associated protein-43 (GAP43, 1:1000, Chemicon), rabbit anti-cleaved caspase-3
(1:200, Cell Signalling Technology), rabbit anti-S100 (1:200, Immunostar), rabbit
anti-fibronectin (1:400, Sigma), mouse anti-Thy.1 (1:300, Abcam), rabbit anti-GFP
(1:200, Invitrogen). After three hours washing, the sections were incubated
overnight with secondary antibodies Cy3 conjugated donkey anti-mouse (1:200,
Jackson IR) or FITC conjugated goat anti-rabbit (1:200, Vector). For biotin
amplification, samples were incubated overnight with biotin anti-rabbit antibody

(1:200, Vector) and then, after washes, for two hours with Cy2 streptavidin (1:200,
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Jackson IR). Samples were then mounted on slides with glycerol supplemented

with 10% Moviol and 0.6% DABCO containing DAPI marker (1:1000, Sigma).

Colocalization of SMI32, RT97, NF200 and GAP43, and qualitative analysis
for cleaved caspase-3, S-100, fibronectin, Thy.1 and GFP expression were done

with 3D images taken with a SP5 confocal microscope (Leica).

TUNEL staining

After 4 days in vitro, spinal cord organotypic slices were fixed in 4%
paraformaldehyde in PBS, incubated for 10 minutes in 4% Proteinase K (Millipore)
diluted in PBS, and then a TUNEL Apoptosis Detection Kit (Upstate-Millipore;

Catalog No. 17-141-FITC) was used following the manufacturer recommendations.

Motoneuron survival

In order to assess the potential contribution of the different conditions
tested on neuronal survival that might influence the measures of axonal growth,
we quantified the number of surviving and regenerating motoneurons in the spinal
cord organotypic slices. Slices were stained with RT97 and SMI32. The number of
motoneurons was counted for at least six samples per condition under a SP5
confocal microscope (Leica). Only cells with morphology corresponding to

motoneurons and a clearly visible nucleus were counted in each section.

Neurotrophic factors assay

A screening for the effects of different neurotrophic factors (Table 1) was
made by adding into the collagen matrix 10 ng/ml of nerve growth factor (NGF),
brain-derived neurotrophic factor (BDNF), neurotrophin 3 (NT-3), or glial cell line-
derived neurotrophic factor (GDNF). Neurotrophic factors were added to 50 ul of
10X basal Eagle’s medium and then kindly mixed with the collagen solution with a

pipette.



74

Figure 1. Neurite outgrowth from sensory and motor neurons in a 3D collagen
matrix. DRG explant after two days in vitro (A) and spinal cord slice after four days
in vitro (B) stained with RT97, a marker for phosphorylated neurofilaments. At
higher magnification it can be observed the migration of Schwann cells (marked
with S10083, in green) into the collagen matrix associated with the growing
neurites (labeled with RT97, in red) in a spinal cord slice (C). Detail of
motoneurons and their regenerating neurites co-labeled with RT97 (in red) and
Neurofilament 200 (in green) in a spinal cord slice (D). The nuclear marker DAPI is
shown in blue. Bars = 100 um.

Data analysis

Spinal cord and DRG cultures were stained with anti-neurofilament
antibody RT97 to label neurons and the growing neurites. Microphotographs for
quantitative analysis were taken at 20x with a digital camera (Olympus DP50)
attached to the microscope (Olympus BX51), acquired in Adobe Photoshop CS4 to
automatically photomerge them, and analyzed with the aid of Image] software
(NIH, available at http://rsb.info.nih.gov/ij/). The length of the longest neurite in
the cultures was measured for 20 samples per condition. For the arborization area,
the microphotographs were transformed to a gray scale, 8-bit image, and
quantification was assessed after defining a threshold for background correction

using Image] software.
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Statistical analysis was performed using Sigma Stat 3.5 software. All results
are given as the mean+SEM. One-way ANOVA, with post-hoc Holm-Sidak method
(multiple comparisons versus control group) where necessary, was used to
statistically analyze neurite outgrowth and branching pattern. T-test was
performed to compare motor and sensory percentages of elongation and
arborization for each trophic factor. A p value lower than 0.05 was considered

significant.

Figure 2. Different expression of phosphorylated and non-phosphorylated
neurofilaments in motoneurons after 4 days in culture. The panmarker of
neurofilaments NF-200 (green, A and D) stains both somas and neurites of
motoneurons, whereas the non-phosphorylated form (SMI32, red, B) stains the
somas but not the neurites (no merge in the neurites, C). In contrast, the
phosphorylated form stains the somas of the regenerating neurons and their
neurites (RT97, red, E; see the merge in F). Bars = 100 pm.

Results
Spontaneous neurite outgrowth in the collagen matrix

By using RT97 labeling we observed that the 3D collagen matrix allowed
the extension of neurites from both motor neurons in the spinal cord slices and

sensory neurons in the DRG explants after a few days in vitro (Fig. 1). Thus, the
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collagen matrix used creates a permissive environment, in which neurites elongate
radially from both tissues. The pattern of neurite growth was different depending
on the tissue. Motor neurites emerged mainly from the ventral horn of the spinal
cord, following the remaining stump of the spinal root and, at the same time, S100-
positive glial cells and fibronectin/Thy1 positive cells migrated outside the slice
interacting with and giving structural support to the newborn neurites (Fig. 1C). In
DRG explants non-neuronal cell migration also supported neurite outgrowth, but
the neurites extended around the whole ganglion. Primary sensory neurons
appeared to have a higher intrinsic capacity of outgrowth (1078+79 um elongation
and 9148+2218 um? arborization) in these conditions compared with spinal
motoneurons (374+66 um elongation and 180+56 um?2 arborization). For this
reason we maintained in culture the DRG explants for two days and the spinal cord

slices for four days.

Confocal microscopy investigations showed that regenerating neurons and
their neurites were stained with RT97, while SMI32 stained all motoneuron somas
but not the neurites, and the pan-marker for neurofilaments NF200 labeled all the
neurons (regenerating and not) and also the neurites (Fig. 2). The counts of SMI32
positive neurons revealed that, after 4 days in vitro, there was an average of
65.5+£7.5 motoneurons in a 350 thick slice. This neuronal loss is probably due to
the proximal axotomy performed during harvesting of the samples and the limited
oxygenation of the culture (Gahwiler et al., 1997). On the other hand, the number
of RT97 positive neurons was lower than that of SMI32 positive ones (34.8+4.7),
thus suggesting that only a proportion of the surviving motoneurons turn to a
regenerative state (Fig. 3C). These observations were corroborated by co-
localization analysis with GAP43 (Fig. 3A-B), which revealed that RT97/GAP43
have a Person’s correlation of 0.81, while SMI32/GAP43 have a correlation of 0.47.
Therefore, we used RT97 labeling to measure neurite growth, since RT97-positive
neurons seem to be in a regenerative state. Investigations with cleaved caspase 3
and TUNEL did not show signs of apoptosis in neither SMI32 positive nor RT97

positive neurons (Fig. 4).
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igure 3. Detail of the regenerating
otoneurons in spinal cords cultured for 4
Bilays. (A) SMI32 (red) labels the soma of
otoneurons but not the neurites
indicated with arrows), that are labeled
ith GAP43 (green). SMI32 stains the
legenerating neurofilaments still present
n the roots *. (B) In contrast, there is co-
abeling of the phosphorylated
eurofilament (RT97, red) and the growth
one marker GAP43 (green) in the
eurites of motoneurons (yellow). Bar =
00 pum. (C) Number of RT97 positive
otoneurons versus SMI32 positive ones
n=7).
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Figure 4. Assessment of motoneuron death after 4 days in culture. (A) RT97
labeled motoneurons (red) do not colocalize with caspase 3 (green). (B) SMI-32
labeled motoneurons (red) do not colocalize with TUNEL positive cells (green).
Bars = 100 pm.
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Neurotrophic factors assay

We manipulated the environmental conditions of the organotypic cultures
by adding different neurotrophic factors (Table 1) to the collagen matrix and
comparing the results with control conditions for both types of cultures (Fig. 5).
We added GDNF, BDNF, NGF or NT-3 to assess the reliability of the in vitro models,
to study the pattern of axonal regeneration and to screen the specificity of
different factors for motor or sensory neurite growth. To be sure that the possible
differences in neuron survival after the addition of neurotrophic factors were not
affecting outgrowth measures, we counted the number of RT97 positive neurons
(Fig. 5E). These results showed that the average numbers of regenerating
motoneurons were not significantly different between any condition from controls.
We then compared the effects of these factors on regeneration measuring neurite
length and arborization. BDNF enhanced motoneurons outgrowth, NGF had a
positive effect only on sensory neurons, while GDNF promoted neurite outgrowth
in both types of neurons (Fig. 6, Table 2). NT-3 did not seem to promote motor and
sensory neuron outgrowth, although it enhanced the degree of arborization in

DRG.

To compare the effects of each factor on spinal cord and DRG explants, the
values of neurite length and amount of arborization were normalized as the
percentage of the corresponding control values (Fig. 7). Addition of GDNF and
BDNF to the collagen matrix increased about 100% the maximal motor neurite
length, whereas the other neurotrophic factors did not cause a significant effect.
Regarding the amount of neurite branching, BDNF showed a marked increase of
about 5-fold, whereas NT3 and GDNF had lower positive effect. On DRG explants,
addition of NGF and GDNF increased by 60% the sensory neurite length, and BDNF
and NT-3 caused a lower increase (about 20%). GDNF and NGF significantly
enhanced neurite arborization of sensory neurons. When comparing the
differential effects of the trophic factors on both DRG and spinal cord explants, we
found that NGF exclusively promoted growth of sensory neurites, whereas BDNF

selectively enhanced motor neurite outgrowth.
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Figure 5. Representative images of DRG explants (left) in the collagen matrix in
control conditions (A), and with addition of 10 ng/ml of NGF (B) after 2 days in
culture. Representative images of spinal cord slices (right) in the collagen matrix in
control conditions (C) and enriched with 10 ng/ml BDNF (D) after 4 days in vitro.
Bars = 100 um. (E) The graph is showing the number of motoneurons present in
the organotypic slices in each condition. Only RT97 positive motor neurons
present in the ventral horn were counted. A number of at least 6 slices per
condition was analyzed.

Co-culture of explants with Schwann cells

Schwann cells morphology and viability was not affected in our in vitro
models at concentrations of 50x103 and 10x103. The cells showed good migration
within the collagen matrix. Moreover, in the 50x103 cell condition, Schwann cells
became confluent after four days in vitro. Confocal microscopy observations
allowed to see that glial cells were integrated in the matrix and guided the growing

neurites (Fig. 8).
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Figure 6. Effect of neurotrophic factors added to the collagen matrix on length (4,
C) and arborization (B, D) of neurites from motoneurons in spinal cord slices after
4 days (A, B) and from sensory neurons in DRG explants after 2 days in vitro (C, D).
GDNF and BDNF significantly enhance motoneuron outgrowth. GDNF promotes
also outgrowth of primary sensory neurons whereas NGF promotes both neurite
elongation and arborization of sensory neurons.
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Figure 7. Comparison between motor and sensory neurite outgrowth (expressed
as percentage of control conditions) in different neurotrophic factor enriched
environments. Quantification of neurite length and arborization reveals that NGF
has specific effects on sensory neurons, while BDNF has a significant effect on
motoneuron outgrowth, and GDNF enhances regeneration of both kinds of
neurons. Asterisks indicate significant differences in outgrowth between motor
and sensory preparations (p<0.005, t test).
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Discussion

In this study we successfully cultured postnatal motor and sensory neurons
in spinal cord organotypic slices and DRG explants respectively. Both cultures
were embedded in a collagen matrix and cultured under the same conditions, with
neurobasal enriched medium without serum or general trophic factors, thus
allowing for a reliable comparison of the response of motor and sensory neurons
to the addition of different neurotrophic factors. The collagen gel is an adequate
matrix to support axonal growth and can be easily manipulated to modify the
extracellular ambiance, by seeding it with molecules or cells. In fact, both motor
and sensory neurons extended neurites in the matrix in basal conditions. In
addition, a collagen matrix is also an adequate scaffold to fill artificial nerve guides
to repair an injured nerve in vivo, thus our in vitro findings may be easily

translated to in vivo models (Midha et al,, 2003; Rodriguez et al, 1999).

Figure 8. Representative image of a spinal cord organotypic slice co-cultured with
GFP positive Schwann cells at 50x103 concentration (A). Detail of a neurite
growing in the collagen matrix, labeled with RT97 (B), and merge showing the
interaction with the exogenous Schwann cells (C). DAPI is used for labeling the cell
nuclei.

The organotypic neural cultures are multicellular in vitro models, in which
neurons remain embedded in their natural environment in contact with glial cells
and maintain interneuronal connections (Crain and Peterson, 1967; Stoppini et al,
1991). Since there is a preservation of the tissue cytoarchitecture and the
interactions between neurons, glia and extracellular matrix, the general response
to each single neurotrophic factor is maintained (Gahwiler et al, 1997). Therefore,

organotypic cultures can give a closer indication to in vivo responses than
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dissociated cell cultures, where the disruption of the normal relationship with

supporting cells may affect the neuronal phenotype.

The age of the cultured neurons is a key point to take into account for the
reliability of the model. Embryonic neurons have a higher intrinsic capacity to
grow than adult neurons, and adult neurons need trophic factor support to survive
(Montoya et al, 2009). In contrast, spinal cord explants from P7 rats can be
maintained for relatively long-term on media without additional growth factors
(Acosta et al.,, 2001; Guzman-Lenis et al., 2009a; Lowry et al., 2001; Rakowicz et al.,
2002). Moreover, some intrinsic promoters of regeneration (as cAMP levels or
integrin expression) are already normalized to the adult levels at this postnatal

time (Domeniconi and Filbin, 2005; Lemons and Condic, 2008).

Although both motor and sensory neurons were able to extend neurites in
the collagen matrix (see Fig. 1), primary sensory neurons showed a stronger
growth capacity than motor ones (Table 2). For this reason, we decided to measure
DRG explants cultured for two days, to have a limited basal outgrowth to which
compare situations with enhanced neurite growth. In contrast, organotypic slices
were cultured for 4 days, a time at which the slices showed some neurite

outgrowth in basal conditions.

Another important point to take into account is which marker to use for
labeling the neurons and their neurites. DRG have a complex and heterogeneous
population of sensory neurons, whereas the main population of neurons in the
spinal cord ventral horn is the alfa-motoneurons that innervate the skeletal
muscles. Since alfa motoneurons have large myelinated axons, we also focused on
the subpopulation of myelinated sensory axons of the DRG. Indeed, myelinated
sensory axons are related to the most complex somatosensory functions (fine
touch, proprioception), which need an accurate reinnervation to sustain good
functional recovery after injury (Verdu and Navarro, 1997). Both myelinated
motor and sensory neurons can be labeled by neurofilament markers. Despite
previous works describing the non-phosphorylated form (SMI-32) as a marker of
regenerating axons in the sciatic nerve (Pestronk et al, 1990; Tsuda et al, 1997);
we found that SMI32 labeled all the motoneurons somas but not their neurites in

the cultures (Fig. 2). In contrast, RT97, that recognizes phosphorylated
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neurofilaments, stained only regenerating motoneurons and also their newborn
neurites in vitro. Double staining with GAP43 (Fig. 3), which labels growing
neurites and regenerating axons, revealed almost complete colocalization between
RT97 and GAP43, while SMI32 did not colocalize with GAP43 at the neurites.
Motoneurons were not labeled by RT97 antibody at 0 days in vitro, as it seems that
phosphorylated neurofilaments are expressed only after injury (Liu et al, 2005;
Penas et al, 2009). Thus, RT97 can be an adequate marker during the early
regeneration period, whereas after several days in vitro, motor neurites express
again non-phosphorylated neurofilaments (Guzman-Lenis et al, 2009b; Mi et al.,
2007). Interestingly, sensory neurons expressed phosphorylated as well as non-
phosphorylated neurofilaments at 0 days in vitro, suggesting a different pattern of

neurofilament phosphorylation between sensory and motor fibers.

After setting up the cultures, we wanted to corroborate the reliability of our
models to compare the effects of different factors on both motor and sensory
neurite outgrowth. It is well-known that NGF is a specific factor for a
subpopulation of primary sensory and sympathetic neurons (Levi-Montalcini,
1987), and its specific receptor TrkA is mainly present in peptidergic sensory
neurons (Bennett et al.,, 1996a). Around 20% of peptidergic TrkA-positive neurons
are also neurofilament positive (Averill et al,, 1995), thus the increased outgrowth
we observed exclusively in DRG explants was expected. On the other hand, GDNF is
known to have a trophic effect on DRG, motor and autonomic neurons (Baloh et al,
1998; Bennett et al., 1998; Buj-Bello et al., 1995; Ebendal et al.,, 1995; Henderson et
al, 1994; Kotzbauer et al, 1996; Matheson et al., 1997; Trupp et al, 1995), and
therefore it was able to promote outgrowth in both our in vitro preparations. BDNF
receptor TrkB is widely expressed in spinal motoneurons and it can also be found
in mid-size primary sensory neurons (Henderson et al, 1994; Mu et al.,, 1993).
Since it has been reported that BDNF increases in sensory nerves after injury
(Hoke et al, 2006) and expression of TrkB increases in motoneurons after
axotomy (Ernfors et al, 1993; Kobayashi et al, 1996; Piehl et al, 1994), we
expected that BDNF enhanced both motor and sensory outgrowth. However, the
increase in neurite elongation was only significant in spinal cord slices and not in
DRG explants. Despite the positive effect of NT-3 on general outgrowth, its addition

to the cultures did not enhance significantly neither arborization nor elongation in
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both preparations when compared with NGF and BDNF. NT-3 significantly
enhanced arborization of primary sensory neurons, an effect that can be explained
by the predominant expression of its specific receptor (TrkC) in large sensory

neurons (Henderson et al., 1993).

The findings of this study allow us to propose that these models can be
useful to study the effect of diffusible molecules and drugs on the axonal
regeneration capabilities of different types of peripheral neurons. The model is
also appropriate to investigate the actions of different cell types that can be
exogenously introduced in the collagen matrix. We show that Schwann cells
responded in an appropriate way in the tested conditions, so that the in vitro
model can be used to obtain information about the action of genetically modified
cells, as for example, Schwann cells over-expressing certain neurotrophic factors

(Madduri et al, 2009).

Table 1. Summary of the neurotrophic factors used for the in vitro screening.

Neurotrophic Molecular Weight Provider ng/ml Reference

Factor

Human GDNF 15 kDa (twomonomers)  Peprotech 10 (Salie, 2005)

Human BDNF 27.0 kDa Peprotech 10 (Salie, 2005)

Human NGF-beta 13.5 kDa (two Peprotech 10 (Salie, 2005)
monomers)

Human NT-3 13.6 kDa (two Peprotech 10 (Salie, 2005)

monomers)
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Table 2. Results of the measurements of neurite length and arborization for motor

and sensory neurons in organotypic cultures maintained in a collagen gel matrix

with the different neurotrophic factors added in the gel. Values are mean + SEM of

measurements made on at least 3 cultures for each condition. Values indicated

with * are statistically significant vs control.

Trophic Neurite Length (um) Neurite Arborization (um?)
Factor

Motor Sensory Motor Sensory
Control 374 + 66 1078 =80 180 =56 9148 + 2219
BDNF 720 +130 * 1259 =137 813 +190* 14149 = 2834
b-FGF 750 +83 * 1277 =70 1757 +378 * 22081 = 2569
CNTF 441 = 60 1163 =66 510+ 114 17012 = 2229
GDNF 712 =144 * 1734 =97 * 38377 49188 + 6472 *
IGF-1 448 = 69 1125+ 65 425 = 144 16049 = 2135
NGF 292 =54 1654 + 116 * 150 =28 32686 =+ 6723 *
NT-3 516 + 82 1335 =107 589 +120* 28029 +4178
PTN 261 =60 1122 + 64 110 =23 11632 = 3964
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Abstract

In this study we screened in vitro the different capabilities of trophic factors
with promising effect on specific reinnervation of target organs after peripheral
nerve regeneration. Trophic factors which promoted in vitro neuritogenesis of
sensory and motor neurons were up-regulated in Schwann cells obtained from
axotomized sensory and motor branches respectively. We found that FGF-2 (18
kDa) was the trophic factor that exerted the most selective effect in promoting
neurite outgrowth of spinal motoneurons both in terms of elongation and
arborization. The mechanism underling this effect in neuritogenesis seems related
to FGF-2 enhancing the interaction between FGFR-1 and PSA-NCAM. The
interaction of these two receptors is important during early stages of
neuritogenesis and pathfinding, while integrin alpha7B subunit seems to play a

role during neurite stabilization.

Key words: axonal regeneration, motor neuron, sensory neuron, in vitro cultures,

neurotrophic factors, cell adhesion molecule, FGFR-1.
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Introduction

After a peripheral nerve injury, the degree and the quality of functional
recovery depend on the successful regeneration of injured axons along the distal
nerve stump and the specific reinnervation of denervated target organs with an
appropriate anatomical and physiological pattern. Both the intrinsic capacity of
neurons to switch to a pro-regenerative state and the trophic environment of the
distal nerve are key factors influencing the outcome of nerve regeneration. Tropic
and trophic cues play important roles in the guidance of axons through the
degenerated distal nerve towards the targets. Growing axons respond to secreted
trophic factors and interact with Schwann cells and extracellular matrix
components by means of different cell adhesion molecules (CAMs). These
interactions are also dependent on trophic factor receptors. However, the
molecular mechanisms that can guide the selective and separate regeneration of
motor and sensory axons are not well known. It was proposed that secretion of
different trophic factors by Schwann cells of motor and sensory branches might
promote selective regeneration. An elegant work of Hoke et al. (2006)
demonstrated that motor and sensory Schwann cells have different phenotypes
and that they express different trophic factors. Several studies reported specific
actions of individual growth factors on nerve regeneration (Sendtner et al, 1996;
Ulenkate et al., 1994; Ernfors et al., 1994; Munson and McMahon, 1997). However,
there are no comprehensive analyses comparing the capability of different trophic
factors in promoting sensory and motor regeneration, probably related to the

expression of receptors in different populations of neurons.

The aim of this work is to provide clues on the potential selective effects of
trophic factors to promote axonal growth from motor and sensory neurons. By
using an in vitro method previously set up in our laboratory (Allodi et al, 2011a),
we screened several trophic factors that could promote selective regeneration, and
whether these factors were differentially up-regulated in ventral (motor) and
dorsal (sensory) spinal roots after injury. We also studied how these trophic
factors modulate the expression of integrin alpha7B, a CAM component essential
for regeneration (van Kesteren et al,, 2011) and thus a good marker for neurons in

pro-regenerative state.
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We found that FGF-2 (18 kDa) promoted motor but not sensory neurite
outgrowth in vitro and it was more markedly up-regulated in motor than sensory
branches after injury. A previous study already suggested that this low-molecular
weight form of FGF-2 could promote motoneuron regeneration (Haastert et al.,
2006), whereas the high molecular weight (21/23 kDa) enhanced sensory target
reinnervation in vivo. The effects of FGF-2 in the nervous system are mainly
exerted through FGF receptor 1 (FGFR-1) (Ford-Perriss et al, 2001), which also
interacts with the polysialylated form of NCAM (Grothe and Nikkhah, 2001).
Interestingly, the expression of PSA-NCAM seems to favor specific motor
reinnervation (Franz et al, 2005). Therefore, we further studied the mechanism
through which FGF-2 could enhance motoneuron outgrowth in our model by
focusing on the interactions of this trophic factor with its receptor FGFR-1 and

PSA-NCAM.

Material and methods
Spinal cord slices and DRG explants cultures

Spinal cord slices and DRG explants of postnatal day 7 Sprague-Dawley rats
were cultured as detailed in a previous work (Allodi et al, 2011a). Briefly, lumbar
and high sacral spinal cord segments and low thoracic and lumbar DRG were
dissected and cleaned from blood and meningeal debris. A volume of 450 ul of type
I collagen solution (BD Biosciences) at a concentration of 3.4 mg/ml, was mixed
with 50 ul of 10X basal Eagle’s medium (Gibco) and 2 ul of 7.5% sodium
bicarbonate solution (Tucker et al., 1996). The final concentration of the collagen
gel was 3.05 mg/ml. Single drops of 30 ul were deposited on poly-D-lysine (PL,
1lug/ml, Sigma) coated coverslips, which were placed in Petri dishes or 24-well
multidishes (Iwaki, Asahi Technoglass, Chiba, Japan) and kept in the incubator at

37°C and 5% COz for two hours to induce collagen gel formation.

Spinal cord slices and DRG explants were then transferred on the gelled
collagen droplets and covered by a second drop of 30 ul of the same collagen

solution. The embedded samples were placed again in the incubator for 45
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minutes before adding Neurobasal medium (NB, Invitrogen), supplemented with
B27 (Invitrogen), glutamine and penicillin/streptomycin (Sigma). The medium
volume delivered into Petri dishes and wells was 1.5 ml and 0.5 ml respectively.

DRG explants were cultured for 2 days, and spinal cord slices for 4 days.

Neurotrophic factors assay

A screening for the effects of different neurotrophic factors (Table 1) was
done by adding into the collagen matrix 10 ng/ml of nerve growth factor (NGF),
brain-derived neurotrophic factor (BDNF), neurotrophin 3 (NT-3), glial cell line-
derived neurotrophic factor (GDNF), ciliary neurotrophic factor (CNTF), insulin-
like growth factor 1 (IGF-1), 20 ng/ml of interleukin 6 (IL-6), 50 ng/ml of basic
fibroblast growth factor (FGF-2) or 100 ng/ml of pleiotrophin (PTN). Neurotrophic
factors were added to 50 ul of 10X basal Eagle’s medium and then mixed with the

collagen solution with a pipette.

Inhibition assay in spinal cord organotypic slices

Inhibitors were added into the collagen matrix at the following
concentration: 500 nM of PD 173074 (Parke Davis, Ann Arbor, MI, USA) (Mehanna
et al., 2009), a specific inhibitor of FGFR-1, 200 ug/ml of EndoNeuraminidase (an
enzyme that degrades the terminal polysialic acid of PSA-NCAM) as recommended
by the producer (AbCys, Paris, France), and 50 ug/ml of anti-integrin alpha7
antibody (Gardiner et al.,, 2007). PD 173074 was dissolved in DMSO and then
diluted in 10X DMEM, while the other two inhibitors were diluted directly in the
medium. After 4 days in vitro spinal cords were stained with RT97 antibody and

quantitative analysis was done as described below.

Analysis of neurite outgrowth

Spinal cord and DRG cultures were stained with anti-neurofilament

antibody RT97, in order to label neurons and their growing neurites.
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Microphotographs for quantitative analysis were taken at 20X with a digital
camera (Olympus DP50) attached to the microscope (Olympus BX51), acquired in
Adobe Photoshop CS4 to automatically photomerge them, and analyzed with the
aid of Image] software (NIH, available at http://rsb.info.nih.gov/ij/). The length of
the longest neurite in the cultures was measured for at least 15 samples per
condition. For the arborization area, the microphotographs were transformed to a
gray scale, 8 bit image, and labeled area was assessed after defining a threshold for

background correction using Image] software.

Statistical analysis was performed using Prism 4 software. All results are
given as the mean+SEM. One-way ANOVA, with post-hoc Bonferroni test (multiple
comparisons among all the groups) where necessary, was used to statistically
analyze neurite outgrowth and branching. T-test was used to compare motor and
sensory percentages of elongation and arborization for each trophic factor. A p

value lower than 0.05 was considered significant.

Schwann cell culture

Schwann cells were obtained from postnatal days 7 and 21 Sprague-Dawley
rats, as previously described (Verdu et al, 2000). Ventral and dorsal roots from
thoracic, lumbar and sacral levels were dissociated and kept in cold Gey’s balanced
salt solution (Sigma) and cleaned from meninges and connective tissue. Roots
were dissociated in 1 ml Ca* and Mg* free Hank’s medium (Sigma) with 0.25%
trypsin (Sigma), 1 mg/ml collagenase A (Sigma) and 1 mg/ml DNAse (Roche),
followed by mechanical dissociation. Cells were then centrifuged at 900 rpm for 7
minutes, resuspended and seeded onto poly-D-lysine coated coverslips insert into
24 well plates (Iwaki, Asahi Technoglass, Chiba, Japan) and incubated with 0.5 ml
of DF-10S medium. Cells were kept in vitro for 3 and 7 days, and medium was

changed every three days.

Proliferation assays
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Spinal cord slices were plated as previously explained. One day after
seeding, 20 uM BrdU (Sigma) was added to the culture medium. Organotypic
cultures were cultured for 3 days and then fixed with 4% paraformaldehyde in PBS

for half an hour for immunohistochemistry.

For proliferation assay, Schwann cells were plated at a density of 100.000
cells/ml on poly-D-lysine substrate. BrdU was then added to the medium 1 h after
treatment administration. After 1 day in vitro, cells were fixed with 4%

paraformaldehyde in PBS with 0.4% picric acid for 15 minutes.

Real-time PCR

Two months old rats were sacrificed by decapitation after deep anesthesia,
and low thoracic, lumbar and sacral roots were dissected and maintained in RNA-
later solution (Qiagen, Barcelona, Spain). Dorsal and ventral roots were kept in
vitro for 4 and 7 days in DF 10S medium in a non-coated Petri dish. Roots were
cleaned of connective tissue to avoid fibroblast and epithelial cell contamination.
Medium was changed every 3 days. This method was used to mimic the
degeneration that occurs after lesion and to keep the Schwann cell population as

pure as possible.

Samples used for integrin mRNA quantification were obtained by dissection
of the ventral horn of the spinal cord. Dissection was performed in naive animals
and at 3 and 8 days after lesion, in these cases only the ipsilateral ventral horn was

analyzed.

The samples were processed for mRNA analysis following the manufacturer
instructions. The total RNA of intact, 4 and 7 days predegenerated roots was
extracted with RNeasy mini kit (Qiagen), including a DNase step (RNase free
DNase set, Qiagen, Barcelona, Spain). Then, 1 pg of RNA was reverse-transcribed
using 10 pmol/L DTT, 200 U M-MuLV reverse transcriptase (New England BioLabs,
Barcelona, Spain), 10 U RNase Out Ribonuclease Inhibitor (Invitrogen), 1umol/L
oligo(dT) and 1 pmol/L of random hexamers (BioLabs, Beverly, MA, USA). The

reverse transcription cycle conditions were 25°C for 10 min, 42°C for 1 h and 72°C
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for 10 min. We analyzed the mRNA expression by means of specific primer sets
(Table 2) of the following neurotrophic factors: NGF, NT-3, BDNF, GDNF, FGF-2;
cytokines: IL-6 and LIF, and integrins: alpha5, alpha7 and alpha9. Glyceraldehyde
3-phosphate dehydrogenase (GADPH) expression was used to normalize the
expression levels of the different genes of interest. Gene-specific mRNA analysis
was performed by SYBR-green real-time PCR using the MyiQ5 real-time PCR
detection system (Bio-Rad Laboratories, Barcelona, Spain). We previously fixed the
optimal concentration of the cDNA to be used as template for each gene analysis to
obtain reliable CT (threshold cycle) values for quantification. Three samples were
used per condition and each one was run in duplicate. The thermal cycling
conditions comprised 3 min polymerase activation at 95°C, 40 cycles of 10 s at
95°C for denaturation and 30 s at 62°C for annealing and extension (60°C in the
case of NGF, NT-3, alpha5, alpha7 and alpha9 genes), followed by a DNA melting
curve for determination of amplicon specificity. CT values were obtained and
analyzed with the BioRad Software. Fold change in gene expression was estimated
using the CT comparative method (2-**¢T) normalizing to GADPH CT values and
relative to control samples. Results are expressed as mean = SEM. Statistical
analysis was made by two-way ANOVA, considering days in vitro and type of roots

as indipendent variables.

Immunohistochemistry

Spinal cord cultures were fixed with 4% paraformaldehyde in phosphate
buffered saline (PBS, 0.1 M, pH 7.4) for 30 minutes, and DRG explants and
dissociated Schwann cells for 15 minutes. Samples were then incubated for 48 h
(explant cultures) or over-night (dissociated Schwann cells) with primary
antibodies: mouse RT97 (1:200, Developmental Studies Hybridoma Bank), rabbit
anti-S100 (1:200, Immunostar), rabbit anti-laminin (1:1000, Sigma), rabbit anti-
fibronectin (1:400, Sigma), rabbit anti-alpha 7B integrin (1:500, a generous gift of
Prof. Guido Tarone, Turin University), rabbit anti-alpha 5 integrin (1:500,
Millipore), mouse anti-PSA NCAM (1:100, Millipore), mouse anti-NCAM (1:200,
Millipore), rabbit anti-FGFR-1 (1:400, AbCam), sheep anti-BrdU (1:200,

Fitzgerald). After washing, the sections were incubated overnight (explants) or for
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one hour (dissociated cells) with secondary antibodies Cy3 conjugated donkey
anti-mouse (1:200, Jackson IR), FITC conjugated goat anti-rabbit (1:200, Vector),
Alexa 680 conjugated goat anti-mouse (1:500, Invitrogen) or Alexa 594 conjugated
donkey anti-sheep (1:500, Invitrogen).

To look at FGFR-1 expression in motor and sensory branches, two months
old rats were deeply anesthetized and perfused transcardially with 4%
paraformaldehyde in PBS. Ventral and dorsal roots were carefully harvested under
a dissection microscope, post-fixed overnight and cryoprotected in 30% sucrose at
4°C. Roots were cut in 15 um longitudinal sections with a cryostat and collected
onto gelatin-coated glass slides. Slices were incubated overnight with primary
antibody against FGFR-1 (1:400, AbCam), and after washes, with secondary
antibody (FITC 1:200, Vector).

Western Blot

Culture slices were homogenized in modified RIPA buffer (50 mM Tris-HCI
pH 7.5, 1% Triton X-100, 0.5% sodium deoxycholate (Sigma), 0.2% SDS, 100 mM
NaCl, 1mM EDTA) containing protease inhibitor cocktail (10 ul/ml, Sigma). The
homogenate was then centrifuged at 13000 rpm and the obtained supernatant was
processed for protein concentration determination using the BCA protein assay
(Pierce, Rockford, IL, USA). Equal amount of protein (30 - 50 ug depending on the
detected protein) were separated on 10% SDS-PAGE gel and transferred to a PVDF
membrane (Bio-Rad Laboratories, Barcelona, Spain). The membranes were then
incubated for blocking with 25% BSA (Sigma) in TBS plus 0.05% tween-20 (TBST)
for 30 minutes and incubated with primary antibodies anti-PSA-NCAM (1:500,
Millipore), anti-NCAM (1:1000, Millipore), anti-integrin alpha7 (1:500, a gift of
Prof. G. Tarone, University of Turin), anti-FGFR-1 (1:400, AbCam) and anti-$-actin
(1:10000, Sigma) at 4°C overnight. Horseradish peroxidase-coupled secondary
antibody incubation was performed for 1 h at room temperature after 3 washes in
TBST. Blots were developed using the Immobilon Western chemiluminescent HRP

substrate (Millipore). Signals were analyzed by band densitometry with the Gene
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Snap and the Gene Tools software in a Gene Genome apparatus (Syngene,

Cambridge, UK).

Results
Neurotrophic factor screening results

Different neurotrophic factors were added into the collagen matrix to
enrich the environment of the cultures. GDNF, BDNF, NGF and NT-3 were tested to
corroborate previous findings (Allodi et al, 2011a). We expanded the screening to
other neurotrophic factors, including CNTF, IL-6, IGF-1, FGF-2 and PTN (Fig. 1).
The effects of each trophic factor were assessed by measuring neurite length and

arborization.

In our conditions, PTN did not increase motoneuron or sensory neuron
outgrowth, compared to control conditions, at concentrations of 100 ng/ml (Fig. 1)
and 200 ng/ml (data not shown). Similarly, no differences in neurite elongation
were found when adding IL-6 compared to controls both in DRG and motor
neurons (data not shown). NT-3, IGF-1 and CNTF did not significantly affect

neuronal growth (Fig. 1).

In order to compare the effects of each growth factor on spinal cord and
DRG explants, the values of neurite length and amount of arborization were
normalized as the percentage of the corresponding control values (Fig. 1). Addition
of GDNF, BDNF and FGF-2 to the collagen matrix increased about 100% the
maximal motor neurite length, whereas the other neurotrophic factors did not
cause a significant effect. Regarding the amount of motor neurite branching, FGF-2
showed a marked increase of about 10-fold, BDNF about 5-fold, whereas NT3,
CNTF, IGF1 and GDNF had lower positive effect. On DRG explants, administration
of NGF and GDNF increased by 60% neurite length, and BDNF and NT3 caused a
lower increase (about 20%). GDNF and NGF significantly enhanced neurite
arborization of sensory neurons. When comparing the differential effects of the

trophic factors on both DRG and spinal cord explants, we found that NGF
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exclusively promoted growth of sensory neurites, whereas FGF-2 and BDNF

selectively enhanced motor neurite outgrowth.
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Figure 1. Representative images of motoneuron outgrowth when FGF-2 was
added into the culture (A) and of DRG neuritogenesis after NGF administration (B).
RT97 (phosphorylated heavy and medium neurofilament) in red, DAPI (nuclear
marker) in blue. Bar = 100 um. Comparison between motor and sensory neurite
outgrowth (expressed as percentage of control conditions) after administration of
different trophic factors into the collagen matrix of DRG explants (DRG, white
columns) and spinal cord organotypic cultures (MN, black columns) (C, D).
Quantification of neurite length (C) and arborization (D) reveals that NGF has
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specific effect on sensory neurons, while BDNF and FGF-2 have significant effect on
motoneuron outgrowth, and GDNF enhances regeneration of both kinds of
neurons. * p<0.001 motor vs. sensory neurons (t test).

Real-time PCR results for neurotrophic factors in dorsal and ventral roots

In order to assess the differential expression in motor and sensory nerves,
the mRNA levels of different neurotrophic factors in ventral and dorsal spinal roots
were investigated by real-time PCR at baseline, and at 4 and 7 days of in vitro
degeneration. The trophic factors were chosen depending on the in vitro results
obtained in the previous study with the recombinant proteins. No marked
differences were found at baseline in trophic factors expression between dorsal
and ventral roots (data not shown). However, mRNA expression changed over time
in vitro. The expression of NGF and NT-3 increased slightly in dorsal roots though
not significantly compared to ventral roots or baseline values (Fig. 2). On the other
hand, GDNF showed a significant up-regulation in both roots during in vitro
degeneration, but with a different time pattern; in dorsal roots there was a 11-fold
increase at 4 days and then a slight decrease at 7 days, while in ventral roots there
was a mild increase at 4 days, and a significant 16-fold increase after 7 days
(P<0.001). BDNF showed higher expression in ventral roots, and it was
significantly up-regulated when compared to sensory branches both at 4 and 7
days in vitro. On the other hand, FGF-2 expression was up-regulated in both types
of roots, but about twice in motor (5.5 times, P<0.01) than in sensory roots (3.5

times, P<0.05) (Fig. 2).

The expression of two cytokines, IL-6 and leukemia inhibitory factor (LIF),
which are supposed to be related to FGF-2 expression (Grothe et al., 2000), was
also assayed. mRNA expression of IL-6 was markedly up-regulated in ventral roots,
reaching an increase of 600-fold after 4 days, while it declined to baseline levels at
7 days. On the other hand, LIF is known to be up-regulated after injury and to
promote muscle regeneration (Tham et al., 1997). For this reason, we looked at its
mRNA levels after injury, and found that it was largely up-regulated at 7 days, with
a higher increase in ventral roots of around 15-fold (Fig. 2). Due to the interesting

findings obtained from the in vitro assay and the real-time PCR analysis, we
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decided to further investigate the mechanism of action of FGF-2 in motoneuron

neuritogenesis.
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Figure 2. mRNA expression of trophic factors in degenerating ventral and dorsal
roots. Spinal roots were pre-degenerated for 4 and 7 days in vitro (DIV) and their
RNA was screened for five trophic factors (NGF, NT-3, BDNF, GDNF and FGF-2) and
two cytokines (IL-6 and LIF). * indicates significant differences in expression
among time (* p<0.05, ** p<0.005, *** p<0.001). # indicates differences between
motor vs. sensory branches. BDNF was up-regulated in ventral roots (E), IL-6 only
at 3 DIV (G), while FGF-2 was increased in both roots but more marked in ventral
ones (D). GDNF was increased in both sensory and motor branches, but with a
different timing (C). LIF increase was significant only at 7 DIV and more marked in

ventral than in dorsal roots (F).

FGFR-1 expression in neurons and Schwann cells

To study if the expression of FGFR-1, the main receptor of FGF-2 in the
nervous system, may be different in Schwann cells associated to motor and
sensory axons, we performed immunohistochemestry of FGFR-1 in naive dorsal

and ventral roots. Unexpectedly, we found no differences (Fig. 3). Then, we
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analyzed the expression of FGFR-1 in Schwann cells obtained from dorsal and
ventral roots at 1, 4 or 15 days in vitro; no changes were detected between the two

types of roots, neither after FGF-2 administration in the medium (Fig. 3).

A

Figure 3. Immunohistochemestry for FGFR-1 performed on dorsal (A) and ventral
(B) roots. No differences are present in receptor expression in naive animals,
FGFR-1 in green. Expression of FGFR-1 in dissociated Schwann cells obtained from
dorsal (C) and ventral (D) roots after 4 days in culture. Quantification by image
analysis did not show significant differences between dorsal and ventral roots in
control and after FGF-2 administration (E, F). As expected, FGF-2 addition
enhanced Schwann cell proliferation. FGFR-1 green, BrdU red and DAPI blue. Bar =
100 wm.
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On the other hand, we found some differences in the expression of FGFR-1
between spinal cord and DRG cultures. Sensory neurons expressed this receptor in
somata and neurites, while in spinal cord slices FGFR-1 was mainly present in
Schwann cells and also in the somata of motoneurons but with lower intensity (Fig.
4). Interestingly, neurites elongating from motoneurons did not express the
receptor (Fig. 4). These findings suggest that the FGFR-1 may play a different role

during sensory and motor axons regeneration.

When double staining for FGFR-1 and BrdU was performed in spinal cord
slices, we observed that proliferating Schwann cells do not express FGFR-1 (Fig. 4).
This observation suggests that the mature Schwann cells trigger the FGF-2 effect

and support neurites outgrowth of motoneurons.

However, when Western blot quantification was assessed on spinal cord
slices in control and FGF-2 conditions, we could not observe an increase of the
receptor, probably because its expression is dependent on the regenerative state of
neurons and Schwann cells and not on the amount of FGF-2 (Fig. 4). For this
reason, we decided to investigate if FGF-2 could exert its effect influencing the
interaction between its receptor and neuronal cell adhesion molecules during

axonal growth.

Integrin alpha 7B expression in sensory and motor neurons

Since several studies demonstrated the importance of alpha7 integrin in
DRG neurons during regeneration, but less is known about motoneurons, we
wondered of axotomized motoneurons in vivo also show an upregulation of this
subunit. We measured its mRNA expression after injury and compared it with the
expression of two other integrin receptors: alpha5 and alpha9. We observed a
significant up-regulation of alpha7B and alpha5 subunits, which reached 1.65 and
2.25 increases respectively (P<0.05) 3 days after axotomy (Fig. 5). On the other
hand, alpha9 was slightly downregulated after injury, as already shown (Andrews

etal., 2009).
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Figure 4. Immunohistochemestry for FGFR-1 performed on spinal cord slices and
DRG explants. In the spinal cord, FGFR-1 is mainly found in Schwann cells and
motoneurons (A). Arrows indicate neurites which are not stained for FGFR-1 (A).
In DRG explants FGFR-1 stains both neurons and neurites (B). Co-labeling with
RT97 in DRG explants for corroboration (C). Western blot analysis for FGFR-1,
image D shows FGFR-1 bands at 110 kDa and beta-actin at 42 kDa. The
quantification reveals that no differences in spinal cord slices between control and
FGF-2 enriched medium (E). (F) FGFR-1 expression in proliferating Schwann cells
in spinal cord slices. BrdU positive cells do not co-label with FGFR-1, thus the
receptor is mainly found in mature Schwann cells, which are the ones sustaining
the outgrowth. BrdU in red, RT97 in purple, FGFR-1 in green, DAPI in blue. Bars =
100 wm.

Since one of the objectives of our study was to check if the expression of
alpha 7B integrin could be modulated by trophic factor administration, we
performed immunohistochemistry for this subunit in our organotypic spinal cord
slice and DRG explant cultures. We found that it was exclusively expressed in

sensory and motor neurons (Fig. 5) and that Schwann cells migrating from both
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kinds of explants were the main provider of laminin, the ligand of alpha7 integrin
(Fig. 6). To label both motor and sensory neurons and their neurites we used the
phosphorylated form of neurofilament 200 (RT97) (Allodi et al, 2011), only
present in myelinated neurons. In motoneurons, this subunit was also expressed
both in somata and neurites (Fig. 5). On the other hand, since DRG have a
heterogeneous neuronal population, we also labeled the subpopulation of
peptidergic sensory neurons with CGRP. Alpha7B was expressed in both RT97 and
CGRP positive neurons (Fig. 6).

Since we measured outgrowth of just RT97 positive neurons, we quantified
the number of RT97/alpha7B positive neurons in control conditions and after
addition of growth factors (BDNF, GDNF, NGF, NT-3 and FGF-2) in both spinal cord
slices (at 4 days in vitro) and DRG explants (at 2 days in vitro). Only trophic factor
which significantly enhanced neuritogenesis were taken in consideration in this
study. For comparisons, the neuronal expression of integrin alpha7B values was
normalized as the percentage of RT97 positive neurons. The administration of
different trophic factors did not change the proportion of RT97 positive DRG
neurons expressing integrin alpha7B. Similarly, in regenerating motoneurons, the
expression or distribution of alpha7B integrin was not affected by the addition of
BDNF, GDNF, NGF and NT-3. In contrast, addition of FGF-2 led to a decrease in the
proportion of alpha7B positive neurons co-labeled with RT97 (Fig. 7).

Integrin expression in motoneurons treated with FGF-2

The slight but significant decrease in alpha7B integrin expression under
addition of FGF-2 compared with control cultures indicates that regenerating
motoneurons synthesize alpha7B integrin to elongate their neurites, but in the
presence of FGF-2 its expression is mostly found in neurites (Fig. 7). Quantification
by Western blot revealed a decrease, although not significant, of alpha7B integrin
(Fig. 7). Due to the lower expression at 4 days, we investigated if FGF-2 could
accelerate the peak of expression of this subunit. However, at 2 days in vitro its
expression was still very low (Fig. 7). We further studied if other integrin subunits

could be up-regulated after FGF-2 administration. We focused on the alpha5
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subunit (receptor for fibronectin), since a previous study (Tomatis et al, 1999)
revealed that it is up-regulated when alpha7 is down-regulated. Moreover, a
consistent migration of Thy1l/fibronectin positive cells was seen after FGF-2
administration (Fig. 7). In contrast to what was expected, alpha5 was not detected

in motoneurons, neither in the soma nor in neurites (Fig. 7).
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Figure 5. mRNA expression of alpha7B, alpha5 and alpha9 integrins at baseline
and at 3 and 8 days after axotomy (A, B, C). Both alpha7 (A) and alpha5 (B) mRNA
expression increase at 3 days, whereas mRNA levels of alpha9 (C) show a non
significant trend to decrease after injury. * indicates significant differences in
expression compared to baseline (p<0.05, t test). Immunohistochemistry
performed on spinal cord slices in vitro confirms alpha7B up-regulation in
motoneurons (D). Alpha7B in green, RT97 in red, DAPI in blue. Yellow color
indicates co-labeling for alpha7B and RT97. Bar = 100 um.

PSA-NCAM role in motoneuron regeneration and interaction with FGFR-1

Immunostaining of spinal cord slices revealed that NCAM is present in
motoneuron somata and neurites, and in Schwann cells, whereas its polysialylated
form is present only in neurites (Fig. 8). Neurites that expressed the heavy chain

neurofilament did not stain for PSA-NCAM, suggesting that this cell adhesion
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molecule is playing a role mainly at the front of regeneration and at early time
points. On the other hand, the heavy chain neurofilament positive neurites were
the ones that expressed the alpha7B integrin subunit in our model. Moreover, PSA-
NCAM was found mainly in regenerating neurites strictly related with the FGFR-1

expression in the adjacent Schwann cells accompanying these neurites (Fig. 8).

By Western blot we compared the levels of PSA-NCAM in control conditions
and after FGF-2 administration in spinal cord slices, and found a higher but not
significant expression of this cell adhesion molecule when FGF-2 was added in the

culture (Fig. 8).

Figure 6. Confocal image showing alpha7B expression in DRG neurons (A). The
integrin subunit was mainly found in large and medium DRG neurons (indicated by
arrows) at 2 DIV. RT97 in red, alpha7 in green and DAPI in blue. Laminin staining
reveals that the Schwann cells migrating from the DRG explants and the spinal
cord slices are the main supplier of this extracellular matrix molecule (B). Laminin
in green, RT97 in red, DAPI in blue. Bars = 100 um.

Inhibition assay results

Three different kinds of inhibitors were used to study the role of FGFR-1,
PSA-NCAM and integrin alpha7B in motor neurite outgrowth. EndoNeuraminidase,
an enzyme that degrades the terminal polysialic acid of PSA-NCAM, induced a
dramatic decrease of motor outgrowth, reducing neurite elongation by 75%
(89415 um compared to 312+70 um in controls, P<0.01). This inhibition was even
more marked, of 87%, after administration of FGF-2 (50 ng/ml) (Fig. 9). Moreover,
in the presence of EndoNeuraminidase, neurite growth cones showed an aberrant
button-like morphology, typically associated with growth cone elongation

inhibition (Fig. 9). Similarly, the other two inhibitors affected neurite elongation
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but not sprouting. Administration of PD 173074, a specific inhibitor of FGFR-1,
significantly decreased neurite elongation by 70% (96+12, P<0.05) when
compared to control conditions. Neurite outgrowth after addition of anti-alpha7B
antibody, that blocks alpha7B integrin, was decreased by 45% (172+33 um), and
the effect of this inhibitor was more marked if combined with FGF-2
administration, reducing outgrowth to 77%. When FGF-2 was added to the spinal
cord culture, we observed that the regenerating effect was inhibited when either of
the cell adhesion molecules, PSA-NCAM and alpha7B integrin, were inactivated,

thus suggesting that FGF-2 role is strongly dependent on CAMs.
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Figure 7. Quantification of integrin alpha7B expression in neurons. Neurons
positive for RT97 and alpha7B were counted, and the values were normalized as
the percentage of RT97 positive neurons. Among the different neurotrophic
factors, only FGF-2 modified the proportion of alpha7B positive neurons (**
p<0.005 vs. control) (A). Expression of alpha7B in spinal cord slices after 4 DIV
(indicated by the arrows) (B). The integrin subunit was detected only in neurites
co-stained for RT97 (C). No differences were found in DRG, where alpha7B was
present in large and medium neuronal populations (D). Western blot
quantification of alpha7B in spinal cord slices in control and FGF-2 conditions. A
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lower expression of alpha7B was found after FGF-2 administration (E). Bands at
70 and 30 kDa were found after reduction with beta-mercapto-ethanol (F). G,
Alpha7B expression at 2 DIV, alpha7B in green, RT97 in red and DAPI in blue. H,
immunohistochemestry for alpha5 integrin. No expression in motoneurons was
found even with the addition of FGF-2. Alpha5 in green, RT97 in red and DAPI in
blue. I, Confocal image of the ventral horn showing neurites elongation and Thy1
positive cell migration after FGF-2 administration. Thy1 in green, RT97 in red and
DAPI in blue. Bars = 100 um.

Discussion
Role of trophic factors in specific motor and sensory outgrowth

In this study, we first made a thorough screening of the effect of different
neurotrophic factors on motor and sensory neuritogenesis in vitro. By culturing
spinal cord slices and DRG explants under the same conditions (Allodi et al,
2011a), we could reliably compare the response of motor and sensory neurons to
the addition of neurotrophic factors. We could corroborate the effect of well
known neurotrophins on specific regeneration (NGF effect on sensory neurons,
BDNF effect on motoneurons), and found a new target for motoneuron

regeneration, FGF-2.

The specific effects of some trophic factors on motor or sensory
regeneration might be correlated with the different expression of these trophic
factors after injury by Schwann cells from motor and sensory nerves. GDNF, which
promotes both motor and sensory outgrowth in vitro at similar levels, was also
similarly up-regulated in ventral (motor) and dorsal (sensory) spinal roots. In
contrast, up-regulation of BDNF and FGF-2, that mainly promote motor outgrowth,
was higher in ventral than in dorsal roots. We also found a consistent increase of
the cytokines IL-6 and LIF in ventral roots compared to dorsal roots. Both
cytokines have been related to FGF-2 function (Grothe et al, 2000; Tham et al,
1997). Indeed, IL-6 and LIF were up-regulated at different time points, suggesting
complementary roles. However, as already described by Grothe et al (2000), IL-6

did not promote regeneration by itself.

In agreement with previous studies (Hoke et al,, 2006), our results indicate

that, after injury, Schwann cells formerly associated with motor or sensory axons
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have different phenotypes and express different trophic factors that would favor
specific regeneration. However, in the context of a mixed nerve and taking into
account that denervated Schwann cells switch to an immature state and lose their
mature phenotype (Hoke et al, 2006; Martini et al,, 1994), the different expression

of factors between motor and sensory Schwann cells may not guarantee specific

regeneration.
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Figure 8. FGFR-1 is mainly found in Schwann cells supporting neurite elongation
(A), while PSA-NCAM is expressed only in motoneuron neurites (B). C, co-staining
for PSA-NCAM and FGFR-1. D, PSA-NCAM quantification by Western blot in control
and FGF-2 enriched cultures (E). Bands from 150 to 300 kDa were analysed (F).
The increase of the cell adhesion molecule is consistent but not significant. G,
Neurites stained for PSA-NCAM do not co-localize with neurofilament 200 positive
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ones. Image H shows in detail the differences in expression. PSA-NCAM in red,
NF200 in green. Bars = 100 um.

Integrin expression after injury and their role in neuritogenesis

Integrins are glycosylated heterodimers formed by a and § subunits, which
are mainly implicated in focal adhesion and focal complexes formations. These
CAMs are known to form complexes with receptor protein tyrosine kinases
(RPTKs) (Giancotti and Ruoslahti, 1999; Yamada and Even-Ram, 2002). For
instance, integrins can modulate the transmission of signals from growth factor
receptors (Schwartz and Ginsberg, 2002). The 1 integrin family members have
been shown to be important for neurite outgrowth in vitro (Condic and
Letourneau, 1997). Among the alpha subunits, integrins alpha7 and alpha5 seem to
play also an important role during nerve regeneration (Werner et al, 2000;
Gardiner et al, 2005, Gardiner et al, 2007). In this study, we focused on the
alpha7B isoform that is the splicing variant present in the nervous and muscular
systems (Velling et al, 1996; Barczyk et al, 2010). The alpha7B integrin was found
to be up-regulated in regenerating motor and sensory neurons. Although this
subunit is not expressed in all the sensory neurons (Leclere et al,, 2007), we found
its expression in a large population of CGRP and neurofilament 200 positive
neurons and in their neurites, both in control cultures and after trophic factor
administration. On the other hand, all the regenerating motoneurons, labeled with
phosphorylated neurofilament (RT97), expressed the alpha7B isoform. None of the
trophic factors added, with the only exception of FGF-2, changed the proportion of

RT97+ neurons expressing this integrin.

Effects of FGF-2 in motor neurite outgrowth

When focusing on the trophic factors that selectively promote motor
regeneration, FGF-2 seems the most promising, showing the highest increases on

neurite elongation and arborization of motoneurons. FGF-2 is known to play an
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Figure 9. Role of alpha7B integrin,
PSA-NCAM and FGFR-1 in the
neurotrophic effects of FGF-2. A,
Motoneuron outgrowth after
degrading the polysialylated form of
PSA-NCAM by EndoNeuraminidase.
Neurite sprouting was not affected by
the enzyme, but the elongation was
impaired and the front of
regeneration showed an aberrant
button-like morphology (indicated by
the arrows). Bar = 100 um. B,
Histogram showing the effects of
alpha7B integrin blockade,
EndoNeuraminidase administration
and inhibition of FGFR-1 by PD
173074 on motoneuron elongation
when FGF-2 was added into the
matrix. C, Graph showing the role of
the same inhibitors in control spinal
cord organotypic cultures (* p<0,05).

important role during motoneuron development (Liu et al, 2001) and also after

peripheral nerve injury (Haastert et al, 2006). The work of Haarsten et al (2006)

suggested that the low molecular form of FGF-2 could promote motor

regeneration, whereas the higher molecular form would contribute in sensory

regeneration. However, this study did not focus on the possible mechanism of
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action of the two forms on specific regeneration. Therefore, we wanted to further
elucidate how FGF-2 enhances so markedly neurite outgrowth of motoneurons in

vitro.

Interestingly and in contrast to the other trophic factors, FGF-2
administration decreased the expression of alpha7B integrin, investigated by
immunohistochemistry and by Western blot. To discard that FGF-2 was
accelerating alpha7B expression at early time points, we also evaluated the
expression of this subunit at 2 days and found a low expression level. Nevertheless,
FGF-2 could be affecting other integrin subunits. Since after FGF-2 administration
we observed increased migration of Thy-1/fibronectin positive cells from the
spinal cord slices into the matrix, we assessed the levels of alpha5 integrin. Alpha5
is also known to play an important role during neuronal regeneration (Gardiner et
al, 2007), and preferentially binds to fibronectin, whereas alpha7 is a specific
receptor for laminin. Moreover, alpha5 subunit is known to undergo up-regulation
when alpha7 is down-regulated (Tomatis et al, 1999). However, no expression of
alpha5 was found in motoneurons at 4 days, while it was present in other kind of

cells, mainly Schwann cells and fibroblasts migrating into the matrix.

All these results and the presence of alpha7B integrin at the neurites
(mainly in those that express heavy chain neurofilaments) suggest a role of this
receptor during neurite elongation and stabilization. Moreover, when blocking
alpha7B in the cultures, the enhanced capacity of FGF-2 to promote motoneuron
elongation was reduced by about 80%. Therefore, integrin alpha7B functionality

seems necessary for the actions of FGF-2 on motor outgrowth.

In order to further investigate FGF-2 activity, we also looked at the
receptors through which it could be acting. In agreement with previous studies, we
found that FGFR-1 was neither up-regulated during regeneration (Grothe et al,
2006), nor increased by the addition of FGF-2. Since proliferating Schwann cells
did not show FGFR-1 immunostaining, it seems that FGFR-1 is not up-regulated in
Schwann cells reactive after nerve injury. Nevertheless, this receptor is needed for

FGF-2 effects, since its blockade also decreases neurite outgrowth.
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[t is important to consider the interaction maintained between NCAM and
FGFR-1 during neuritogenesis (Niethammer et al, 2002) and after peripheral
nerve injury (Mehanna et al, 2009). Moreover, Franz et al (2005) showed that the
expression of the polysialylated form of NCAM in axons is needed to sustain
preferential motor regeneration. In agreement with this observation, we found
that PSA-NCAM was essential for motor outgrowth, both in control and in FGF-2
conditions. In fact, EndoNeuraminidase administration markedly reduced neurite
outgrowth in spinal cord slices. By Western blot, we observed a slight increase in
the expression of PSA-NCAM in the ventral spinal cords after FGF-2 treatment.
When studying its localization by immunohistochemistry, we could observe that it
was only expressed in neurites at early stages of elongation, whereas when
neurites became neurofilament 200 positive, they did not express PSA-NCAM
anymore. This fact suggests that PSA-NCAM would be important in early stages of
motoneuron regeneration. Moreover, PSA-NCAM positive neurites did not express
FGFR-1, but were intimately associated to Schwann cells expressing FGFR-1, which
were supporting their elongation. Thus, Schwann cells are the main suppliers of
FGFR-1 that allows the interaction with axonal PSA-NCAM and enhances
neuritogenesis. We hypothesize that FGF-2 administration probably exerts its
main effect by favoring PSA-NCAM and FGFR-1 interactions, enhancing in this way

early neurite elongation of motoneurons.

[t is important to keep in consideration that in an in vivo situation, when there is a
marked up-regulation of FGF-2 at the distal nerve stump, motoneurons will
already have an important source of this factor. Moreover, it has been already
shown that addition of FGF-2 in a tube repair model enhances motor regeneration
(Haastert et al, 2006). Thus, overexpression of FGF-2 in motor branches can
overcome the mild differences found for this neurotrophic factor between motor

and sensory branches and facilitate preferential motor regeneration.
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Table 1. Neurotrophic factors used for the in vitro screening of effects on motor

and sensory neurons outgrowth.

Neurotrophic Molecular Weight Provider ng/ml Reference
Factor
Human GDNF 15 kDa (two monomers) ~ Peprotech 10 Salie and Steeves, 2005
Human BDNF 27.0 kDa Peprotech 10 Salie and Steeves, 2005
Human NGF-0& 13.5 kDa (two Peprotech 10 Salie and Steeves, 2005
monomers)
Human PTN 15.3 kDa Sigma 100/20 Mietal, 2007
0
Human NT-3 13.6 kDa (two Peprotech 10 Salie and Steeves, 2005
monomers)
Human CNTF 22.7 kDa Peprotech 10 Salie and Steeves, 2005
Human IGF-1 7.6 kDa Peprotech 10 Salie and Steeves, 2005
Human b-FGF 17.2 kDa Peprotech 10/50 Klimaschewski et al., 2004
Human IL-6 26 kDa Peprotech 20 Caoetal, 2006



Table 2. List of primer sets used for real time PCR.

Gene

Name

NGF

NT-3

GDNF

BDNF

FGF-2

LIF

IL-6

Itga 5

Itga 7

Itga 9

GAPDH

Accession number Primer sequence 5’-3’

Forward: ACCTCTTCGGACACTCTGGA

XM_227525.5

Reverse: GTCCGTGGCTGTGGTCTTAT

Forward: GATCCAGGCGGATATCTTGA
NM_031073.2

Reverse: AGCGTCTCTGTTGCCGTAGT

Forward: CCAGAGAATTCCAGAGGGAAAGGT
NM_019139.1

Reverse: TCAGTTCCTCCTTGGTTTCGTAGC

Forward: ATCCCATGGGTTACACGAAGGAAG
NM_012513

Reverse: GTAAGGGCCCGAACATACGATTG

Forward: GGTCACGGAAATACTCCAGTTGGT
NM_019305.2

Reverse: AAACAGTATGGCCTTCTGTCCAGG

Forward: AAGTTGGTCGAGCTGTATCGGATG
NM_022196.2

Reverse: TTGAGTTTGATCTGGAGGCTCACG

Forward: ATCTGCCCTTCAGGAACAGCTATG
NM_012589.1

Reverse: ACTTGTGAAGTAGGGAAGGCAGTG

Forward: CCCTACCAAATCCTGCCTC

NM_001108118.1 Reverse: AGGATGGCGAGGATGATG

Forward: GCAGCAGTTCAAGGAGGAG

NM_030842.1 Reverse: TTGGGACAGGAGAAGTTAGG

Forward: TTTCTGCTGCTGGCTGTG

XM_002727107.1 Reverse: TCCCAAGCCTCTTCATTCTC

Forward: AATTCAACGGCACAGTCAAGGC
XM_573304.3

Reverse: TACTCAGCACCGGCCTCACC

116

Product

size

(bp)

168

182

124

98

98

113

110

122

166

107

116
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Abstract

FGF-2 is a trophic factor expressed by glial cells and different neuronal
populations. Interestingly, addition of FGF-2 to spinal cord and dorsal root ganglia
(DRG) explants increases specifically outgrowth of motor neurons but not of
sensory neurons. With the aim to further explore the potential capacity of FGF-2 to
selectiveley promote motor regeneration in vivo, we produced a lentiviral (LV)
vector to overexpress FGF-2. We verified the biological activity of the virus
infecting Schwann cells, fibroblasts and 293T cells. At 7 days post-infection, there
was an overexpression of this trophic factor in 293T cell cultures. In contrast,
when infecting Schwann cells, FGF-2 levels did not increase in the culture medium
but in the lysated cells, thus suggesting that FGF-2 was within the extracellular
matrix and not secreted into the medium. The increase in secretion was seen at 9
days after infection. Addition of cultured Schwann cells infected with FGF-2 into a
collagen matrix embedding spinal cords or DRG significantly increased motor
neurite growth but not sensory outgrowth when compared to co-cultures with LV-
GFP, thus demonstrating that the LV construct was as effective as direct addition of
the trophic factor to selectively promote motor neuron growth. By injecting the LV
construct direclty into the sciatic nerve in vivo, we corroborated the localization of
the secreted FGF-2 in the basal lamina of Schwann cells. Levels of FGF-2 from
homogenated sciatic nerves one week after injection of 1ul LV-FGF-2 were higher
than from nerves injected with vehicle or LV-GFP. Therefore, the LV vector can be
used in vivo to verify our in vitro results and further study the capacity of FGF-2 to

enhance motor nerve regeneration.

Key words:

FGF-2, Schwann cell, fibroblast, lentiviral vector, in vitro DRG explant and spinal

cord organotypic slices
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Introduction

After peripheral nerve injury, axotomized neurons are able to regenerate.
Denervated Schwann cells of the distal stump dedifferentiate, proliferate and
provide support to axonal regeneration, by secreting trophic factors and
expressing several cell adhesion molecules. Eventually, axons will be able to grow
into this permissive environment, find the peripheral target organs and
reinnervate them. Therefore, after complete nerve transection, reconnection of the
two nerve stumps is mandatory, so axons can regenerate through the scar tissue
to the distal stump. The use of an autograft to connect both stumps when direct
suture is not possible is the gold standard repair technique. However, even when
axons are able to reach the distal nerve stump, they can misroute and easily
reinnervate an incorrect target organ. In these cases, although regeneration may
be good, functional recovery is quite limited. Artificial nerve guides, although
widely used in experimental models, are still below the success of autografts.
Tubulization with guides containing different matrix and glial cells have been used
experimentally. The functionalization of this guides, by engineered glial cells to
overexpress trophic and tropic factors, may improve their permissive regenerative
capacities and more closely resemble the autograft. Schwann cells genetically
modified to secrete neurotrophic factors (Tannemaat et al, 2008) have been
proved to be a feasible tool to enhance peripheral nerve regeneration. In fact, gene
therapy is a useful tool to study the effect of certain therapeutic protein over-
expression. The use of viral vectors is a promising technique to engineer cells
(Mason et al, 2011). Previous problems due to vector-mediated immune
responses and neurotoxicity of the virus itself have been overcome with the
development of lentiviral (LV) vectors (Naldini et al, 1996), which are able to
infect dividing and non-dividing cells. On the other hand, the limitations of
functional recovery after nerve transection, due to axonal misrouting and non-
specific reinnervation, might be overcome by the overexpression of factors that
selectively enhance motor or sensory axons regeneration. In vitro studies
performed in our laboratory revealed an enhancing effect of fibroblast growth
factor 2 (FGF-2) (low molecular weight isoform - 18 kDa) on motor but not

sensory neuritogenesis. This trophic factor is secreted by fibroblasts and Schwann
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cells and it is known to be kept into the extracellular matrix, in contrast to other

neurotrophic factors (Ornitz and Itoh, 2001).

As described by an in vivo work of Haastert K et al in 2006, the low
molecular weight isoform of FGF-2 can be a promising trophic factor to enhance
motor axon regeneration. Thus, the aim of this study was to produce a LV vector
which allow the overexpression of FGF-2. In vitro characterization was assesed to
corroborate previous findings (Allodi et al, 2011b), in order to use this vector to
overexpress FGF-2 in an in vivo animal model of peripheral nerve injury and

repair.
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Figure 1. Confocal micrographs of cultured Schwann cell taken at 40x.
Immunostaining for FGF-2 in red and DAPI (nuclear marker) in blue reveals the
different expression of the trophic factor depending on the multiplicity of infection
(MOI) used to infect the cells in vitro. (A) MOI of 0, (B) MOI of 5, (C) MOI of 10, (D)
MOI of 20, (E) MOI of 50 and (F) MOI of 100. (G) and (H) show respectively
Western blots of lysated Schwann cells and 293T cells after 7 days in vitro. Bands
at 42 (actin) and 18 (FGF-2) kDa were detected. FGF-2 expression was found at
MOI of 50 and 100 in Schwann cells.

Material and Methods
LV vector production

The LV vector encoding FGF-2 (low molecular weight isoform - 18 kDa)
was produced using the pRRL-MCS vector containing the Woodchuck post-
transcriptional regulatory element (Brun et al,, 2003). The Nhel/Xmal FGF-2 cDNA
excised from pCI-bFGF (a generous gift of Prof. Claudia Groethe, University of
Hannover) was cloned into a Xbal/Mscl opened LV transfer vector. cDNA was
under the control of the human cytomegalovirus (CMV) promoter. The LV vector

was sequenced to verify the sequence and orientation of the insert.

Lentiviral vectors were generated as described previously (Naldini et al,
1996). pRRL-MCS encoding FGF-2 (20 pg), the VSV-G envelope protein vector
pMD.G.2 (7 ug) and the viral core-packaging construct pCMVdeltaR8.74 (13 pg)
were co-transfected in 293T cells with Isocove's Modified Dulbecco's Medium
(IMDM) containing 10% fetal calf serum (FCS), 100 U/ml penicillin/streptomycin
and 2 mM glutamine. The next day, medium was replaced and cells were incubated
for 24 h. Medium was harvested and spun at 176 xg. Supernatant was filtered
through a 0.22 um cellulose acetate filter and centrifuged at 80,000 xg for 2.5 h.
The supernatant was discarded and the pellet resuspended in 0.1 M sodium
phosphate buffer pH 7.4 in saline (PBS), aliquoted and stored at — 80 °C. The titer
of the LV vector stock was evaluated by infecting 293T cells upon serial dilution
and determining the number of transducing units per ml (TU/ml) by
immunocytochemistry. 293T cells were fixed with 4% paraformaldehyde in PBS
for 30 minutes and then incubated with primary antibody against FGF-2 (Upstate -

Millipore, 1:200) for 2h at room temperature. After washes, cells were incubated
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with rabbit anti-mouse HRP secondary antibody (Dako, 1:100) for one hour and
reaction was developed with the VIP kit (Vector Laboratories). The cell counting
gave a titer in the order of 10° TU/ml. For additional titering, viral vector stocks
were analyzed with p24 content (ng/ml) with an ELISA assay (ZeptoMetrix
Corporation, 0801111). The ratio between the TU/ml and p24 content of the LV-
FGF2 stock was used and the final titer was 2x10°.

Schwann cells culture

Dissociated Schwann cells were obtained from P21 rats, as described by
Verdu et al.,, 2000 (Verdu et al,, 2000). Sciatic nerves were dissociated and kept in
cold Gey’s balanced salt solution (Sigma) and cleaned from connective tissue.
Nerves were cut into small pieces and dissociated in 1 ml Ca* and Mg* free Hank’s
medium (Sigma) with 0,25% trypsin (Sigma), 1 mg/ml collagenase A (Sigma) and
1 mg/ml DNAse (Roche), followed by mechanical dissociation. Cells were than
centrifuged at 900 rpm for 7 minutes, resuspended and seeded onto poly-D-lysine
coated coverslips inserted into 24 well plates or into 12 well plates (Iwaki, Asahi
Technoglass, Chiba, Japan) and incubated in IMEM supplemeted with 10% FCS,
100 U/ml penicillin/streptomycin and 2 mM glutamine. The purity of the cultures
was of about 70% of Schwann cells, whereas the rest of the cells were mainly
fibroblasts. The next day, LV-FGF2 was added at a multiplicity of infection (MOI) of
0, 20, 50 and 100. Cells were kept at 37° C and 5% COZ2. Subsequently, cells were
fixed with 4% paraformaldehyde in PBS for 30 minutes and stained for FGF-2 as
described before. Images were taken with a confocal laser scanning microscope

(SP5, Leica).
LV-FGF2 expression in vitro

293T and Schwann cells were passaged to be 60-70% confluent the next
day, when were infected with LV-FGF2. The LV was added at different multiplicity
of infection - MOI (0, 5, 10, 20, 50 and 100). Medium was changed after 24 h. To
provide conditioned medium containing FGF-2 derived from LV vector, cells were
cultured for 7 days, and the medium collected at 2, 3, 5 and 7 days. Conditioned
medium was collected and frozen at -20° C for further assays. Then, it was

centrifuged to remove detached cells. After 7 days in vitro, cells were lysated into
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RIPA buffer (50 mM Tris-HCI pH 7.5, 1% Triton X-100, 0.5% sodium deoxycholate
(Sigma), 0.2% SDS, 100 mM NaCl, 1ImM EDTA) containing protease inhibitor
cocktail (10 ul/ml, Sigma), and the protein suspension obtained was included in
the analysis. Part of the proteic extract of medium and lysated cells was separated
on 10% SDS-PAGE gel and transferred to nitrocellulose membrane (Whatman,
Dassel, Germany). The membranes were then incubated for blocking with 25%
BSA (Sigma) in TBS plus 0.05% tween-20 (TBST) for 30 minutes and incubated
with primary antibodies anti FGF-2 and anti f-actin (1:10000, Sigma) at 4°C
overnight. After that, membranes were incubated with secondary antibodies
against mouse IgG (1:3000, BioRad) for one hour and the reaction was developed

by Immobilon reagent (Millipore) and analyzed with GeneSnap software.

A further assay was conducted on Schwann cells until day 15 post-infection.
Conditioned medium was collected at 3, 5, 7,9, 11, 13 and 15 days. The cells were
lysated as described previously and included into the proteic analysis. The
concentration of FGF-2 was measured using FGF-2 ELISA kit (R&D, DuoSet DY233)
according to the manufacturer's instructions. This kit detects both human

(endogenous) and rat (transgenic) FGF-2.
Spinal cord organotypic slices and DRG explants co-culture

Cultures of spinal cord slices and DRG explants were prepared as described
previously (Allodi et al. 2011a). Schwann cells were cultured for four days and
then transfected with FGF-2 or GFP expressing LV vector using a MOI of 50.
Medium was refreshed after one day and the cells kept under 37° C and 5% CO2
conditions for three more days. Then cells were trypsinized, centrifuged and re-
suspended in 1 ml of medium. Cells were counted with the help of a Neubauer
chamber and a number of 10x103 or 50x103 was kindly mixed with the collagen
solution. Spinal cord slices and DRG explants were placed within the collagen
matrix and kept in culture for 4 days. Pictures were taken with a confocal
microscope (SP5, Leica) and neurite elongation and arborization measured as

previously described (Allodi et al, 2011a).
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Quantification of LV-FGF2 expression in vivo

For in vivo quantification of LV-FGF2 expression, the LV construct was
injected in the sciatic nerves of rats and the transgene expression was analysed 1
week later. Two months old Sprague Dawley rats were anesthetized with 90
mg/kg ketamine - 10mg/kg xilacine. Sciatic nerves were exposed under a
dissection microscope and 1 ul of 2x10° TU of LV-FGF2 vector solution was
injected into the nerve using a glass capillary with an 80 um diameter tip attached
to a 10 wl Hamilton syringe. The same volume of saline was injected in the
contralateral side as sham condition. Fast green (Sigma) was previously added into
the solutions at a final concentration of 0.5% to visualize solution spread during
injection. The point of injection was marked with a stitch of 10-0 nylon suture. The

wound was sutured and disinfected.

Sciatic nerves of 5 animals were harvested at 1 week post-surgery, 1 cm
proximally from the microsuture. From the nerve that received saline solution, a
piece of 1 cm obtained 5 cm away from the injection site was used as a further
control condition. All the segments were snap frozen on dry-ice and stored at -80°
C. For FGF-2 quantification by ELISA, the frozen nerves were grounded with a
mortar on dry-ice and suspended in 250 ul of buffer containing 137 mM NaCl, 20
mM Tris/HCl pH 8.0, 10% glycerol, 0.1% Tween-20, 0.5 mM sodium
orthovanadate, 1% Nonidet P40 substitute and complete protease inhibitor
(Roche, Germany). Samples were then vortexed for 30 seconds, centrifuged and
the supernatant stored in 50 ul aliquots at -20° C. The concentration of FGF-2 was
measured with ELISA kit (R&D, DuoSet DY233) according to the manufacturer's
instruction and used to calculate total content in pg/cm nerve segment. The

detection limit was 1,5 ng/ml.
Immunohistochemestry

Two other rats were anesthetized, the sciatic nerves exposed and injection
of the LV-FGF2 or saline was performed as explained previously. One week later,
animals were deeply anesthetized with pentobarbital and perfused transcardially
with 4% paraformaldehyde in PBS. Ipsilateral and controlateral sciatic nerves

were carefully harvested and cryoprotected in 30% sucrose at 4°C. Nerves were
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cut in longitudinal sections of 15 wm thickness with a cryostat (Leica) and
collected onto gelatin-coated glass slides. Slices were incubated overnight with
primary antibody mouse anti FGF-2 (Upstate - Millipore, 1:200) and rabbit anti-
laminin (1:1000, AbSerotec), and after washes, with secondary antibody (FITC anti
rabbit, 1:200, Vector, and Cy3 anti mouse, 1:200, Jackson Laboratory).

Statistical analysis

Analysis for statistical differences was performed with Prism software. One
and two way ANOVA with Bonferroni posthoc test were used. A p value lower that

0.5 was considered significant.
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Figure 2. (A) Quantification of actin fold increase in lysated Schwann cells. The
same amount of cell lysated solution was added in all the Western blot conditions.
Actin increased depending on MOIs (in the x axis), thus indicating that cell
proliferation was dependent on the amount of viral particles per number of cells.
This effect was not observed in 293T cells. (B) Expression of FGF-2 quantified by
ELISA in lysated Schwann and 293T cells at 7 days post infection. The graph shows
that in 293T cells the plateau was reached with a MOI of 5 at 7 days. In Schwann
cells, the amount of FGF-2 increased at MOI of 20, but only with a MOI of 100 it
reached the same level observed in 293T cells. (C) Quantification of FGF-2 present
into the culture media by ELISA. A higher amount of FGF-2 is secreted by 293T
cells than by Schwann cells after 7 days post infection. Also in this case the
secretion depends on the MOIs. (D) Levels of FGF-2 reach 9 ng/ml at 9 days post
infection and remain unchanged until day 15 post infection.
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Results
Characterization of LV-FGFZ2 vector in vitro

By manual titering and p24 ELISA quantification we estimated that the titer
of the LV-FGF2 was 2x10%. We determined if cells infected by LV-FGF2 with
different MOIs were producing FGF-2 by immunohistochemestry, ELISA and
Western blot. Inmunohistochemical labeling showed that expression of FGF-2 in
Schwann cells and 293T cells depended on the different MOIs. There was increased
cell proliferation, morphological elongation and boundary formation in Schwann
cells infected with the FGF-2 lentiviral vector (Figure 1). By ELISA, in 293T cells
infected by LV-FGF-2, we observed a high secretion of FGF-2 in the medium at 7
days (Figure 2) already at low MOIs. In contrast, the secretion of FGF-2 by
Schwann cells was low and only significantly increased when using MOI of 100.
293T cells always secreted higher amount of FGF-2 than Schwann cells. On the
other hand, the concentration of FGF-2 present in the lysated cells at 7 days was
similar in both cells at MOI of 100. In Schwann cell cultures, FGF-2 levels reached a
peak of 9 ng/@l at 9 days that was maintained at 13 days and slightl reduced
therafter (Figure 2).

In vitro biological activity of LV-FGF2

The biological activity of LV-FGF2 transfected Schwann cells was analyzed
using a co-culture preparation. Schwann cells overexpressing FGF-2 were mixed in
the collagen matrix embedding spinal cord organotypic slices and DRG explants.
Schwann cells infected with LV-eGFP were used as control. We found that cells
overexpressing FGF-2 promoted neurite elongation and arborization of
motoneurons, whereas addition of the same cells did not have any significant effect
on DRG neuron outgrowth (Figure 3). When compared to e-GFP we observed that
FGF-2 overepression enahnced more than 40% (p<0.05) neurite elongation, while

arborization was increased more than 55% (p<0.5) (Figure 3).
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Figure 3. (A) Outgrowth of DRG neurons co-cultured with Schwann cells infected
by LV-eGFP. (B) Co-culture of DRG and Schwann cells infected by LV-FGF2. Both LV
vectors were used at a MOI of 50. RT97 (marker for phosphorylated heavy chain
neurofilament) in red. (C, D) Representative confocal images of motoneuron
outgrowth in co-culture with Schwann cells infected with LV-eGFP and LV-FGF2
respectively. Graphs indicate the quantification of neurite elongation and
arborization of sensory (E and F) and motor neurons (G and H). Motoneuron
outgrowth was significantly enhanced by LV-FGF2 infected Schwann cells,
compared to LV-eGFP (* p<0.05; ** p<0.01). In contrast, sensory outgrowth was
not affected by FGF-2 secretion.

Trangene expression in vivo

After injection of LV-FGF2 in the sciatic nerve, levels of FGF-2 were
determined by ELISA and compared with those found in intact and saline-injected
nerves. The amount of FGF-2 was significantly increased 7 days after the injection
(p<0.001), reaching a concentration of 15.4 + 2.5 ng per cm of nerve. At the same
time point, immunohistochemestry performed on longitudinal sections of the
nerve revealed high immunoreactivity for FGF-2 (Figure 4). Secreted FGF-2 co-
labeled with laminin, indicating its localization at the basal lamina of the Schwann

cells, in contact with the axons (Figure 4).

Discussion

In this study we characterized the biological activity of a LV vector for the

expression of FGF-2. In a previous in vitro study (Allodi et al, 2011b) we found that
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this factor has a promising effect on motoneuron neuritogenesis. Therefore, gene
therapy to induce FGF-2 over-expression at the injured nerve appears as a
potential tool to enhance motor regeneration after peripheral nerve lesions. Thus,
we decided to produce a lentiviral vector because LVs are known to transduce
Schwann cells and fibroblasts in the rat sciatic nerve with a high efficiency (Eggers

etal, 2008; Tannemaat et al.,, 2008).
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Figure 4. Laminin expression in the nerve after injection of saline (A) and LV-FGF2
(D) solutions. Immunolabeling for FGF-2 one week after infection (B and E)
showed higher FGF-2 immunoreactivity in the LV-FGF-2 (B) than in the LV-eGFP
infected nerves (E). C and F show mergeing of laminin and FGF-2 labeling.
Histogram in G shows quantification of FGF-2 in a control nerve and 7 days after
saline injection (sham) or LV-FGF-2 infection. (* p<0.05).
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The LV-FGF-2 construct was able to infect 293T cells and induced an
overexpression of this factor in the culture medium. However, since the final goal
of our study was to transfect Schwann cells, we also studied the effects of the
vector on these glial cells in vitro. We cultured dissociated cells from sciatic nerves,
thus obtaining a culture mainly composed of Schwann cells, with a low percentage
of fibroblasts. We chose a non-pure culture because it closely mimiks the in vivo
situation, as both kind of cells are present in the nerve and both may be infected by
the virus in case of direct application into the nerve. The LV vector infection
induced changes in Schwann cell proliferation and morphology. The amount of
FGF-2 expressed by these cells reached the plateau after 9 days and this level was
kept until day 15 post infection. However, levels of FGF-2 from lysated cells
increased already at 7 days in vitro, and were dependent on the number of viral
particles per cell. Interestingly, the levels of FGF-2 secreted to the medium was
very low in Schwann cells cultures compared to 293T cells. This low amount of
FGF-2 in the medium suggests that the secreted factors is kept at the basal lamina
of Schwann cells (Ornitz and Itoh, 2001). In fact, in vivo testing revealed co-labeling
of the secreted FGF-2 and laminin, the main component of the basal lamina (Figure
4). Since secretion of FGF-2 by Schwann cells has this peculiarity, it is important to
guarantee that the entrapment of the factor in the basal lamina is efficient to
sustain axonal growth. Previous studies in our laboratory have shown that the
presence of FGF-2 in a collagen matrix specifically enhances neurite outgrowth of
motor but not sensory neurons (Allodi et al, 2011b). Spinal cord organotypic
slices and DRG explants were co-cultured with Schwann cells infected with the LV-
FGF2. In this case we observed that the effect of FGF-2 produced by infected
Schwann cells produced the same results, i.e. promoted neuritogenesis in motor
neurons, that when the human recombinant protein was added to the culture. On

the other hand, FGF-2 had no significant effect on sensory neuron outgrowth.

To corroborate that LV-FGF2 was able to infect Schwann cells in an in vivo
model, we injected the solution containing the virus in adult rat sciatic nerves. The
expression of FGF-2 was significantly increased at 7 days post infection compared

to intact and vehicle injected nerves.
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All these studies indicate the possibility of using LV-FGF2 in peripheral
nerves after injury to promote motoneuron regeneration. In vivo studies are now
needed to corroborate the in vitro findings. It is important to note that the LV-FGF2
can be applied directly into an injured nerve or used to engineer isolated cells then
added in artificial nerve conduits (Rodriguez et al, 2000; Haastert-Talini et al,
2010, McGrath AM et al, 2012). In the last case, it will improve the capability to
sustain regeneration over long gaps. Interestingly, it can also be injected into
chronic denervated nerves, i.e. long after the injury was produced. In this case,
gene therapy may improve the regenerative capabilities of these nerves, usually
poor since Schwann cells decrease their trophic factors secretion after long
periods of denervation. In fact, chronic denervation often occurs after severe
injuries, and it is one of the main limitations of a succesful motor recovery (Gordon
T et al, 2011). Chronic denervation of the most distal branches is almost inevitable
in proximal injuries, as the regenerative front may need months to reach these
branches. Application of the LV vector into the distal motor branches could reduce
the effects of chronic denervation and also favour the attraction of motor axons

towards the right pathway.
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Abstract

In this work we compare the abilities of olfactory ensheathing cells (OEC)
and Schwann cells in sustaining in vitro motor and sensory neuritogenesis. Co-
cultures of these glial cells with DRG explants and spinal cord organotypic slices
were set up. Due to the maintained cytoarchitecture of the spinal cord in vitro,
astrocytes and endogenous Schwann cells were also present. For this reason, when
OEC were added into the spinal cord culture, we found cell clusters and
motoneuron outgrowth inhibition. On the other hand, OEC significantly increased
neurite outgrowth in DRGs, where astrocytes were absent. Previous studies
demonstrated that this mechanism is probably due to the FGFR1-FGF2-HSPG
complex. In fact high levels of HSPG were found into the boundary formations, and
this can explain the chemorepellent role of the cell cluster on neurite outgrowth.
Boundary formations in spinal cord and OEC co-culture were overcome by FGFR-1
blockage. After FGFR-1 inhibition motoneuron neuritogenesis was comparable to

controls.

Key words: Schwann cells, Olfactory Enshealting cells, DRG explant, spinal cord
organotypic slice, FGFR-1, HSPG
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Introduction

Peripheral axonal regeneration after an injury depends on the intrinsic
growth capability of the injured neuron, but also on the presence of proliferating
Schwann cells (SC) into the distal stump. SC of the injured nerve switch to a
proliferative state, and their trophic secretions and the molecules present on their
extracellular matrix (Navarro et al, 2003) facilitate injured axon regrowing. In
contrast, most of the glia present in the central nervous system does not show
supportive trophic and tropic capabilities after lesion. Among other factors, this
explains why regeneration is almost absent after central nervous injuries
(Huebner and Strittmatter, 2009). An exception is the spontaneous regeneration of
olfactory axons, mainly due to the special glia of this system, the olfactory
ensheathing glia (Doucette, 1984). In fact, olfactory ensheathing cells (OEC) and SC
are known to share genotypic and phenotypic properties (Pollock et al, 1999,
Ramon-Cueto and Valverde, 1995, Smith et al, 2001, Wewetzer et al, 2002).
Therefore, these two types of glial cells are promising candidates for cell therapy
after CNS and PNS injuries (for reviews see Radtke et al, 2011, Richter and
Roskams, 2008, Hernandez et al.,, 2011).

After peripheral nerve injuries, transplants of SC are useful to enhance the
poor capabilities of artificial nerve guides to sustain regeneration across long gaps
(Navarro et al, 2003). Transplants of OEC also enhance regeneration and
functional recovery after peripheral nerve transection (Verdu et al, 1999, You et
al, 2011, Guerout et al, 2011). However, the potential different capabilities of both
Schwann cells and olfactory glia to sustain motor and sensory outgrowth has not

been adressed in the literature.

Two main subtypes of SC are present in the peripheral nervous system;
myelinating ones and non-myelinating ones. Moreover, SC accompanying motor
and sensory axons show different phenotypes, and express different trophic
factors after injury (Hoke et al, 2006). However, these cells lose their specific
phenotype after denervation. On the other hand, OEC are normally associated to
unmyelinated sensory axons of the olfactory nerve. Therefore, it is of interest to

study if both types of glial cells can differentially sustain regeneration of different
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types of axons. Consequently, it is important to take into account how these cells
respond to the different environments when they are transplanted. For this
reason, we co-cultured SC and OEC with DRG explants and spinal cord slices
(Allodi et al, 2011a), with the aim of assessing the capacity of SC and OEC to
enhance neuritogenesis of sensory and motor neurons. We observed that OEC
were more effective than SC in sustaining sensory outgrowth in DRG explants. In
contrast, SC but not OECs were able to sustain motoneuron outgrowth. Moreover,
we demonstrated that the different ability of OEC to sustain regeneration on DRG
and spinal cord explants was due to the absence/presence of central glia

respectively.

Material and Methods
Schwann cells culture

SC were isolated from the sciatic nerves of P21 Sprague-Dawley rats, as
previously described (Verdu et al, 2000). Sciatic nerve segments were stored in
cold Gey’s balanced salt solution (Sigma) and cleaned from connective tissue.
Nerves were enzymatically dissociated in 1 ml Ca?* and Mg?* free Hank’s medium
(Sigma) with 0.25% trypsin (Sigma), 1mg/ml collagenase A (Sigma) and 1 mg/ml
DNAse (Roche), followed by mechanical dissociation. Samples were then
centrifuged at 900 rpm for 7 minutes. The cells were resuspended and seeded onto
poly-D-lysine coated Petri dishes (Iwaki, Asahi Technoglass, Chiba, Japan) and
incubated with 2 ml of DF-10S medium in 5% CO; at 372C. After 5 days, cells were
enzymatically detached with 0.25% trypsin (Sigma).

Olfactory Ensheating cell culture

OECs were obtained from primary cultures of olfactory bulbs from P21
Sprague-Dawley rats. The bulbs were aseptically removed and stored in Hank’s
balanced salt solution (HBBS) with calcium and magnesium at 4 2C. The meningeal
layer was stripped off with a fine forceps, and tissue was enzymatic and
mechanically dissociated. Cells were recovered by centrifugation in Dulbecco’s

minimum essential medium nutrient mixture F-12 Ham (DMEM) and seeded onto
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25 cm? flasks coated with poly-L-lisine and incubated in 5% CO; at 372C. Culture
medium was DMEM supplemented with 10% fetal calf serum. Cells were kept in
culture at least for 7 days. Then the cells were immunopurified by microbeads pre-
coated with anti-p75NGFR antibodies that recognize the OECs. Purity of both glial

cell cultures was at least 75%.

Cell purification and transfection with LV-eGFP

For immunopurification, cells were incubated with mouse monoclonal
primary antibody anti-nerve growth factor receptor (NGF-Receptor, p75, 1:1000,
Chemicon), and then with goat secondary antibody anti-mouse IgG conjugated
with microbeads (Miltenyi). Finally, labeled cells were separated in a MACS

column (Miltenyi) placed within a magnetic field.

Cells were transfected with a lentivirus-GFP vector. Lentiviral vectors were
added to the dish at a multiplicity of infection of 100 for 24 h. Transduced SC and
OEC were used when high levels of transgene expression were achieved.
Expression of the reporter gene GFP was directly visualized under an inverted
fluorescence microscope (Olympus IX71). An adequate amount of cell suspension
in DF10S medium was kindly mixed into a collagen solution to get a final
concentration of 10# glial cells in each volume of collagen matrix used to embed

spinal cord organotypic slices and DRG explants.

Fibroblasts culture

Fibroblasts were obtained from P21 Sprague-Dawley rat sciatic nerves.
Nerves were dissociated and kept in cold Gey’s balanced salt solution (Sigma).
Epineuria were taken with the help of microscissors and a fine forceps, and then
enzymatically dissociated in 1 ml Hank’s salt solution Ca2+ and Mg2+ free with the
addition of 0.25% Trypsin, 1mg/ml Collagenase A and 1 mg/ml of Dnase-l.
Enzymatic digestion was kept at 37°C for 1 h, mixing every 15 minutes. Then tissue
was mechanically dissociated with the help of a Pasteur pipette and 13 ml of
DF10S medium were added to stop the enzymatic reaction. After centrifugation at

900 rpm for 10 minutes, the pellet was resuspended in 1 ml DF10S medium and
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cells were counted in a Neubauer chamber. Cells were plated at a concentreation
between 350 and 500 cells/mm?2. Fibroblasts were cultured at 37°C and 5% CO2,

with changes of medium every 3 days.

Spinal cord slices and DRG explants cultures

Spinal cord slices and DRG explants of postnatal day 7 Sprague-Dawley rats
were cultured as detailed in a previous work (Allodi et al, 2011a). Briefly, lumbar
and high sacral spinal cord segments and low thoracic and lumbar DRG were
dissected and cleaned from blood and meningeal debris. A volume of 450 ml of
type I collagen solution (BD Biosciences) at a concentration of 3.4 mg/ml, was
mixed with 50 ml of 10X basal Eagle’s medium (Gibco) and 2 ml of 7.5% sodium
bicarbonate solution (Tucker et al, 1996). Single drops of 30 ml containing a cell
suspension were deposited on poly-D-lysine (PL, 1mg/ml, Sigma) coated
coverslips, which were placed in Petri dishes or 24-well multidishes (Iwaki, Asahi
Technoglass, Chiba, Japan) and kept in the incubator at 37°C and 5% CO: for two

hours to induce collagen gel formation.

Spinal cord slices and DRG explants were then transferred on the gelled
collagen droplets and covered by a second drop of 30 ml of the same collagen
solution. The embedded samples were placed again in the incubator for 45
minutes before adding Neurobasal medium (NB, Invitrogen), supplemented with
B27 (Invitrogen), glutamine and penicillin/streptomycin (Sigma). The medium
volume delivered into Petri dishes and wells was 1.5 ml and 0.5 ml respectively. In
co-culture assays both DRG explants and spinal cord slices were cultured for 4

days, to assure the same trophic and tropic support given by the cells.

FGFR-1 inhibition assay

PD 173074 (Parke Davis, Ann Arbor, MI, USA), a specific inhibitor of FGFR-1
(Mehanna et al, 2009) was used at a concentration of 500 nM. PD 173074 was
dissolved in DMSO and then diluted in 10X DMEM. The medium was gently mixed

with the collagen solution and the cell suspension. Droplets of matrix were added
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to coverslips coated with poly-D-lysine and let gelled as previously described.
Spinal cord and DRG were placed on the gelled droplets, covered with the same

solution and cultured for 4 days.

OEC conditioning medium assay

OEC conditioned medium was added into the collagen matrix solution and
in the culture medium as well. An amount of 10 ml was mixed with the collagen
solution, to allow direct contact with the tissue explants. Then, a further amount of
500 pl was added to the spinal cord organotypic slice medium, while 170 ul were

added to DRG explant medium.

Immunohistochemistry

Spinal cord cultures were fixed with 4% paraformaldehyde in phosphate
buffered saline (PBS) for 30 minutes, and DRG cultures for 15 minutes. Samples
were then incubated for 48 hours with primary antibodies: mouse RT97 (1:200,
Developmental Studies Hybridoma Bank), chicken anti-NF200 (1:1000, Millipore),
rabbit anti-GFP (1:200, Invitrogen), rabbit anti-GFAP (1:500, Dako), mouse anti-
GFAP (1:500, Sigma), rabbit anti heparan sulfate protoglycan (1:100, Acris) and
mouse anti nerve growth factor receptor (1:200, Millipore). After three hours
washing, the sections were incubated overnight with secondary antibodies Cy3
conjugated donkey anti-mouse (1:200, Jackson IR), Alexa 488 donkey anti-mouse
(1:200, Invitrogen), FITC conjugated goat anti-rabbit (1:200, Vector), Cy5 donkey
anti mouse (1:200, Jackson IR) or DyLight 405 donkey anti chicken (1:200, Jackson
IR). For biotin amplification, samples were incubated overnight with biotin anti-rat
antibody (1:200, Vector) and then, after washes, for two hours with Texas red
streptavidin (1:200, Vector). Samples were then mounted on slides with glycerol
supplemented with 10% Moviol and 0.6% DABCO. DAPI staining was used where
needed (1:1000, Sigma). Colocalization and qualitative analysis were done with 3D

images taken with a SP5 confocal microscope (Leica).
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Data analysis

Spinal cord and DRG cultures were stained with anti-neurofilament
antibody RT97 to label neurons and the growing neurites. Microphotographs for
quantitative analysis were taken at 20x with a digital camera (Olympus DP50)
attached to the microscope (Olympus BX51), acquired in Adobe Photoshop CS4 to
automatically photomerge them, and analyzed with the aid of Image] software

(NIH, available at http://rsb.info.nih.gov/ij/). The length of the longest neurite in

the cultures was measured for 20 samples per condition. For the arborization area,
the microphotographs were transformed to a gray scale, 8-bit image, and
quantification was assessed after defining a threshold for background correction

using Image] software.

Statistical analysis was performed using Prism 4 software. All results are
given as the meanzSEM. One-way ANOVA, with post-hoc Bonferroni method
(multiple comparisons versus control group), was used to statistically analyze
neurite outgrowth and branching pattern. A p value lower than 0.5 was considered

significant.

FGF-2 quantification by ELISA

Conditionated medium was collected from Schwann cells and OEC confluent
cultures just before using them for co-culture assay, and frozen at -20° C for
further investigation. The medium was thawed and centrifuged to revome
detached cells. The concentration of FGF-2 was measured with an ELISA kit (R&D,
DuoSet DY233) according to the manufacturer's instruction and used to calculate

total content in the medium. The detection limit was 1.5 ng/ml.

Results
Spinal cord co-culture

Fibroblasts were added into the collagen matrix as control condition, as

they were found to allow neurite outgrowth similar to the spontaneous outgrowth



143

in the collagen matrix alone (data not shown). SC enhanced significantly
motoneuron arborization compared to fibroblasts and OEC conditions, almost a
70% more than the control condition (Figure 1). On the other hand, an inhibitory
effect of OEC on motoneuron outgrowth was mainly seen on neurite elongation
(OEC 94.4+89.8 mm; SC 578.7+42.5 mm; fibroblasts 458.5+76.8 mm) (Figure 1).
By immunohistochemestry OEC stained by anti-GFP were found to form clusters in
the matrix, inhibiting the outgrowth of neurites, which followed the direction
towards the dorsal horn. This pattern differs from the normal motor neurite

outgrowth observed in control cultures and in the presence of SC (Figure 1).

MN Arborization

Fibroblasts Schwann cells OEG

MN Elongation

Fibroblasts Schwann cells OEG

Figure 1. Confocal pictures show motoneuron outgrowth when co-cultured with
10x103 Schwann cells (arrows indicate neurite elongation into the matrix) (A) or
Olfactory Ensheating cells (B). Cell clusters can be seen in OEC co-culture in front
of the ventral horn. Arrows indicate neurite elongation into the spinal cord slice,
avoiding contact with clusters (B). RT97 in red, GFP in green and DAPI in blue. Bar
=100 wm (A) and 200 um (B). Histograms show motoneuron arborization (C) and
elongation (D) when co-cultured with the three different cell types. Fibroblasts are
used as control condition. (*p<0.05).
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DRG co-culture

Fibroblast co-culture was used also as control condition. Addition of SC to
the collagen matrix did not enhance significantly neurite outgrowth in DRG
explants (Figure 2); the average sensory neurite elongation was 1428+244 mm
and the arborization area 10422+2441 mm?2. On the other hand, OEC had a marked
effect on neurite elongation that reached 2250+267 mm, a 2.5 fold increase
compared to the control condition (Figure 2).Immunohistochemical labeling
showed that the OEC had a different morphology when co-cultured with DRGs than
with spinal cord organotypic cultures (Figure 2). No boundary formations were

found in the DRG co-culture and the OEC morphology was more similar to the

Schwann cells (Figure 2).

DRG Arborization
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DRG Elongation
3000+

Fibroblasts Schwann cells OEG

Figure 2. Representative pictures of DRG neuron outgrowth when co-cultured
with SCs (A) and OECs (B). In both situations neurites grow into the matrix and no
cluster formations are present. RT97 in red, GFP in green and DAPI in blue. Bar =
100 um. Graphs indicate neurite arborization (C) and elongation (D) when
fibroblasts, SCs and OECs are added into the matrix. (*p<0.05).



145

HSPG interaction in OEC boundary formation

Immunostaining for GFAP in the co-cultures of spinal cord slice and OEC
demonstrate that astrocytes play a role in boundary formations. GFAP positive
cells and negative for GFP were found within the boundary formation (Figure 3),
where also SC were present. Moreover, the OEC that formed the boundaries had a
reactive morphology and were strongly immunostained by anti-HSPG antibody

(Figure 3).

Figure 3. (A) spinal cord organotypic slice co-cultured with 10x103 OECs. Arrows
indicate cluster formations. OEC were previously labeled with LV-GFP. Neurites
are not elongating into the collagen matrix. GFAP in red, GFP in green, NF200 in
blue. (B) rapresentative picture of a cell cluster. (C) staining for HSPG strongly
marks cells formating the cluster. (D) merge. GFP in green, HSPG in red. Bars = 100
um.

Conditioned medium assay

Conditioned media were collected from OEC and SC confluent cultures. The

amount of FGF-2 present in the medium was quantified by ELISA. No significant
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differences were found between both media, which contained an amount of FGF-2

around 50 pg/ml.

As Schwann cells are already present in both in vitro models, due to the root
remains present in the tissue explants, we only added the OEC conditioned
medium to the co-culture. In fact, previous studies in our laboratory demonstrated
that Schwann cells present in the tissue cultures migrated into the collagen matrix,
giving structural support to the neurites. The OEC conditioned medium did not
increase neurite outgrowth (data not shown), that followed the normal pattern

without boundary formations observed (Figure 4).

Figure 4. Spinal cord organotypic slices after 4 DIV cultured with the addition of
OEC conditioned medium into the collagen matrix and the culture medium. (A)
Arrows show neurites elongation into the matrix. Astrocytes and Schwann cells are
migrating into the collagen matrix, and no boundary formations are present. GFAP
in red, p75 in green, NF200 in blue. (B) Immunostaining for GFAP in green and
HSPG in red, low expresion of HSPG can be seen into the culture. Bar = 100 um.

FGFR-1 role in OEC boundary formation

To assess FGFR-1 role in OEC and astrocytes boundary formation in the
spinal cord culture model, we added PD 173074, a specific inhibitor of FGFR-1 to
the collagen matrix. When the inhibitor was applied, no boundary formations were
observed and the GFAP reactivity was reduced in the spinal cord. Interestingly,
motoneurons were able to extend neurites into the collagen matrix, with values of
elongation and arborization similar to the ones seen in control conditions (Figure

4).
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Figure 5. Motoneurons co-cultured with OEC after the addition of PD 173074, a
FGFR-1 specific inhibitor. No cluster formations are present (A). HSPG
immunoreactivity is reduced (B). GFAP in green, HSPG in red. (C) Merge, DAPI
neuronal marker in blue. (D) FGFR-1 reduced immunoreactivity after PD 173074
treatment. (E) Motoneuron neuritogenesis after PD 173074 addition in spinal cord
and OEC co-culture. After FGFR-1 inhibition, motor neurites are able to grow into
the matrix. (F) FGFR-1 inhibition is not affecting DRG neurite elongation. HSPG in
red, GFP in green and RT97 in purple. Bars = 100 um.

Discussion

SC and OEC are considered promising targets for cell transplant to repair
the injured central or peripheral nervous system, since they are able to support
axonal regeneration and neuronal survival, thanks to their ability to provide
trophic and tropic support to axotomized neurons (Wewetzer et al, 2002; Li et al,
2012). Both these regeneration-promoting glial cells share many phenotypical
characteristics but other remarkable differences. Their capabilities for the repair
of injuries in the central nervous system have been compared in studies focused on
spinal cord injuries (Lakatos et al, 2000; Garcia-Alias et al, 2004; Pearse et al,
2007), but little is known about their intrinsic differences for interaction with
axons in the peripheral nervous system. When comparing the effects of these two
types of glial cells on neurite outgrowth, we observed that OEC significantly

enhanced sensory outgrowth in DRG explants, whereas the effects of SC were less
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marked, thus suggesting that OEC might have a higher capability to sustain
regeneration of sensory axons. In contrast, when OEC were added into the collagen
matrix embedding spinal cord slices, the normal outgrowth of motor neurites
observed in control cultures was significantly reduced. Addition of SC, on the

contrary, greatly increased the elongation of motoneurons axons.

The differential effect of OEC to promote sensory but inhibit motor
outgrowth can be related to the type of explant used more than to the type of
axons. DRG contain the somas of primary sensory neurons and satellite cells, and
Schwann cells from dorsal roots. Satellite cells are considered SC-like, and thus,
peripheral glia. In contrast, in the spinal cord slices, besides some SC from the
ventral roots, motoneuron somas are accompanied with central glia: astrocytes,
microglia and oligodendrocytes. Therefore, in a co-culture of cells and spinal cord
slices we are not just evaluating the effects of the exogenous implanted cells on
neurite growth but also how these cells interact with the endogenous glia of the
central nervous system. This fact may largely explain why OEC do not have the
same trophic capabilities shown in DRG explants when added to the spinal cord
slices. In contrast, SC maintained the ability to sustain neurite elongation in spinal
cord slices. In fact, despite both glial cells share several properties, their behavior
diverges depending on the environment (Li et al, 2012). The differences seem
mainly due to extracellular matrix receptors and cell adhesion molecules that
allow their interactions with the microambiance. In vivo and in vitro studies
demonstrated that SC and OEC maintain different interactions with astrocytes

(Lakatos et al, 2000; Li et al, 2012; Santos-Silva et al, 2007).

When OEC are added to the culture, in presence of SC and astrocytes, they
appear to have a reactive response, that depends on the interaction of FGF-2 and
HSPG, acting through FGFR-1 (Santos-Silva et al, 2007). In our study we observed
that OEC also cluster in contact with astrocytes and SC, in contrast to the behavior
seen in DRG explants without astrocytes. In fact, motoneurons elongate their
neurites around the spinal cord and not into the collagen matrix, as normally
occurring (Allodi et al, 2011a), suggesting that the clustering of OEC constitute a
chemorepulsive barrier for axonal regeneration. We show that the clusters are

enriched in HSPG, well-know inhibitors of regeneration (Fernaud-Espinosa et al,
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1998). The boundary clustering and the inability of OEC to sustain motor
outgrowth is not related to secreted factors by the OECs themselves, since the
conditioned medium had no inhibitory effects on motoneuron outgrowth. This fact
suggests that clustering formation is due to the interaction between OEC, SC and
central glial cells. In fact, blockade of FGFR-1, reduces the formation of these
clusters, and allows motoneuron neurite growth into the matrix. These results are
in agreement with the findings of Santos-Silva et al (2007), who suggested that
FGFR-1 has an important role in OEC boundary formations in presence of Schwann

cells and astrocytes, influencing OEC migration in the central nervous system.

On the other hand, we observed that OEC enhanced the outgrowth of
sensory neurites from the DRG explants to a higher degree than SC. These
differences may suggest that these two glial populations may be good candidates

to improve regeneration of different types of nerve fibers.
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General Discussion
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Summary of this thesis

Peripheral nerve regeneration is a challenging field nowadays; several
studies revealed that the enhancement or the inhibition of certain cell pathways
can modulate the regenerative capabilities of neurons after injury (Udina et al,
2010; Christie et al, 2010). After axotomy, positive and negative signals coming
from the injury site turn neurons to a pro-regenerative state, activating the
regenerative machinery. Expression of regeneration associated genes produces
downstream changes affecting mainly cytoskeleton organization, small GTPases
activation, tyrosin kinase and cell adhesion molecule receptor recruitment at the
front of regeneration (van Kesteren et al, 2011). However, neuronal activation
needs to concert its activity with the extracellular environment in order to get a

positive regenerative outcome.

In fact, both chemoattractive and chemorepulsive molecules can be found at
the injury site, but, thanks to the degenerative response that occurs in the
peripheral nerve after lesion, the environment becomes permissive and favours
regeneration, in contrast to what happens in the CNS (Huebner and Strittmatter,
2009). Nevertheless, the outcome of peripheral nerve regeneration is far from
completely positive, as regenerating axons can undergo misrouting along the distal
nerve pathways and branching points, and therefore reinnervate mismatching

sensory and motor target organs.

Thus, the aim of this thesis was to study the specific effect of certain
trophic factors in enhancing motor or sensory regeneration, in order to
chemoattract axons and, maybe, guide them again to the appropriate type of end
organs. Due to the large amount of existing trophic factors, we decided first to
make a thourough screening assay of their effects in vitro. For this reason, we set
up an in vitro model that allowed the comparison of motor and sensory neuron
pattern of regeneration. DRG explants and spinal cord organotypic slices were
embedded in a 3D collagen matrix and cultured for a few days to look at the early
stages of axonal regeneration. DRG have been frequently used as a regenerative in
vitro model, both as explants and as dissociated cells, due to their capability of
elongating neurites in culture, also when the samples are obtained from postnatal

and adult animals (Owen and Egerton, 2012). On the other hand, postnatal
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motoneurons are more difficult to culture. Embryonic motoneurons are mainly
used for this aim, but their survival is strongly dependent on trophic support and
cAMP levels (Montoya-Gacharna et al, 2012). For this reason, we modified the
spinal cord organotypic culture to obtain an in vitro model allowing to study
neurite growth in postnatal motoneurons. The collagen matrix used represents a
permissive environment for both sensory and motor neurite growth, and it is easy
to manipulate by mixing trophic factors or inhibiting peptides during collagen gel
formation (Tucker et al, 1996). Moreover, we could demonstrate that their
addition into the matrix actually influenced neuronal regeneration in a

reproducible way.

In spite that spontaneous sprouting of motoneurons into the collagen
matrix occurred, we observed that not all the motoneurons present in the slices
presented the same intrinsic regenerative capability. In fact, two main
subpopulations were detected: one pro-regenerative and the other quiescent. The
pro-regenerative motoneurons expressed typical regenerative markers
(phosphorylated heavy chain neurofilament, GAP43, integrin alpha7), which were
not present in the other subpopulation. Nonetheless,cell death typical markers
were not found in the quiescent motoneurons, indicating a comparable survival of

both groups.

Several neurotrophic factors were tested in the in vitro models: NGF, BDNF,
NT-3, GDNF, CNTF, FGF-2, IGF-1, PTN and IL-6. Some of them were found to
enhance neurite outgrowth. We were able to corroborate the specific effect of NGF
on sensory neurons (Levi-Montalcini, 1987) and of BDNF on motoneurons.
Moreover, we showed non-specific but strong promotion of neuritogenesis exerted
by GDNF in both kind of neurons. On the other hand, we demonstrated the
selective effect of FGF-2 (low molecular weight isoform - 18 kDa) on motoneuron
regeneration, as already proposed by previous studies (Haastert et al, 2006).
mRNA analysis performed from motor and sensory nerve branches during
degeneration after injury showed that the trophic factors which were found to
promote regeneration in vitro were also upregulated after injury, with the only

exception of NGF, as already known in the literature (Gold, 1997).
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Then, we investigated the mechanisms through which FGF-2 was promoting
regeneration of motor axons. Its action was triggered by the interaction
maintained between its main receptor present into the nervous system (FGFR-1)
and PSA-NCAM, at least during the early stages of regeneration. Further assays
showed that its specific role is extremely dependent on cell adhesion molecules
interactions. In fact, when alpha7B integrin subunit was inhibited, the action of
FGF-2 was significantly decreased. This is probably due to the important role

maintained by alpha7B during neurite stabilization.

Because of the selective role of FGF-2 in promoting motoneuron
regeneration, we decided to produce a lentiviral vector to over-express this
trophic factor, which might be used also in vivo during long periods of time. A LV
vector was chosen as our target cells for infection were Schwann cells and
fibroblasts, and the LV vector is known to positively transduce both kind of cells in
the rat sciatic nerve with high efficiency (Eggers et al, 2008; Tannemaat et al,
2008). The in vitro and in vivo characterization of the LV-FGF2 demonstrated that
the virus was functional; in fact, by ELISA assay we found an increased amount of
the protein with respect to control and sham conditions. We tested the biological
activity of the FGF-2 produced by infected Schwann cells in our in vitro models,
and observed that it reproduced the positive results obtained with the human
recombinant protein on motoneuron neuritogenesis. The in vitro observations and
the increased FGF-2 amount found in vivo after the infection suggest that LV-FGF2
can be a promising tool to enhance FGF-2 expression in vivo, in order to promote

regeneration of motor axons after peripheral nerve injury.

A study of the specific effect of Schwann cells and olfactory ensheathing
cells on sensory and motor neuron regeneration was also included in the study.
The aim of this work was to find a target cell for specific regeneration, in order to
optimize cell transplantation after peripheral nerve injury. Nowadays, the
autologous graft is considered the best repair method after peripheral nerve
transection, when direct suture cannot be performed due to the long gap formed
by the lesion (Lundborg, 2000). The endoneurial environment created mainly by
Schwann cells and fibroblasts present in the graft allows nerve regeneration and

axonal pathfinding. Hovewer, artificial guides can mimic the autograft model and
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provides a suitable containement that can be filled by transplanted cells previously
engineered to over-express molecules able to enhance regeneration. For these
reasons, we compared two kind of cells (Schwann cells and OECs) in our in vitro
model, which are supposed to share several phenotypical and genotypical
characteristics (Pollock et al, 1999, Ramon-Cueto and Valverde, 1995, Smith et al,
2001, Wewetzer et al, 2002), and have been found to sustain peripheral nerve
regeneration (Verdu et al, 1999, Rodriguez et al, 2000, Udina et al, 2004, Radtke
et al, 2011). We observed that Schwann cell and OECs exerted differential effects
when co-cultured with DRG explants and spinal cord organotypic slices. Schwann
cells were found to significanlty improve motoneuron regeneration, whereas their
effect was not significant on sensory neuron outgrowth. On the other hand, DRG
neuritogenesis was enhanced by OECs. Surprisingly, OECs were found to play a
chemo-repellent role in co-cultures with spinal cord slices, probably due to the
maintained cytoarchitecture of the spinal cord. In fact, the presence of OECs,
astrocytes and Schwann cells in the same culture induced cell clustering in front of
the ventral horn, impeding neurite elongation. These boundary formations are
known to be dependent on the FGFR1-heparan sulfate protoglican-FGF2 complex
(Santos-Silvas et al, 2007). Therefore, the inhibition of FGFR-1 diminished such
cell boundary formations and restores normal motoneuron outgrowth into the
collagen matrix. These observations indicates how important are the
environmental conditions during regeneration, and how cell interactions can

revert a permessive substrate.

In chapters 2 and 4 we demonstrated how the same receptor, FGFR-1, can
promote or inhibit motoneuron regeneration, depending on the interactions
maintained with the surrounding environment, further indicating that the
regeneration outcome depends on how neurons, glia and the extracellular

environment interplay.

From a “specific regeneration” to a “topographic regeneration”

Unfortunately, not all the neurons have the same abilities of spontaneous

axonal regeneration. As we observed in our in vitro models, there are consistent
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differences in the intrinsic growth capability of neuronal populations. Thus, we are
able to differenciate three DRG sensory subpopulations and several motoneuron
pools, depending on their position into the spinal cord and likely the type of
muscle they innervate. Indeed this is not a novel observation; the fact that several
neuronal types differ in behavior during degeneration and regeneration is not new
(Navarro et al, 1994). Nowadays, it seems clear that further studies are needed in
order to understand which transcripition factor activation and their downstream
effectors can play a role in these processes. Genetical differences among the
subpopulations might exert a “switch” in some kind of neurons that are
intrinsically prepared to regenerate. The intrinsic growth capacity of neurons can
be manipulated using gene therapy techniques to silence or re-express target
genes inhibiting or playing an important role during regeneration, as demostrated

by several studies (Abe et al, 2010; Ma et al, 2011).

Studies coming from several areas of research underline differences in
genetic machinery, transcription factor activation and interaction with the
extracellular environment of motoneuron pools and their implication in
development (Dasen et al, 2008) and degeneration (Hendlund et al, 2010). The
same event was observed during regeneration both in motor (Franz et al, 2008)
and sensory (LeClere et al, 2007) neurons. Thus, accurate analyses of neuronal
phenotype and genotype should be done to further investigate how to promote
specific reinnervation, depending on the characteristics of neuronal

subpopulations.

“Topographic regeneration” should complement the expression of
“selective regeneration”, as the central aim of our investigations is to re-connect
proximal (neurons) and distal (end organs) targets, following a determined
topographic order that was created during development and disrupted after lesion
(Lago and Navarro, 2006; Badia et al, 2010). Actually, also during development,
one of the most critical aspects of the organization of the neuromuscular system is
the process through which motoneurons create connections with their muscle
targets (Dasen and Jessell, 2009). The Hox transcriptional regulatory network is
known to play a fundamental role in motoneuron specification and in topographic

connectivity (Dansen et al, 2005). Moreover, Hox (Hoxc9 and Hoxc10) gene
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expression in the lumbar ventral horn spinal cord was shown to be dependent on
FGF-2 gradients during development (Liu et al, 2001). For this reason, regarding
our findings of FGF-2 on motoneuron regeneration, it is important to remind that
lumbar and sacral segments of the spinal cord were used in the experimental
design; the same part of the spinal cord that is dependent on FGF-2 gradient for
topographic specification during development. In our opinion this is an example of
how regeneration can recapitulate developmental circumstances and use it to

favor its own positive outcome.

The three main players - where to act

When referring to “topographic regeneration and reinnervation”, we should
take into account that three main components are reciprocally interacting: the
neuronal subpopulation, the axon that re-create the connection and that is directly
in contact with the extracellular environment, and the target organ itself. In the
previous paragraph, the neuronal potential differences were considered, while

little was said about axon-environment interactions and the role of target organs.

The regenerative machinery triggers cytoskeletal re-organization and
causes neuronal sprouting, which lead to growth cone formation and axonal
elongation (Bradke et al, 2012). Growth cone formation requires elevated calcium
levels, transport of material at the front of regeneration and a complex re-
organization of the membrane and cell surface molecules (Bradke et al, 2012).
During its protrusion, the growth cone enters in direct contact with the
extracellular environment and turns in response to chemoattractive and
chemorepulsive cues (Lowery and Van Vactor, 2009). The main substrate for
regenerative axons is formed by proliferating Schwann cells, which are highly
dividing cells without a proper phenotype (Jessen and Mirsky 2002; Hoke 2006).
Trophic factor secretions and extracellular matrix molecule components present
on those cells can modulate growth cone response and facilitate nerve
regeneration (Jessen and Mirsky, 1999). For this reason, several studies have
attempted to get engineered Schwann cells in order to further sustain regeneration

(Haastert et al, 2006, Napoli et al, 2011), and improve axonal rewiring.
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On the other hand, the absence of the trophic support given by the target
organ is one of the main signals that triggers the regenerative machinery. The
interruption of retrograde transport from the periphery to the somas, switchs on
the neurons, whose axons will sprout and elongate in order to reach their previous
connections. However, after severe lesions, even if the regenerating axons
reinnervate target organs, these have usually undergone atrophy and are not able
to give trophic support as before the lesion (Gordon et al, 2011). Moreover,
several weeks after lesion, terminal Schwann cells present at the end organs do not
facilitate synaptogenesis anymore, as they undergo differentiation and, after a
certain time of denervation, start expressing some inhibiting extracellular matrix
molecules as Sema3A (Ma et al, 2011). All these events are strongly marked after
chronic denervation (Gordon et al, 2011). For all these reason, it is important to

promote faster nerve regeneration, to avoid distal atrophy (Ma et al, 2011).

New therapies - how to act

Several strategies have been set up and ameliorated in the last years to
overcome the limiting variables which affect peripheral nerve regeneration.
Among all these strategies we consider especially promising cell and gene
therapies. After peripheral nerve injury, it is not so important cell replacement but
structural and trophic support, to limit neuronal death and promote faster and
more accurate axonal regeneration (Radtke et al, 2011). For this reason, cell
therapy in the peripheral nervous system has mainly focused on three different
cell kinds: Schwann cells (Rodriguez et al, 2000), OECs (Verdu et al, 1999;
Guerout et al, 2011) and mesenchymal stem cells (McGrath et al, 2012). In fact, all
of them are known to support axonal regeneration both structurally and
trophically (Hernandez et al, 2011). As suggested previously, these cells can be
used to fill an artificial nerve guide and mimic the autograft situation (Rodriguez et
al, 2000; Udina et al, 2004). Despite autografts are still considered the gold
standard for nerve repair, a considerable amount of research has been conducted
to improve artificial nerve guides (Deumens et al, 2010). Moreover, these guides

give the opportunity of adding neurotrophic factors or transplanting cells
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previously engineered in vitro, in order to increase the focal presence of promising

factors to improve regeneration.

While cell therapy can suitably be applied at the injury site in case of nerve
injury, gene therapy treatments can be administrated to all the three main players
acting during nerve regeneration. Although gene therapy is still raising several
doubts related to safety issues (Manson et al,, 2011), it is a good strategy to study
the role of potentially interesting genes. Those genes can be cloned into different
types of vectors, which allow selective cell type transduction, showing the effect of
the target gene in an in vivo model. This represents a benefit that would be difficult
to achieve in the absence of this technique. In our study we used a lentiviral vector
because other kind of safer viruses, like the adeno-associated viral (AAV) vectors,
are less effective in infecting Schwann cells, even if recent studies have
demonstrated the contrary (Homs et al, 2011). Direct injection of the LV vector
into the nerve leads to a high expression of the target gene in Schwann cells and
fibroblasts (Tannemaat et al, 2007). Unfortunately, LV vectors might cause side
effects in transduced cells with the possibility of insertional mutagenesis
(Hargrove et al, 2008). On the other hand, AAV vectors are able to transduce
neurons (Mason et al, 2010) with a high efficency, and for this reason they can be
considered a promising tool to modify gene expression in sensory and motor

neurons.

Even when these two novel therapies are still presenting several limits and
give rise to ethical issues, we think these are extremelly challenging and their

application will improve over time.
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CONCLUSIONS

1. The in vitro models developed, based on organotypic spinal cord slices and DRG
explants from postnatal animals, permit a reliable comparison of motor and
sensory neurons regeneration. The easy manipulation of the
microenvironmental conditions allows to study the effects on neuritogenesis of
specific treatments, by either addition of diffusible molecules or introduction of

cells in the collagen matrix.

2. Invitro neuronal outgrowth is dependent on the trophic factor support. Specific
effects on sensory and motor regeneration were measured after trophic factor

addition to the collagen matrix.

a. On spinal cord cultures, addition of FGF-2, GDNF and BDNF to the
collagen matrix increased motor neurite length, whereas the maximal

effect on motor neurite branching was detected for FGF-2.

b. On DRG explants, administration of NGF and GDNF caused the highest
increase of neurite length, and significantly enhanced neurite branching

of Sensory neurons.

c. When comparing the differential effects of neurotrophic factors, we
found that NGF exclusively promoted growth of sensory neurites,
whereas FGF-2 and BDNF selectively enhanced motor neurite

outgrowth.

3. The neurotrophic factors that promoted enhancing neuritogenesis effects in
vitro were found to be up-regulated in motor or sensory nerve branches after

injury; the most relevant being:
a. The expression of NGF and NT-3 increased slightly in dorsal roots.
b. GDNF showed a significant up-regulation in dorsal and ventral roots.

c. BDNF and FGF-2 showed higher expression in ventral than in dorsal

roots.

4. FGF-2 (low molecular weight isoform - 18 kDa) selectively promotes
motoneuron regeneration in vitro, and its effects are triggered by FGFR-1/PSA-

NCAM interactions at least during early phases of regeneration, while alpha7B
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integrin subunit plays a key role during neurite stabilization. FGF-2 trophic

action seems to be dependent on cell adhesion molecule interaction.

Transfection by means of a Lentiviral vector over-expressing FGF-2 (18 kDa
isoform) leads to an increased amount of this trophic factor in vitro and in vivo.
Co-culture of Schwann cells infected with LV-FGF2 with DRG explants or spinal
cord organotypic slices mimics the effect previously observed with the
recombinant protein, with a selective enhancement of motoneuron

neuritogenesis.

Schwann cells and OECs promote axonal growth in our in vitro models, but with
a different outcome depending on the environmental conditions. Specific
effects were found in co-cultures with sensory and motor neurons, with an
inhibitory effect on motoneurons produced by OECs, due to the preserved
cytoarchitecture of the spinal cord slice. The presence of astrocytes, Schwann
cells and OECs leads to boundary formations which are chemorepulsive for

neurites and seem to be caused by interactions between FGFR-1 and HSPGs.



165

References



166



167

Abe N, Cavalli V. (2008) Nerve injury signaling. Curr Opin Neurobiol 18, 276-283.

Abe N, Borson SH, Gambello MJ], Wang F, Cavalli V. (2010) Mammalian target of
rapamycin (mTOR) activation increases axonal growth capacity of injured
peripheral nerves. ] Biol Chem 285, 28034-28043.

Acosta CG, Fabrega AR, Masco DH, Lopez HS. (2001) A sensory neuron
subpopulation with unique sequential survival dependence on nerve

growth factor and basic fibroblast growth factor during development. J
Neurosci 21: 8873-8885.

Adler R. (1993) Ciliary neurotrophic factor as an injury factor. Curr Op Neurobiol 3,
785-789.

Agthong S, Kaewsema A, Tanomsridejchai N, Chentanez V. (2006) Activation of
MAPK ERK in peripheral nerve after injury. BMC Neurosci 8, 45.

Airaksinen MS, Koltzenburg M, Lewin GR, Masu Y, Helbig C, Wolf E, Brem G, Toyka
KV, Thoenen H, Meyer M. (1996) Specific subtypes of cutaneous
mechanoreceptors require neurotrophin-3 following peripheral target
innervation. Neuron 16, 287-295.

Allodi I, Guzman-Lenis MS, Hernandez ], Navarro X, Udina E. (2011a) In vitro
comparison of motor and sensory neuron outgrowth in a 3D collagen
matrix. | Neurosci Methods 198, 53-61.

Allodi I, Casals- Diaz L, Mason M, van Kesteren R, Verhaagen J, Navarro X, Udina E.
(2011b) FGF-2 (low molecular isoform - 18 kDa) specifically promotes
neuritogenesis in motorneurons in vitro. Book of abstract SfN, 784.15.

Anderson RG, Jacobson, K. (2002) A role for lipid shells in targeting proteins to
caveolae, rafts, and other lipid domains. Science 296, 1821-1825.

Andrews MR, Czvitkovich S, Dassie E, Vogelaar CF, Faissnerm A, Blitsm B, Gage FH,
ffrench-Constant C, Fawcett JW (2009) a9 integrin promotes neurite outgrwth

on tenascin-C and enhances sensory axon regeneration. /| Neurosci 29, 5546-
5557.

Angst BD MC, Magee Al. (2001) The cadherin superfamily: diversity in form and
function. J Cell Sci 114, 629-641.

Apel PJ, Ma ], Callahan M, Northam CN, Alton TB, Sonntag WE, Li Z. (2010) Effect of
locally delivered IGF-1 on nerve regeneration during aging: an experimental
study in rats. Muscle Nerve 41, 335-341.

Averill S, McMahon SB, Clary DO, Reichardt LF, Priestley JV. (1995)
Immunocytochemical localization of trkA receptors in chemically identified
subgroups of adult rat sensory neurons. Eur | Neurosci 7, 1484-94.

Babington EJ, Vatanparast ], Verrall ], Blackshaw SE. (2005) Three-dimensional
culture of leech and snail ganglia for studies of neural repair. Invert
Neurosci 5,173-182.



168

Badia ], Pascual-Font A, Vivé M, Udina E, Navarro X. (2010) Topographical
distribution of motor fascicles in the sciatic-tibial nerve of the rat. Muscle
Nerve 42,192-201.

Bailey SB, Eichler M, Villadiego A, Rich KM. (1993) The influence of fibronectin and
laminin during Schwann cell migration and peripheral nerve regeneration
through silicone chambers. ] Neurocytol 22, 176-184.

Baloh RH, Tansey MG, Lampe PA, Fahrner TJ, Enomoto H, Simburger KS, Leitner
ML, Araki T, Johnson EM Jr, Milbrandt J. (1998) Artemin, a novel member of
the GDNF ligand family, supports peripheral and central neurons and
signals through the GFRalpha3-RET receptor complex. Neuron 21, 1291-
1302.

Barczyk M, Cerracedo S, Gullberg D. (2010) Integrins. Cell Tissue Res 339, 269-280.

Baron-Van Evercooren A, Gansmuller A, Gumpel M, Baumann N, Kleinman HK.
(1986) Schwann cell differentiation in vitro: extracellular matrix deposition
and interaction. Dev Neurosci 8, 182-196.

Bennett DL, Averill S, Clary DO, Priestley JV, McMahon SB. (1996a) Postnatal
changes in the expression of the trkA high-affinity NGF receptor in primary
sensory neurons. Eur J Neurosci 8, 2204-2208.

Bennett DL, Dmietrieva N, Priestley ]V, Clary D, McMahon SB. (1996b) trkA, CGRP
and IB4 expression in retrogradely labelled cutaneous and visceral primary
sensory neurones in the rat. Neurosci Lett 206, 33-36.

Bennett DL, Koltzenburg M, Priestley ]V, Shelton DL, McMahon SB. (1998)
Endogenous nerve growth factor regulates the sensitivity of nociceptors in
the adult rat. Eur ] Neurosci, 10: 1282-1291.

Bennett, DL, Boucher T], Armanini MP, Poulsen KT, Michael GJ, Priestley ]V, Phillips
HS, McMahon SB, Shelton DL. (2000) The glial cell line-derived
neurotrophic factor family receptor components are differentially regulated
within sensory neurons after nerve injury. /] Neurosci 20, 427-437.

Benowitz LI, Lewis ER. (1983) Increased transport of 44,000- to 49,000-dalton
acidic proteins during regeneration of the goldfish optic nerve: a two-
dimensional gel analysis. ] Neurosci 3,2153-2163.

Birchmeier C, Nave KA. (2008) Neuregulin-1, a key axonal signal that drives
Schwann cell growth and differentiation. Glia 56, 1491-1497.

Blondet B, Carpentier G, Lafdil F, Courty J. (2005) Pleiotrophin cellular localization

in nerve regeneration after peripheral nerve injury. /] Histochem Cytochem
53,971-977.

Blondet B, Carpentier G, Ferry A, Courty J. (2006) Exogenous pleiotrophin applied
to lesioned nerve impairs muscle reinnervation. Neurochem Res 31, 907-
913



169

Bodine-Fowler SC, Meyer R, Moskovitz A, Abrams R, Botte MJ. (1997) Inaccurate
projection of rat soleus motoneurons: a comparison of nerve repair
techniques. Muscle Nerve 20, 29-37.

Bonnici B, Kapfhammer JP. (2008) Spontaneous regeneration of intrinsic spinal
cord axons in a novel spinal cord slice culture model. Eur | Neurosci 27,
2483-2492.

Borke RC, Curtis M, Ginsberg C. (1993) Choline acetyltransferase and calcitonin
gene-related peptide immunoreactivity in motoneurons after different
types of nerve injury. Journal Neurocyt 22, 141-153.

Bouquet C, Nothias F. (2007) Molecular mechanisms of axonal growth. In Bagnard
D (ed): Axon growth and guidance. Adv Exp Med Biol 621, 1-16.

Boyd ]G, Gordon T. (2001) The neurotrophin receptors, trkB and p75, differentially
regulate motor axonal regeneration. / Neurobiol 49, 314-325.

Boyd, ]G, Gordon T. (2003) Glial cell line-derived neurotrophic factor and brain-
derived neurotrophic factor sustain the axonal regeneration of chronically
axotomized motoneurons in vivo. Exp Neurol 183, 610-619.

Bradke F, Fawcett JW, Spira ME. (2012) Assembly of a new growth cone after
axotomy: the precursor to axon regeneration. Nat Rev Neurosci 13, 183-193.

Bradley WG, Asbury A. (1970) Duration of synthesis phase in neurilemma cells in
mouse sciatic nerve regeneration. Exp Neurol 26, 275-282.

Braun S, Croizat B, Lagrange MC, Warter |JM, Poindron P. (1996) Neurotrophins
increase motoneurons ability to innervate skeletal muscle fibers in rat
spinal cord-human muscle cocultures. ] Neurol Sci 136, 17-23.

Braunewell KH, Martini R, LeBaron R, Kresse H, Faissner A, Schmitz B, Schachner
M. (1995) Up-regulation of a chondroitin sulphate epitope during
regeneration of mouse sciatic nerve: evidence that the immunoreactive
molecules are related to the chondroitin sulphate proteoglycans decorin
and versican. Eur ] Neurosci 7, 792-804.

Brun S, Faucon-Biguet N, Mallet ]. (2003) Optimization of transgene expression at
the posttranscriptional level in neural cells: implications for gene therapy.
Mol Ther 7,782-789.

Brunelli GA, Vigasio A, Brunelli GR. (1994) Different conduits in peripheral nerve
surgery. Microsurgery 15, 176-178.

Brushart TM. (1988) Preferential reinnervation of motor nerves by regenerating
motor axons. | Neurosci 8, 1026-1031.

Brushart TM. (1993) Motor axons preferentially reinnervate motor pathways. The
J Neurosci 13, 2730-2738.



170

Brushart TM, Gerber ], Kessens P, Chen YG, Royall RM. (1998) Contributions of
pathway and neuron to preferential motor reinnervation. /] Neurosci 18,
8674-8681.

Buj-Bello A, Buchman V, Horton A, Rosenthal A, Davies AM. (1995) GDNF is an age-
specific survival factor for sensory and autonomic neurons. Neuron 15, 821-
828.

Bunge MB, Williams AK, Wood PM. (1982) Neuron-Schwann cell interaction in
basal lamina formation. Dev Biol 92, 449-460.

Cafferty WB, Gardiner N, Gavazzi I, Powell ], McMahon SB, Heath JK, Munson ],
Cohen ], Thompson SW. (2001) Leukemia inhibitory factor determines the
growth status of injured adult sensory neurons. ] Neurosci 21, 7161-7170.

Cafferty WB, Gardiner NJ, Das P, Qiu ], McMahon SB, Thompson SW. (2004)
Conditioning injury-induced spinal axon regeneration fails in interleukin-6
knock-out mice. | Neurosci 24, 4432-4443.

Cai D, Qiu ], Cao Z, McAtee M, Bregman BS, Filbin MT. (2001) Neuronal cyclic AMP
controls the developmental loss in ability of axons to regenerate. ] Neurosci
21,4731-4739.

Caissie R, Gingras M, Champigny MF, Berthod F. (2006) In vivo enhancement of
sensory perception recovery in a tissue-engineered skin enriched with
laminin. Biomaterials 27, 2988-2993.

Cao JP, Yu JK, Li C, Sun Y, Yuan HH, Wang H], Gao DS. (2008) Integrin betal is
involved in the signaling of glial cell line-derived neurotrophic factor. J
Comp Neurol 509, 203-210.

Cao Z, Gao Y, Bryson ]B, Hou ], Chaudhry N, Siddig M, Martinez ], Spencer T, Carmel
], Hart RB, Filbin MT. (2006) The cytokine interleukine -6 is sufficient but not
necessary to mimic the peripheral condisioning lesion effect on axonal growth.
J Neurosci 26, 5565-5573.

Carbonetto S, Evans D, Cochard P. (1987) Nerve fiber growth in culture on tissue

substrata from central and peripheral nervous systems. /] Neurosci 7, 610-
620.

Caroni P, Grandes P. (1990) Nerve sprouting in innervated adult skeletal muscle
induced by exposure to elevated levels of insulin-like growth factors. J Cell
Biol 110,1307-1317.

Carroll SL, Miller ML, Frohnert PW, Kim SS, Corbett JA. (1997) Expression of
neuregulins and their putative receptors, ErbB2 and ErbB3, is induced
during Wallerian degeneration. ] Neurosci 17, 1642-1659.

Ceballos D, Navarro X, Dubey N, Wendelschafer-Crabb G, Kennedy WR, Tranquillo
RT (1999) Magnetically aligned collagen gel filling a collagen nerve guide
improves peripheral nerve regeneration. Exp Neurol 158, 290-300.



171

Chamberlain L], Yannas I, Hsu HP, Stritchartz G, Spector M. (1998) Collagen-GAG
substrate enhances the quality of nerve regeneration through collagen
tubes up to level of autograft. Exp Neurol 154, 315-329.

Chao CC, Ma YL, Chu KY, Lee EH. (2003) Integrin alphav and NCAM mediate the
effects of GDNF on DA neuron survival, outgrowth, DA turnover and motor
activity in rats. Neurobiol Aging 24, 105-116.

Chen L, Ko CP. (1994) Extension of synaptic extracellular matrix during nerve
terminal sprouting in living frog neuromuscular junctions. | Neurosci 14,
796-808.

Chen S, Velardez MO, Warot X, Yu ZX, Miller SJ, Cros D, Corfas G. (2006) Neuregulin
1-erbB signaling is necessary for normal myelination and sensory function.
J Neurosci 26, 3079-3086.

Chernousov MA, Carey D]. (2000) Schwann cell extracellular matrix molecules and
their receptors. Histol Histopathol 15, 593-601.

Christie K], Webber C, Martinez JA, Singh B, Zochodne DW. (2010) PTEN inhibition
to facilitate intrinsic regenerative outgrowth of adult peripheral axons. J
Neurosci 7,9306-9315.

Chu TH, Li S, Guo A, Wong WM, Yuan Q, Wu W. (2009) Implantation of
neurotrophic factor-treated sensory nerve graft enhances survival and
axonal regeneration of motoneurons after spinal root avulsion. |
Neuropathol Exp Neurol 68, 94-101.

Condic ML, Letourneau PC. (1997) Ligand-induced changes in integrin expression
regulate neuronal adhesion and neurite outgrowth. Nature 389, 852-856.

Condic M. (2001) Adult neuronal regeneration induced by transgenic integrin
expression. | Neurosci 21, 4782-4788.

Corfas G, Falls D, Fischbach GD. (1993) ARIA, a protein that stimulates
acetylcholine receptor synthesis, also induces tyrosine phosphorylation of a
185-kDa muscle transmembrane protein. Proc Natl Acad Sci U S A 90, 1624-
1628.

Costigan M, Befort K, Karchewski L, Griffin RS, D'Urso D, Allchorne A, Sitarski J,
Mannion JW, Pratt RE, Woolf CJ. (2002) Replicate high-density rat genome
oligonucleotide microarrays reveal hundreds of regulated genes in the
dorsal root ganglion after peripheral nerve injury. BMC Neurosci 3, 16.

Couet ], Sargiacomo M, Lisanti MP. (1997) Interaction of a receptor tyrosine kinase,
EGF-R, with caveolins. Caveolin binding negatively regulates tyrosine and
serine/threonine kinase activities. J Biol Chem 272, 30429-30438.

Crain SM, Peterson ER. (1967) Onset and development of functional interneuronal
connections in explants of rat spinal cord-ganglia during maturation in
culture. Brain Res 6, 750-762.



172

Curtis R, DiStefano P. (1994) Neurotropic factors, retrograde axonal transport and
cell signalling. Trends Cell Biol 4, 383-386.

Curtis R, Tonra ], Stark JL, Adryan KM, Park ]S, Cliffer KD, Lindsay RM, DiStefano
PS. (1998) Neuronal injury increases retrograde axonal transport of the
neurotrophins to spinal sensory neurons and motor neurons via multiple
receptor mechanisms. Mol Cell Neurosci 12, 105-118.

Dasen JS, Tice BC, Brenner-Morton S, Jessell TM. (2005) A Hox regulatory network
establishes motor neuron pool identity and targe-muscle connectivity. Cell
123,477-491.

Dasen JS, De Camilli A, Wang B, Tucker PW, Jessell TM. (2008) Hox repertoires for
motor neuron diversity and connectivity gated by a single accessory factor,
FoxP1. Cell 25, 304-316.

Dasen ]S, Jessell TM. (2009) Hox networks and the origins of motor neuron
diversity. Curr Top Dev Biol 88, 169-200.

Davis ]B, Stroobant P. (1990) Platelet-derived growth factors and fibroblast
growth factors are mitogens for rat Schwann cells. J Cell Biol 110, 1353-
1360.

Del Pozo MA, Kiosses WB, Alderson NB, Meller N, Hahn KM, Schwartz MA (2002)
Integrins regulate GTP-Rac localized effector interactions through
dissociation of Rho-GDI. Nat Cell Biol 4, 232-239.

Del Pozo MA, Alderson N, Kiosses WB, Chiang HH, Anderson RG, Schwartz MA.
(2004) Integrins regulate Rac targeting by internalization of membrane
domains. Science 303, 839-842.

Del Rio JA, Gonzalez-Billault C, Urefia JM, Jiménez EM, Barallobre MJ, Pascual M,
Pujadas L, Sim6 S, La Torre A, Wandosell F, Avila ], Soriano E. (2004)
MAP1B is required for Netrin 1 signaling in neuronal migration and axonal
guidance. Curr Biol 14, 840-850.

Delfs ], Friend ], Ishimoto S, Saroff D. (1989) Ventral and dorsal horn
acetylcholinesterase neurons are maintained in organotypic cultures of
postnatal rat spinal cord explants. Brain Res 488, 31-42.

Deumens R, Bozkurt A, Meek MF, Marcus MAE, Joosten EAJ, Weis ], Brook GS.
(2010) Repairing injured peripheral nerves: Bridging the gap. Progr
Neurobiol 92, 245-276.

Diamond ], Coughlin M, Macintyre L, Holmes M, Visheau B. (1987) Evidence that
endogenous beta nerve growth factor is responsible for the collateral
sprouting, but not the regeneration, of nociceptive axons in adult rats. Proc
Nat Acad Sci USA 84, 6596-6600.

Dickson B. (2002) Molecular mechanisms of axon guidance. Science 298, 1959-
1964.



173

Domeniconi M, Filbin MT. (2005) Overcoming inhibitors in myelin to promote
axonal regeneration. 233, 43-47.

Doucette JR. (1984) The glial cells in the nerve fiber layer of the rat olfactory bulb.
Anat Rac 210, 385-391.

Dubovy P. (2004) Schwann cells and endoneurial extracellular matrix molecules as
potential cues for sorting of regenerated axons: a review. Anat Sci Int 79,
198-208.

Dumoulin FL, Raivich G, Streit W], Kreutzberg GW. (1991) Differential Regulation
of Calcitonin Gene-related Peptide (CGRP) in Regenerating Rat Facial
Nucleus and Dorsal Root Ganglion. Eur ] Neurosci 3, 338-342.

Durbeej M. (2010) Laminins. Cell Tissue Res 339, 259-268.

Ebendal T, Tomac A, Hoffer BJ, Olson L. (1995) Glial cell line-derived neurotrophic
factor stimulates fiber formation and survival in cultured neurons from
peripheral autonomic ganglia. /] Neurosci Res 40, 276-284.

Ekstrom PA, Kerekes N, Hokfelt T. (2000) Leukemia inhibitory factor null mice:
unhampered in vitro outgrowth of sensory axons but reduced stimulatory
potential by nerve segments. Neurosci Lett 281, 107-110.

Eggers R, Hendriks WT, Tannemaat MR, van Heerikhuize JJ, Pool CW, Carlstedt TP,
Zaldumbide A, Hoeben RC, Boer GJ], Verhaagen J. (2008) Neuroregenerative
effects of lentiviral vector-mediated GDNF expression in reimplanted
ventral roots. Mol Cell Neurosci 39, 105-117.

Ekstrom PA, Mayer U, Panjwani A, Pountney D, Pizzey ], Tonge DA. (2003)
Involvement of alpha7betal integrin in the conditioning-lesion effect on
sensory axon regeneration. Mol Cell Neurosci 22, 383-395.

Emel E, Ergun SS, Kotan D, Gilirsoy EB, Parman Y, Zengin A, Nurten A. (2011)
Effects of insulin-like growth factor-I and platelet-rich plasma on sciatic
nerve crush injury in a rat model. ] Neurosurg 114, 522-528.

Eriksson NP, Aldskogius H, Grant G, Lindsay RM, Rivero-Melian C. (1997) Effects of
nerve growth factor, brain-derived neurotrophic factor and neurotrophin-3
on the laminar distribution of transganglionically transported
choleragenoid in the spinal cord dorsal horn following transection of the
sciatic nerve in the adult rat. Neuroscience 78, 863-872.

Ernfors P, Rosario CM, Merlio JP, Grant G, Aldskogius H, Persson H. (1993)
Expression of mRNAs for neurotrophin receptors in the dorsal root
ganglion and spinal cord during development and following peripheral or
central axotomy. Brain Res Mol Brain Res 17, 217-226.

Falls D. (2003) Neuregulins: functions, forms, and signaling strategies. Exp Cell Res
284, 14-30.



174

Ferguson TA, Muir D. (2000) MMP-2 and MMP-9 increase the neurite-promoting
potential of schwann cell basal laminae and are upregulated in degenerated
nerve. Mol Cell Neurosci 16, 157-167.

Fernaud-Espinosa I, Nieto-Sampedro M, Bovolenta P. (1998) A neurite outgrowth-
inhibitory proteoglycan expressed during development is similar to that
isolated from adult brain after isomorphic injury. ] Neurobiol 36,16-29.

Ferrari G, Anderson BL, Stephens RM, Kaplan DR, Greene LA. (1995) Prevention of
apoptotic neuronal death by GM1 ganglioside. Involvement of Trk
neurotrophin receptors. / Biol Chem 270, 3074-3080.

Filbin MT. (2003) Myelin-associated inhibitors of axonal regeneration in the adult
mammalian CNS. Nat Rev Neurosci 4, 703-713.

Fine EG, Decosterd I, Papaloizos M, Zurn AD, Aebischer P. (2002) GDNF and NGF
released by synthetic guidance channels support sciatic nerve regeneration
across a long gap. Eur ] Neurosci 15, 589-601.

Fox M. (2008) Novel roles for collagens in wiring the vertebrate nervous system.
Curr Opin Cell Biol 20, 508-513.

Ford-Perriss M, Abud H, Murphy M. (2001) Fibroblast growth factors in the
developing central nervous system. Clin Exp Pharmacol Physiol 28, 493-503.

Franz CK, Rutishauser U, Rafuse VF. (2005) Polysialylated Neural Cell Adhesion
Molecule Is Necessary for Selective Targeting of Regenerating Motor
Neurons. | Neurosci 25, 2081-2091.

Franz CK, Rutishauser U, Rafuse VF. (2008) Intrinsic neuronal properties control
selective targeting of regenerating motoneurons. Brain 131, 1492-1505.

Fricker FR, Lago N, Balarajah S, Tsantoulas C, Tanna S, Zhu N, Fageiry SK, Jenkins
M, Garratt AN, Birchmeier C, Bennett DL. (2011) Axonally derived
neuregulin-1 is required for remyelination and regeneration after nerve
injury in adulthood. ] Neurosci 31, 3225-3233.

Fried K, Sime W, Lillesaar C, Virtanen I, Tryggvasson K, Patarroyo M. (2005)
Laminins 2 (alphaZbetalgammal, Lm-211) and 8 (alpha4betalgammal,
Lm-411) are synthesized and secreted by tooth pulp fibroblasts and
differentially promote neurite outgrowth from trigeminal ganglion sensory
neurons. Exp Cell Res 307, 329-341.

Fu SY, Gordon T. (1995) Contributing factors to poor functional recovery after
delayed nerve repair: prolonged axotomy. /] Neurosci 15, 3876-3885.

Fujitani M, Kawai H, Proia RL, Kashiwagi A, Yasuda H, Yamashita T. (2005) Binding
of soluble myelin-associated glycoprotein to specific gangliosides induces
the association of p75NTR to lipid rafts and signal transduction. J
Neurochem 94, 15-21.



175

Fujitani M, Yamagishi S, Che YH, Hata K, Kubo T, Ino H, Tohyama M, Yamashita T.
(2004) P311 accelerates nerve regeneration of the axotomized facial nerve.
J Neurochem 91, 737-744.

Funahashi H, Takeyama H, Sawai H, Furuta A, Sato M, Okada Y, Hayakawa T,
Tanaka M, Manabe T. (2003) Alteration of integrin expression by glial cell
line-derived neurotrophic factor (GDNF) in human pancreatic cancer cells.
Pancreas 27, 190-196.

Funakoshi H, Frisen ], Barbany G, Timmusk T, Zachrisson O, Verge VM, Persson H.
(1993) Differential expression of mRNAs for neurotrophins and their
receptors after axotomy of the sciatic nerve. J Cell Biol 123, 455-465.

Gahwiler BH, Capogna M, Debanne D, McKinney RA, Thompson SM. (1997)
Organotypic slice cultures: a technique has come of age. Trends Neurosci 20,
471-7.

Garcia-Alias G, Lopez-Vales R, Fores ], Navarro X, Verdu E. (2004) Acute
transplantation of olfactory ensheathing cells of Schwann cells promotes
recovery after spinal cord injury in the rat. ] Neurosci Res 75, 632-641.

Gardiner NJ, Fernyhough P, Tomlinson DR, Mayer U, von der Mark H, Streuli CH.
(2005) a7 integrin mediates neurite outgrowth of distinct populations of adult
sensory neurons. Mol Cell Neurosci 28, 229-240.

Gardiner NJ, Moffatt S, Fernyhough P, Humphries M]J, Streuli CH, Tomlinson DR.
(2007) Preconditioning injury-induced neurite outgrowth of adult rat

sensory neurons on fibronectin is mediated by mobilisation of axonal
alpha5 integrin. Mol Cell Neurosci 35, 249-260.

Gavazzi 1. (2001) Semaphorin-neuropilin-1 interactions in plasticity and
regeneration of adult neurons. Cell Tissue Res 305, 275-284.

Giancotti FG, Ruoslahti E. (1999) Integrin signaling. Science 285, 1028-1032.

Giancotti FG, Tarone G. (2003) Integrin signaling and cell fate. Annu Rev Cell Dev
Biol 19, 173-206.

Giordano S, Sherman L, Lyman W, Morrison R. (1992) Multiple molecular weight
forms of basic fibroblast growth factor are developmentally regulated in the
central nervous system. Dev Biol 152, 293-303.

Glazner GW, Lupien S, Miller JA, Ishii DN (1993) Insulin-like growth factor II
increases the rate of sciatic nerve regeneration in rats. Neuroscience 54,
791-797.

Gloster A, Diamond J. (1992) Sympathetic nerves in adult rats regenerate normally
and restore pilomotor function during an anti-NGF treatment that prevents
their collateral sprouting. ] Comp Neurol 326, 363-374.

Gold B. (1997) Axonal regeneration of sensory nerves is delayed by continuous
intrathecal infusion of nerve growth factor. Neuroscience 76, 1153-1158.



176

Gordon MK, Hahn R. (2010) Collagens. Cell Tissue Res 339, 247-257.

Gordon T, Sulaiman O, Boyd ]JG. (2003) Experimental strategies to promote
functional reovery after peripheral nerve injuries. J Peripher Nerv Syst 8,
236-250.

Gordon T. (2009) The role of neurotrophic factors in nerve regeneration.
Neurosurg Focus 26, E3.

Gordon T. (2010) The physiology of neural injury and regeneration: The role of
neurotrophic factors. ] Commun Disord 43, 265-273.

Gordon T, Tyreman N, Raji MA. (2011) The basis for diminished functional
recovery after delayed peripheral nerve repair. /] Neurosci 31, 5325-5334.

Gordon-Weeks PR, Mansfield SG. (1992) Assembly of microtubules in growth
cones. The role of microtubule-associated proteins. In P.C. Letourneau, S.B.
Kater, and E.R. Macagno (eds): The nerve growth cone. New York: Raven
Press, 55-64.

Gorio A, Vergani L, Lesma E, Di Giulio AM. (1998) Neuroprotection,
neuroregeneration, and interaction with insulin-like growth factor-I: novel
non-anticoagulant action of glycosaminoglycans. /] Neurosci Res 51, 559-562.

Grabham PW, Goldberg D. (1997) Nerve growth factor stimulates the accumulation
of betal integrin at the tips of filipodia in the growth cones of sympathetic
neurons. | Neurosci 17, 5455-5465.

Gramsbergen A, [jkema-Paassen ], Meek MF. (2000) Sciatic nerve transection in the
adult rat: abnormal EMG patterns during locomotion by aberrant
innervation of hindleg muscles. Exp Neurol 161, 183-193.

Grimpe B, Pressman Y, Lupa MD, Horn KP, Bunge MB, Silver J. (2005) The role of
protoglycans in Schwann cell/astrocyte interactions and in regeneration
failure at PNS/CNS interfaces. Mol Cell Neurosci 28, 18-29.

Grothe C, Unsicker K. (1992) Basic fibroblast growth factor in the hypoglossal
system: specific retrograde transport, trophic, and lesion-related responses.
J Neurosci Res 32,317-328.

Grothe C, Meisinger C, Hertenstein A, Kurz H, Wewetzer K. (1997) Expression of
fibroblast growth factor-2 and fibroblast growth factor receptor 1
messenger RNAs in spinal ganglia and sciatic nerve: regulation after
peripheral nerve lesion. Neuroscience 76, 123-135.

Grothe C, Heese K, Meisinger C, Wewetzer K, Kunz D, Cattini P, Otten U. (2000)
Expression of interleukin-6 and its receptor in the sciatic nerve and
cultured Schwann cells: relation to 18-kD fibroblast growth factor-2. Brain
Res 885, 172-181.

Grothe C, Nikkhah G. (2001) The role of basic fibroblast growth factor in
peripheral nerve regeneration. Anat Embryol (Berl) 204, 171-177.



177

Grothe C, Haarsten K, Jungnickel J. (2006) Physiological function and putative
therapeutic impact of the FGF-2 system in peripheral nerve regeneration -
Lessons from in vivo studies in mice and rats. Brain Res Rev 51, 293-299.

Groves M], An SF, Giornetto B, Scaravilli F. (1999) Inhibition of sensory neuron
apoptosis and prevention of loss by NT-3 administration following
axotomy. Exp Neurol 155, 284-294.

Gu ZZ, Pan YC, Cui JK, Klebuc M], Shenaq S, Liu PK. (1997) Gene expression and
apoptosis in the spinal cord neurons after sciatic nerve injury. Neurochem
Int 30, 417-426.

Guan W, Puthenveedu M, Condic ML (2003) Sensory neuron subtypes have unique
substratum preference and receptor expression before target innervation. J
Neurosci 23,1781-1791.

Guerout N, Duclos C, Drouot L, Abramovici O, Bon-Mardion N, Lacoume Y, Jean L,
Boyer O, Marie JP. (2011) Transplantation of olfactory ensheathing cells
promotes axonal regeneration and functional recovery of peripheral nerve
lesion in rats. Muscle Nerve 43, 543-551.

Guirland C, Suzuki S, Kojima M, Lu B, Zheng ]JQ. (2004) Lipid rafts mediate
chemotropic guidance of nerve growth cones. Neuron 42, 51-62.

Guseva D, Angelov D, Irintchev A, Schachner M. (2009) Ablation of adhesion
molecule L1 in mice favours Schwann cell proliferation and functional
recovery after peripheral nerve injury. Brain 132, 2180-2195.

Guzman-Lenis MS, Navarro X, Casas C. (2009a) Drug screening of neuroprotective
agents on an organotypic-based model of spinal cord excitotoxic damage.
Restor Neurol Neurosci 27, 335-349.

Guzman-Lenis MS, Navarro X, Casas C. (2009b) Selective sigma receptor agonist 2-
(4morpholinethyl)1-phenylcyclohexanecarboxylate (PRE084) promotes
neuroprotection and neurite elongation through protein kinase C (PKC)
signaling on motoneurons. Neuroscience 162, 31-8.

Haastert K, Lipokatic E, Fischer M, Timmer M, Grothe C. (2006) Differentially
promoted peripheral nerve regeneration by grafted Schwann cells over-
expressing different FGF-2 isoforms. Neurobiol Dis 21, 138-153.

Haastert-Talini K, Schaper-Rinkel ], Schmitte R, Bastian R, Muhlenhoff M,
Schwarzer D, Draeger G, Su Y, Scheper T, Gerardy-Schahn R, Grothe C.
(2010) In vivo evaluation of polysialic acid as part of tissue-engeneered
nerve transplants. Tissue Eng Part 16, 3085-3098.

Hall S. (1986) Regeneration in cellular and acellular autografts in the peripheral
nervous system. Neuropathol Appl Neurobiol 12, 27-46.

Hallmann R, Horn N, Selg M, Wendler O, Pausch F, Sorokin LM. (2005) Expression
and function of laminins in the embryonic and mature vasculature. Physiol
Rev 85, 979-1000.



178

Hamel MG, Ajmo ], Leonardo CC, Zuo F, Sandy JD, Gottschall PE. (2008) Multimodal
signaling by the ADAMTSs (a disintegrin and metalloproteinase with

thrombospondin motifs) promotes neurite extension. Exp Neurol 210, 428-
440.

Hammarberg H, Risling M, Hokfelt T, Cullheim S, Piehl F. (1998) Expression of
insulin-like growth factors and corresponding binding proteins (IGFBP 1-6)

in rat spinal cord and peripheral nerve after axonal injuries. ] Comp Neurol
400,57-72.

Hanz S, Perlson E, Willis D, Zheng ]Q, Massarwa R, Huerta JJ, Koltzenburg M, Kohler
M, van-Minnen ], Twiss JL, Fainzilber M. (2003) Axoplasmic importins
enable retrograde injury signaling in lesioned nerve. Neuron 40, 1095-1104.

Hanz S, Fainzilber M. (2006) Retrograde signaling in injured nerve--the axon
reaction revisited. ] Neurochem 99, 13-19.

Hargrove PW, Kepes S, Hanawa H, Obenauer JC, Pei D, Cheng C, Gray JT, Neale G,
Persons DA. (2008) Globin lentiviral vector insertions can perturb the

expression of endogenous genes in beta-thalassemic hematopoietic cells.
Mol Ther 16,525-533.

Hausott B, Schlick B, Vallant N, Dorn R, Klimaschewski L. (2008) Promotion of
neurite outgrowth by fibroblast growth factor receptor 1 overexpression
and lysosomal inhibition of receptor degradation in pheochromocytoma
cells and adult sensory neurons. Neuroscience 153, 461-473.

Hay N, Sonenberg N. (2004) Upstream and downstream of mTOR. Genes Dev 18,
1926-1945.

Hedlund E, Karlsson M, Osborn T, Ludwig W, Isacson 0. (2010) Global gene
expression profiling of somatic motor neuron populations with different
vulnerability identify molecules and pathways of degeneration and
protection. Brain 133, 2313-2330.

Henderson CE, Camu W, Mettling C, Gouin A, Poulsen K, Karihaloo M, Rullamas J,
Evans T, McMahon SB, Armanini MP. (1993) Neurotrophins promote motor

neuron survival and are present in embryonic limb bud. Nature 363, 266-
270.

Henderson CE, Phillips HS, Pollock RA, Davies AM, Lemeulle C, Armanini M,
Simmons L, Moffet B, Vandlen RA, Simmons SL et al. (1994a) GDNF: a
potent survival factor for motoneurons present in peripheral nerve and
muscle. Science 266, 1062-1064.

Herdegen T, Kummer W, Fiallos CE, Leah ], Bravo R. (1991) Expression of c-jun, jun
b and jun d proteins in rat nervous system following transection of vagus
nerve and cervical sympathetic trunk. Neuroscience 45, 413-422.

Hernandez ], Torres-Espin A, Navarro X. (2011) Adult stem cell transplants for
spinal cord injury repair: current state in preclinical research. Curr Stem
Cell Res Ther 6, 273-287.



179

Higuchi H, Yamashita T, Yoshikawa H, Tohyama M. (2003) PKA phosphorylates the
p75 receptor and regulates its localization to lipid rafts. EMBO ] 22, 1790-
1800.

Hirota H, Kiyama H, Kishimoto T, Taga T. (1996) Accelerated Nerve Regeneration
in Mice by upregulated expression of interleukin (IL) 6 and IL-6 receptor
after trauma. ] Exp Med 183, 2627-2634.

Hoffman PN, Lasek R]. (1980) Axonal transport of the cytoskeleton in regenerating
motor neurons: constancy and change. Brain Res 202, 317-333.

Hoffman PN, Cleveland DW, Griffin JW, Landes PW, Cowan NJ, Price DL. (1987)
Neurofilament gene expression: a major determinant of axonal caliber. Proc
Nat Acad Sci USA 84, 3472-3476.

Hoffman PN, Cleveland DW. (1988) Neurofilament and tubulin expression
recapitulates the developmental program during axonal regeneration:
induction of a specific beta-tubulin isotype. Proc Nat Acad Sci USA 85, 4530-
4533.

Hoke A, Cheng C, Zochodne DW. (2000) Expression of glial cell line-derived
neurotrophic factor family of growth factors in peripheral nerve injury in
rats. Neuroreport 11, 1651-1654.

Hoke A, Sun HS, Gordon T, Zochodne DW. (2001) Do denervated peripheral nerve
trunks become ischemic? The impact of chronic denervation on vasa
nervorum. Exp Neurol 172, 398-406.

Hoke A, Gordon T, Zochodne DW, Sulaiman OAR. (2002) A decline in glial cell-line-
derived neurotrophic factor expression is associated with impaired

regeneration after long-term Schwann cell denervation. Exp Neurol 173, 77-
85.

Hoke A, Ho T, Crawford TO, LeBel C, Hilt D, Griffin JW. (2003) Glial cell line-derived
neurotrophic factor alters axon Schwann cell units and promotes
myelination in unmyelinated nerve fibers. ] Neurosci 23, 561-567.

Hoke A, Redett R, Hameed H, Jari R, Zhou C, Li ZB, Griffin JW, Brushart TM. (2006)
Schwann cells express motor and sensory phenotypes that regulate axon
regeneration. ] Neurosci 26,9646-9655.

Hokfelt T, Broberger C, Xu ZQ, Sergeyev V, Ubink R, Diez M. (2000) Neuropeptides-
-an overview. Neuropharmacology 39, 1337-1356.

Holmes WE, Siwkowski MX, Akita RW, Henzel W], Lee ], Park JW, Yansura D, Abadi
N, Raab H, Lewis GD, et al. (1992) Identification of heregulin, a specific
activator of p185erbB2. Science 256, 1205-1210.

Homs ], Ariza L, Pages G, Udina E, Navarro X, Chillén M, Bosch A. (2011) Schwann
cell targeting via intrasciatic injection of AAV8 as gene therapy strategy for
peripheral nerve regeneration. Gene Ther 18, 622-630.



180

Honig MG, Frase PA, Camilli S]. (1998) The spatial relationship among cutaneous,
muscle sensory and motoneuron axons during development of the chick
hindlimb. Development 125, 995-1004.

Horch KW, Lisney S. (1981) On the number and nature of regenerating myelinated
axons after lesions of cutaneous nerves in the cat. J Phyiol 313, 275-286.

Hory-Lee F, Russell M, Lindsay RM, Frank E. (1993) Neurotrophin 3 supports the
survival of developing muscle sensory neurons in culture. Proc Natl Acad Sci
USA90,2613-2617.

Hu Y, Leaver SG, Plant GW, Hendriks WT, Niclou SP, Verhaagen |, Harvey AR, Cui Q.
(2005) Lentiviral mediated transfer of CNTF to Schwann cells within
reconstructed peripheral nerve grafts enhances adult retinal ganglion cell
survival and axonal regeneration. Mol Ther 11,906-915.

Huang CS, Zhou ], Feng AK, Lynch CC, Klumperman ], DeArmond S], Mobley WC.
(1999) Nerve growth factor signaling in caveolae-like domains at the
plasma membrane. ] Biol Chem 274, 36707-36714.

Huber AB, Kolodkin AL, Ginty DD, Cloutier JF. (2003) Signaling at the growth cone:
ligand-receptor complexes and the control of axon growth and guidance.
Annu Rev Neurosci 26,509-563.

Huber K, Meisinger C, Grothe C. (1997) Expression of fibroblast growth factor-2 in
hypoglossal motoneurons is stimulated by peripheral nerve injury. ] Comp
Neurol 382, 189-198.

Huebner EA, Strittmatter SM. (2009) Axon regeneration in the peripheral and
central nervous system. Results Probl Cell Differ 48, 339-351.

Hynes R. (2002) Integrins: bidirectional, allosteric signaling machines. Cell 110,
673-687.

Ichikawa N, Iwabuchi K, Kurihara H, Ishii K, Kobayashi T, Sasaki T, Hattori N,
Mizuno Y, Hozumi K, Yamada Y, Arikawa-Hirasawa E. (2009) Binding of
laminin-1 to monosialoganglioside GM1 in lipid rafts is crucial for neurite
outgrowth. J Cell Sci 122, 289-299.

Ide C. (1996) Peripheral nerve regeneration. Neurosci Res 25, 101-121.

Ip NY, Nye SH, Boulton TG, Davis S, Taga T, Li Y, Birren SJ, Yasukawa K, Kishimoto
T, Anderson DJ, et al (1992) CNTF and LIF act on neuronal cells via shared
signaling pathways that involve the IL-6 signal transducing receptor
component gp130. Cell 69, 1121-1132.

Jander S, Bussini S, Neuen-Jacob E, Bosse F, Menge T, Miiller HW, Stoll G. (2002)
Osteopontin: a novel axon-regulated Schwann cell gene. | Neurosci Res 67,
156-166.

Jankowski MP, Mcllwrath SL, Jing X, Cornuet PK, Salerno KM, Koerber HR, Albers
KM. (2009) Sox11 transcription factor modulates peripheral nerve
regeneration in adult mice. Brain Res 1256, 43-54.



181

Jenq CB, Coggeshall RE. (1985) Numbers of regenerating axons in parent and
tributary peripheral nerves in the rat. Brain Res 326, 27-40.

Jessen KR, Mirsky R. (1999) Schwann cells and their precursors emerge as major
regulators of nerve development. Trends Neurosci 22, 402-10.

Jessen KR, Mirsky R. (2008) Negative regulation of myelination: relevance for
development, injury, and demyelinating disease. Glia 56, 1552-1565.

Jessen U, Novitskaya V, Pedersen N, Serup P, Berezin V, Bock E. (2001) The
transcription factors CREB and c-Fos play key roles in NCAM-mediated
neuritogenesis in PC12-E2 cells. ] Neurochem 79, 1149-1160.

Juliano R. (2002) Signal transduction by cell adhesion receptors and the
cytoskeleton: functions of integrins, cadherins, selectins, and
immunoglobulin-superfamily members. Annu Rev Pharmacol Toxicol 42,
283-323.

Jungnickel ], Haaster K, Grzybek M, Thau N, Lipokatic-Takacs E, Ratzka A, Nolle A,
Claus P, Grothe C. (2010) Mice lacking basic fibroblast growth factor
showed faster sensory recovery. Exp Neurol 223, 166-172.

Jungnickel ], Haaster K, Konitzer J, Timmer M, Grothe C. (2006) Faster nerve
regeneration after sciatic nerve injury in mice over-expressing basic
fibroblast growth factor. /] Neurobiol 66, 940-948.

Kalous A, Keast JR. (2010) Conditioning lesions enhance growth state only in
sensory neurons lacking calcitonin gene-related peptide and isolectin B4-
binding. Neuroscience 166, 107-21.

Kanje M, Skottner A, Sjéberg ], Lundborg G (1989) Insulin-like growth factor I (IGF-
[) stimulates regeneration of the rat sciatic nerve. Brain Res 486, 396-398.

Kashiba H, Senba E. (1999) Up- and down-regulation of BDNF mRNA in distinct
subgroups of rat sensory neurons after axotomy. Neuroreport 10, 3561-
3565.

Kimpinski K, Mearow K. (2001) Neurite growth promotion by nerve growth factor
and insulin-like growth factor-1 in cultured adult sensory neurons: role of
phosphoinositide 3-kinase and mitogen activated protein kinase. ] Neurosci
Res 63, 486-499.

Kirsch M, Terheggen U, Hofmann HD. (2003) Ciliary neurotrophic factor is an early
lesion-induced retrograde signal for axotomized facial motoneurons. Mol
Cell Neurosci 24, 130-138.

Klein R, Parada LF, Coulier F, Barbacid M. (1989) trkB, a novel tyrosine protein
kinase receptor expressed during mouse neural development. EMBO ] 8,
3701-37009.

Klimaschewski L, Nindl W, Feurle ], Kavakebi P, Kostron H. (2004) Basic fibroblast
growth factor isoforms promote axonal elongation and branching of adult
sensory neurons in vitro. Neuroscience 126, 347-353.



182

Kloss CU, Werner A, Klein MA, Shen ], Menuz K, Probst ]JC, Kreutzberg GW, Raivich
G. (1999) Integrin family of cell adhesion molecules in the injured brain:
regulation and cellular localization in the normal and regenerating mouse
facial motor nucleus. ] Comp Neurol 411, 162-178.

Kobayashi NR, Bedard AM, Hincke MT, Tetzlaff W. (1996) Increased expression of
BDNF and trkB mRNA in rat facial motoneurons after axotomy. Eur |
Neurosci 8,1018-1029.

Kotzbauer PT, Lampe PA, Heuckeroth RO, Golden JP, Creedon D], Johnson EM ]Jr,
Milbrandt J]. (1996) Neurturin, a relative of glial-cell-line-derived
neurotrophic factor. Nature 384, 467-470.

Krassioukov AV, Ackery A, Schwartz G, Adamchik Y, Liu Y, Fehlings MG. (2002) An
in vitro model of neurotrauma in organotypic spinal cord cultures from
adult mice. Brain Res Brain Res Protoc 10, 60-8.

Krekoski CA, Neubauer D, Zuo J, Muir D. (2001) Axonal regeneration into acellular

nerve grafts is enhanced by degradation of chondroitin sulfate proteoglyan.
J Neurosci 21, 6206-6213.

Krull CE, Koblar SA. (2000) Motor axon pathfinding in the peripheral nervous
system. Brain Res Bull 53, 479-487.

Kurek ]B, Bower JJ, Romanella M, Koentgen F, Murphy M, Austin L. (1997) The role
of leukemia inhibitory factor in skeletal muscle regeneration. Muscle Nerve
20, 815-822.

Kiiry P, Zickler P, Stoll G, Hartung HP, Jander S. (2005) Osteopontin, a macrophage-
derived matricellular glycoprotein, inhibits axon outgrowth. FASEB | 19,
398-400.

Labrador RO, Buti M, Navarro X. (1998) Influence of collagen and laminin gels
concentration on nerve regeneration after resection and tube repair. 149,
243-252.

Lago N, Navarro X. (2006) Correlation between target reinnervation and
distribution of motor axons in the injured rat sciatic nerve. ] Neurotrauma
23,227-240.

Lago N, Rodriguez FJ], Guzman MS, Jaramillo ], Navarro X (2007) Effects of motor
and sensory nerve transplants on amount and specificity of sciatic nerve
regeneration. | Neurosci Res 85, 2800-2812.

Lakatos A, Franklin R], Barnett SC. (2000) Olfactory ensheathing cells and Schwann
cells differ in their in vitro interactions with astrocytes. Glia 32, 214-225.

Lamballe F, Klein R, Barbacid M. (1991) trkC, a new member of the trk family of
tyrosine protein kinases, is a receptor for neurotrophin-3. Cell 66,967-979.

Landmesser L. (2001) The acquisition of motoneuron subtype identity and motor
circuit formation. Int | Dev Neurosci 19, 175-182.



183

Leah JD, Herdeger T, Bravo R. (1991) Selective expression of Jun proteins following
axotomy and axonal transport block in peripheral nerves in the rat:
evidence for a role in the regeneration process. Brain Res. 566, 198-207.

Leclere PG, Norman E, Groutsi F, Coffin R, Mayer U, Pizzey ], Tonge D. (2007)
Impaired axonal regeneration by isolectin B4-binding dorsal root ganglion
neurons in vitro. / Neurosci 27, 1190-1199.

Lee AF, Ho DK, Zanassi P, Walsh GS, Kaplan DR, Miller FD. (2004) Evidence that
DeltaNp73 promotes neuronal survival by p53-dependent and p53-
independent mechanisms. ] Neurosci 24,9174-9184.

Lefcort F, Venstrom K, McDonald JA, Reichardt LF. (1992) Regulation of expression
of fibronectin and its receptor, alpha 5 beta 1, during development and
regeneration of peripheral nerve. Development 116, 767-782.

Lefcort F, Clary DO, Rusoff AC, Reichardt LF. (1996) Inhibition of the NT-3 receptor
TrkC, early in chick embryogenesis, results in severe reductions in multiple

neuronal subpopulations in the dorsal root ganglia. | Neurosci 16, 3704-
3713.

Lemons ML, Condic ML. (2008) Integrin signaling is integral to regeneration. Exp
Neurol 209, 343-52.

Letourneau PC, Shattuck T. (1989) Distribution and possible interactions of actin-
associated proteins and cell adhesion molecules of nerve growth cones
Development 105, 505-519.

Levi-Montalcini R. (1987) The nerve growth factor: thirty-five years later. Biosci
Rep 7, 681-699.

Lewin GR, Barde YA. (1996) Physiology of the neurotrophins. Annual Review of
Neuroscience 19, 289-317.

Lewis AK, Bridgman P. (1992) Nerve growth cone lamellipodia contain two
populations of actin filaments that differ in organization and polarity. J Cell
Biol 119, 1219-1243.

Li BC, Xu C, Zhang JY, Li Y, Duan ZX. (2012) Differing Schwann cells and olfactory
ensheathing cells behaviors, from interacting with astrocyte, produce
similar improvements in contused rat spinal cord's motor function. /] Mol
Neurosci

Li H, Terenghi G, Hall SM. (1997) Effects of delayed reinnervation on the
expression of c-erbB receptors by chronically denervated rat Schwann cells
in vivo. Glia 20, 333-347.

Li XQ, Verge VM, Johnston JM, Zochodne DW. (2004) CGRP peptide and
regenerating sensory axons. /] Neuropathol Exp Neurol 63,1092-1103.

Lin LF, Doherty DH, Lile JD, Bektesh S, Collins F. (1993) GDNF: a glial cell line-
derived neurotrophic factor for midbrain dopaminergic neurons. Science
260,1130-1132.



184

Lindwall C, Kanje M. (2005) Retrograde axonal transport of JNK signaling
molecules influence injury induced nuclear changes in p-c-Jun and ATF3 in
adult rat sensory neurons. Mol Cell Neurosci 29, 269-282.

Liu H. (1992) The role of extracellular matrix in peripheral nerve regeneration: a
wound chamber study. Acta Neuropathol 83, 469-474.

Liu K, Lu Y, Lee JK, Samara R, Willenberg R, Sears-Kraxberger I, Tedeschi A, Park
KK, Jin D, Cai B, Xu B, Connolly L, Steward O, Zheng B, He Z. (2010) PTEN
deletion enhances the regenerative ability of adult corticospinal neurons.
Nat Neurosci 13, 1075-1081.

Liu PJ, Laufer E, Jessell TM. (2001) Assigning the positional identity of spinal motor
neurons: restrocaudal patterning of Hox-c expression by FGFs, Gdf11, and
retinoids. Neuron 32,997-1012.

Liu Q, Dreyfuss G. (1996) A novel nuclear structure containing the survival of
motor neurons protein. EMBO Journal 15, 3555-3565.

Liu RY, Snider WD. (2001) Different signaling pathways mediate regenerative
versus developmental sensory axon growth. ] Neurosci 21, RC164.

Liu Y, Shen T, Randall WR, Schneider MF. (2005) Signaling pathways in activity-
dependent fiber type plasticity in adult skeletal muscle. ] Muscle Res Cell
Motil 26, 13-21.

Lohof AM, Quillan M, Dan Y, Poo MM. (1992) Asymmetric modulation of cytosolic
cAMP activity induces growth cone turning. /] Neurosci 12, 1253-1261.

Lorber B, Howe M, Benowitz LI, Irwin N. (2009) Mst3b, an Ste20-like kinase,
regulates axon regeneration in mature CNS and PNS pathways. Nat Neurosci
12,1407-1414.

Lotfi P, Garde K, Chouhan AK, Bengali E, Romero-Ortega MI. (2011) Modality-
specific axonal regeneration: toward selective regenerative neural
interfaces. Front Neuroeng 4, 11.

Lowery LA, Van Vactor D. (2009) The trip of the tip: understanding the growth
cone machinery. Nat Rev Mol Cell Biol 10, 332-343.

Lowry KS, Murray SS, Coulson EJ, Epa R, Bartlett PF, Barrett G, Cheema SS. (2001)
Systemic administration of antisense p75(NTR) oligodeoxynucleotides
rescues axotomised spinal motor neurons. ] Neurosci Res 64: 11-7.

Lundborg G. (2000) A 25-years perspective of peripheral nerve surgery: evolving
neuroscientific concepts and clinical significance. ] Hand Surg Am 25, 391-
414.

Lundborg G. (2003) Richard P. Bunge memorial lecture. Nerve injury and repair--a
challenge to the plastic brain. J Peripher Nerv Syst 8, 209-226.



185

Lundborg G, Rosen B, Dahlin L, Holmberg J, Rosen 1. (2004) Tubular repair of the
median or ulnar nerve in the human forearm: a 5-year follow-up. J Hand
Surg Br29,100-107.

Luo L. (2002) Actin cytoskeleton regulation in neuronal morphogenesis and
structural plasticity. Annu Rev Cell Dev Biol 18, 601-635.

Ma CH, Omura T, Cobos EJ, Latremoliere A, Ghasemlou N, Brenner GJ, van Veen E,
Barrett L, Sawada T, Gao F, Coppola G, Gertler F, Costigan M, Geschwind D,
Woolf CJ. (2011) Accelerating axonal growth promotes motor recovery
after peripheral nerve injury in mice. J Clin Invest 121, 4332-4347.

Mackinnon SE, Dellon AL, O'Brien JP. (1991) Changes in nerve fiber numbers distal
to a nerve repair in the rat sciatic nerve model. Muscle Nerve 14, 1116-1122.

Madiai F, Hussain SR, Goettl VM, Burry RW, Stephens RL Jr, Hackshaw KV. (2003)
Upregulation of FGF-2 in reactive spinal cord astrocytes following unilateral
lumbar spinal nerve ligation. Exp Brain Res 148, 366-376.

Madison RD, Da Silva CF, Dikkes P. (1988) Entubulation repair with protein
additives increases the maximum nerve gap distance successfully bridged
with tubular prostheses. Brain Research 447, 325-334.

Madison RD, Archibald SJ, Brushart TM. (1996) Reinnervation accuracy of the rat
femoral nerve by motor and sensory neurons. /] Neurosci 16, 5698-5703.

Madison RD, Robinson GA, Chadaram SR. (2007) The specificity of motor neurone
regeneration (preferential reinnervation). Acta Physiol (Oxf) 189, 201-206.

Madduri S, Papaloizos M, Gander B. (2009) Synergistic effect of GDNF and NGF on
axonal branching and elongation in vitro. Neurosci Res 65: 88-97.

Mandolesi G, Madeddu F, Bozzi Y, Maffei L, Ratto GM. (2004) Acute physiological
response of mammalian central neurons to axotomy: ionic regulation and
electrical activity. FASEB ] 18, 1934-1936.

Mao Y, Schwarzbauer JE. (2005) Stimulatory effects of a three-dimensional
microenvironment on cell-mediated fibronectin fibrillogenesis. | Cell Sci
118, 4427-4436.

Marchionni MA, Goodearl AD, Chen MS, Bermingham-McDonogh O, Kirk C,
Hendricks M, Danehy F, Misumi D, Sudhalter ], Kobayashi K, et al. (1993)
Glial growth factors are alternatively spliced erbB2 ligands expressed in the
nervous system. Nature 362, 312-318.

Marino P, Norreel JC, Schachner M, Rougon G, Amoureux MC. (2009) A polysialic
acid mimetic peptide promotes functional recovery in a mouse model of
spinal cord injury. Exp Neurol 219, 163-174.

Martini R, Xin Y, Schmitz B, Schachner M. (1992) The L2/HNK-1 carbohydrate
epitope is involved in the preferential outgrowth of motor neurons on
ventral roots and motor nerves. Eur ] Neurosci 4, 628-639.



186

Martini R. (1994a)Expression and functional roles of neural cell surface molecules
and extracellular matrix components during development and regeneration
of peripheral nerves. ] Neurocytol 23, 1-28.

Martini R, Schachner M, Brushart TM. (1994b)The L2/HNK-1 carbohydrate is
preferentially expressed by previously motor axon-associated Schwann
cells in reinnervated peripheral nerves. ] Neurosci 14, 7180-7191.

Mason MR, Lieberman AR, Anderson PN. (2003) Corticospinal neurons up-regulate
a range of growth-associated genes following intracortical, but not spinal,
axotomy. Eur | Neurosci 18, 789-802.

Mason MR, Ehlert EM, Eggers R, Pool CW, Hermening S, Huseinovic A,
Timmermans E, Blits B, Verhaagen ]. (2010) Comparison of AAV serotypes
for gene delivery to dorsal root ganglion neurons. Mol Ther 18, 715-724.

Mason MR, Tannemaat M, Malessy M], Verhaagen J. (2011) Gene therapy for the
peripheral nervous system: a strategy to repair the injured nerve? Curr
Gene Ther 11, 75-89.

Matheson CR, Wang ], Collins FD, Yan Q. (1997) Long-term survival effects of GDNF
on neonatal rat facial motoneurons after axotomy. Neuroreport 8, 1739-
1742.

Mathews GA, Ffrench-Constant C. (1995) Embryonic fibronectins are up-regulated
following peripheral nerve injury in rats. ] Neurobiol 26, 171-188.

McGrath AM, Brohlin M, Kingham P], Novikov LN, Wiberg M, Novikova LN. (2012)
Fibrin conduit supplemented with human mesenchymal stem cells and
immunosuppressive treatment enhances regeneration after peripheral
nerve injury. Neurosci Lett 516, 171-176.

McKeehan WL, Wang F, Kan M. (1998) The heparan sulfate-fibroblast growth
factor family: diversity of structure and function. Prog Nucleic Acid Res Mol
Biol 59, 135-176.

McQuarrie IG, Grafstein B, Gershon MD. (1977) Axonal regeneration in the rat
sciatic nerve: effect of a conditioning lesion and of dbcAMP. Brain Res 132,
443-453,

McQuarrie IG, Brady ST, Lasek R]. (1989) Retardation in the slow axonal transport
of cytoskeletal elements during maturation and aging. Neurobiology of
Aging 10, 359-365.

Mears S, Schachner M, Brushart TM. (2003) Antibodies to myelin-associated
glycoprotein accelerate preferential motor reinnervation. /] Peripher Nerv
Syst 8, 91-99.

Mehanna A, Mishra B, Kurschat N, Schulze C, Bian S, Loers G, Irintchev A,
Schachner M. (2009) Polysialic acid glycomimetics promote myelination

and functional recovery after peripheral nerve injury in mice. Brain 132,
1449-1462.



187

Meisinger C, Zeschnigk C, Grothe C. (1996) In vivo and in vitro effect of
glucocorticoids on fibroblast growth factor (FGF)-2 and FGF receptor 1
expression. J Biol Chem 271, 16520-16525.

Mi R, Chen W, Hoke A. (2007) Pleiotrophin is a neurotrophic factor for spinal
motor neurons. Proc Natl Acad Sci USA 104, 4664-4669.

Michaelevski I, Medzihradszky K, Lynn A, Burlingame AL, Fainzilber M. (2010)
Axonal transport proteomics reveals mobilization of translation machinery
to the lesion site in injured sciatic nerve. Mol Cell Proteomics 9, 976-987.

Michalski B, Bain JR, Fahnestock M. (2008) Long-term changes in neurotrophic
factor expression in distal nerve stump following denervation and
reinnervation with motor or sensory nerve. ] Neurochem 105, 1244-1252.

Midha R, Munro CA, Dalton PD, Tator CH, Shoichet MS. (2003) Growth factor
enhancement of peripheral nerve regeneration through a novel synthetic
hydrogel tube. ] Neurosurg 99, 555-65.

Mills CD, Allchorne A], Griffin RS, Woolf CJ, Costigan M. (2007) GDNF selectively
promotes regeneration of injury-primed sensory neurons in the lesioned
spinal cord. Mol Cell Neurosci 36, 185-194.

Mineo C, James G, Smart E], Anderson RG. (1996) Localization of epidermal growth
factor-stimulated Ras/Raf-1 interaction to caveolae membrane. / Biol Chem
271,11930-11935.

Miner J. (2008) Laminins and their roles in mammals. Microsc Res Tech 71, 349-
356.

Mohiuddin L, Delcroix ], Fernyhough P, Tomlinson DR. (1999) Focally
administered nerve growth factor suppresses molecular regenerative

responses of axotomized peripheral afferents in rats. Neuroscience 91, 265-
271.

Molander C, Aldskogius H. (1992) Directional specificity of regenerating primary
sensory neurons after peripheral nerve crush or transection and epineurial
suture A sequential double-labeling study in the rat. Restor Neurol Neurosci
4,339-344.

Molliver DC, Wright DE, Leitner ML, Parsadanian AS, Doster K, Wen D, Yan Q,
Snider WD. (1997) [IB4-binding DRG neurons switch from NGF to GDNF
dependence in early postnatal life. Neuron 19, 849-861.

Montoya GJ, Sutachan J]J, Chan WS, Sideris A, Blanck T], Recio-Pinto E. (2009)
Muscleconditioned media and cAMP promote survival and neurite
outgrowth of adult spinal cord motor neurons. Exp Neurol 220, 303-15.

Montoya-Gacharna ]V, Sutachan JJ, Chan WS, Sideris A, Blanck TJ, Recio-Pinto E.
(2012) Preparation of adult spinal cord motor neuron cultures under
serum-free conditions. Methods Mol Biol 846, 103-116.



188

Moradzadeh A, Borschel GH, Luciano JP, Whitlock EL, Hayashi A, Hunter DA,
Mackinnon SE. (2008) The impact of motor and sensory nerve architecture
on nerve regeneration. Exp Neurol 212,370-376.

Mortimer D, Fothergill T, Pujic Z, Richards L], Goodhill GJ. (2008) Growth cone
chemotaxis. Trends Neurosci 31, 90-98.

Mu X, Silos-Santiago I, Carroll SL, Snider WD. (1993) Neurotrophin receptor genes
are expressed in distinct patterns in developing dorsal root ganglia. J
Neurosci 13,4029-4041.

Mueller B. (1999) Growth cone guidance: first steps towards a deeper
understanding. Annu Rev Neurosci 22, 351-388.

Mukhopadhyay G, Doherty P, Walsh FS, Crocker PR, Filbin MT. (1994) A novel role
for myelin-associated glycoprotein as an inhibitor of axonal regeneration.
Neuron 13,757-767.

Munson ]B, McMahon SB. (1997) Effects of GDNF on axotomized sensory and
motor neurons in adult rats. Eur ] Neurosci 9, 1126-1129.

Nadeau S, Hein P, Fernandes K], Peterson AC, Miller FD. (2005) A transcriptional
role for C/EBP beta in the neuronal response to axonal injury. Mol Cell
Neurosci 29, 525-535.

Naldini L, Blomer U, Gallary P, Ory D, Mulligan R, Gage FH, Verma IM, Trono D.
(1996) In vivo gene delivery and stable transduction of nondividing cells by
a lentiviral vector. Science 272, 263-267.

Napoli I, Noon LA, Ribeiro S, Kerai AP, Parrinello S, Rosenberg LH, Collins M],
Harrisingh MC, White 1], Woodhoo A, Lloyd AC. (2012) A central role for the
ERK-signaling pathway in controlling Schwann cell plasticity and peripheral
nerve regeneration in vivo. Neuron 73, 729-742.

Navarro X, Verdu E, Buti M. (1994) Comparison of regenerative and reinnervating
capabilities of different functional types of nerve fibers. Exp Neurol 129,
217-224.

Navarro X, Rodriguez FJ, Labrador RO, Buti M, Ceballos D, Gomez N, Cuadras ],
Perego G. (1996) Peripheral nerve regeneration through bioresorbable and
durable nerve guides. ] Peripher Nerv Syst 1, 53-64.

Navarro X, Rodriguez FJ, Ceballos D, Verdu E. (2003) Engineering an artificial
nerve graft for the repair of severe nerve injuries. Med Biol Eng Comput 41,
220-226.

Navarro X, Vivo M, Valero-Cabré A. (2007) Neural plasticity after peripheral nerve
injury and regeneration. Prog Neurobiol 82, 163-201.

Nguyen MD, Mushynski WE, Julien JP. (2002) Cycling at the interface between
neurodevelopment and neurodegeneration. Cell Death Differ 9, 1294-1306.



189

Nichols CM, Brenner MJ, Fox IK, Tung TH, Hunter DA, Rickman SR, Mackinnon SE.
(2004) Effects of motor versus sensory nerve grafts on peripheral nerve
regeneration. Exp Neurol 190, 347-355.

Niethammer P, Delling M, Sytnyk V, Dityatev A, Fukami K, Schachner M. (2002)
Cosignaling of NCAM via lipid rafts and the FGF receptor is required for
neuritogenesis. J Cell Biol 157,521-532.

Noguchi K, Senba E, Morita Y, Sato M, Tohyama M. (1990) Co-expression of alpha-
CGRP and beta-CGRP mRNAs in the rat dorsal root ganglion cells. Neurosci
Lett 108, 1-5.

O'Toole DA, West AK, Chuah MI. (2007) Effect of olfactory ensheathing cells on
reactive astrocytes in vitro. Cell Mol Life Sci 64, 1303-1309.

Ornitz D. (2000) FGFs, heparan sulfate and FGFRs: complex interactions essential
for development. Bioessays 22, 108-112.

Ornitz DM, Xu ], Colvin JS, McEwen DG, MacArthur CA, Coulier F, Gao G, Goldfarb M.
(1996) Receptor specificity of the fibroblast growth factor family. J Biol
Chem 271,15292-15297.

Ornitz DM, Itoh N. (2001) Fibroblast growth factors. Genome Biol 2, REVIEWS3005.

Owen DE, Egerton ]. Culture of dissociated sensory neurons from dorsal root
ganglia of postnatal and adult rats. Methods Mol Biol 846, 179-187.

Paino CL, Bunge MB. (1981) Induction of axon growth into Schwann cell implants
grafted into lesioned adult rat spinal cord. Exp Neurol 114, 254-257.

Palazzo AF, Eng CH, Schlaepfer DD, Marcantonio EE, Gundersen GG. (2004)
Localized stabilization of microtubules by integrin- and FAK-facilitated Rho
signaling. Science 303, 836-839.

Pankov R, Yamada K. (2002) Fibronectin at a glance. J Cell Sci 115, 3861-3863.

Paratcha G, Ledda F, Baars L, Coulpier M, Besset V, Anders ], Scott R, Ibafiez CF.
(2001) Released GFRalphal potentiates downstream signaling, neuronal
survival, and differentiation via a novel mechanism of recruitment of c-Ret
to lipid rafts. Neuron 29, 171-184.

Park KK, Liu K, Hu Y, Smith PD, Wang C, Cai B, Xu B, Connolly L, Kramvis I, Sahin M,
He Z. (2008) Promoting axon regeneration in the adult CNS by modulation
of the PTEN/mTOR pathway. Science 322, 963-966.

Parkinson DB, Bhaskaran A, Arthur-Farraj P, Noon LA, Woodhoo A, Lloyd AC, Feltri
ML, Wrabetz L, Behrens A, Mirsky R, Jessen KR. (2008) c-Jun is a negative
regulator of myelination. J Cell Biol 181, 625-637.

Pearse DD, Sanchez AR, Pereira FC, Andrade CM, Puzis R, Pressman Y, Golden K,
Kitay BM, Blits B, Wood PM, Bunge MB. (2007) Transplantation of Schwann
cells and/or olfactory ensheathing glia into the contused spinal cord:



190

Survival, migration, axon association, and functional recovery. Glia 55, 976-
1000.

Peir6 S, Comella ], Enrich C, Martin-Zanca D, Rocamora N. (2000) PC12 cells have
caveolae that contain TrkA. Caveolae-disrupting drugs inhibit nerve growth

factor-induced, but not epidermal growth factor-induced, MAPK
phosphorylation. ] Biol Chem 275, 37846-37852.

Penas C, Casas C, Robert I, Fores ], Navarro X. (2009) Cytoskeletal and activity-
related changes in spinal motoneurons after root avulsion. /] Neurotrauma
26,763-79.

Peng HB, Ali AA, Dai Z, Daggett DF, Raulo E, Rauvala H. (1995) The role of heparin-
binding growth-associated molecule (HB-GAM) in the postsynaptic
induction in cultured muscle cells. ] Neurosci 15,3027-3038.

Perlson E, Hanz S, Ben-Yaakov K, Segal-Ruder Y, Seger R, Fainzilber M. (2005)
Vimentin-dependent spatial translocation of an activated MAP kinase in
injured nerve. Neuron 45, 715-726.

Pertz OC, Wang Y, Yang F, Wang W, Gay L], Gristenko MA, Clauss TR, Anderson D],
Liu T, Auberry K], Camp DG 2nd, Smith RD, Klemke RL. (2008) Spatial
mapping of the neurite and soma proteomes reveals a functional Cdc42/Rac
regulatory network. Proc Natl Acad Sci U S A 105, 1931-1936.

Pestronk A, Watson DF, Yuan CM. (1990) Neurofilament phosphorylation in
peripheral nerve: changes with axonal length and growth state. J
Neurochem 54, 977-82.

Piehl F, Frisen ], Risling M, Hokfelt T, Cullheim S. (1994) Increased trkB mRNA
expression by axotomized motoneurones. Neuroreport 5, 697-700.

Pitto M, Mutoh T, Kuriyama M, Ferraretto A, Palestini P, Masserini M. (1998)
Influence of endogenous GM1 ganglioside on TrkB activity, in cultured
neurons. FEBS Lett 439, 93-96.

Plantman S, Patarroyo M, Fried K, Domogatskaya A, Tryggvason K, Hammarberg H,
Cullheim S. (2008) Integrin-laminin interactions controlling neurite
outgrowth from adult DRG neurons in vitro. Mol Cell Neurosci 39, 50-62.

Plunet W, Kwon BK, Tetzlaff W. (2002) Promoting axonal regeneration in the
central nervous system by enhancing the cell body response to axotomy. J
Neurosci Res 68, 1-6.

Politis M], Spencer PS. (1981) A method to separate spatially the temporal
sequence of axon-Schwann cell interaction during nerve regeneration. J
Neurocytol 10, 221-232.

Politis M], Ederle K, Spencer PS. (1982) Tropism in nerve regeneration in vivo.
Attraction of regenerating axons by diffusible factors derived from cells in
distal nerve stumps of transected peripheral nerves. Brain Res. 253, 1-12.



191

Pollock GS, Franceschini IA, Graham G, Marchionni MA, Barnett SC. (1999)
Neuregulin is a mitogen and survival factor for olfactory bulb ensheathing
cells and an isoform is produced by astrocytes. Eur ] Neurosci 11, 769-780.

Poteryaev D, Titievsky A, Sun YF, Thomas-Crusells ], Lindahl M, Billaud M, Arumae
U, Saarma M. (1999) GDNF triggers a novel ret-independent Src kinase
family-coupled signaling via a GPI-linked GDNF receptor alphal. FEBS Lett
463, 63-66.

Pu SF, Zhuang H, Marsh D], Ishii DN. (1999) Insulin-like growth factor-II increases
and IGF is required for postnatal rat spinal motoneuron survival following
sciatic nerve axotomy. /] Neurosci Res 55, 9-16.

Rabinovsky ED, Smith GM, Browder DP, Shine HD, McManaman JL. (1992)
Peripheral nerve injury down-regulates CNTF expression in adult rat sciatic
nerves. | Neurosci Res 31, 188-192.

Radtke C, Wewetzer K, Reimers K, Vogt PM. (2011) Transplantation of olfactory

ensheathing cells as adjunct cell therapy for peripheral nerve injury. Cell
Transplant 20, 145-152.

Raivich G, Hellweg R, Kreutzberg GW. (1991) NGF receptor-mediated reduction in
axonal NGF uptake and retrigrade transport following sciatic nerve injury
and during regeneration. Neuron 7, 151-164.

Raivich G, Dumoulin FL, Streit W], Kreutzberg GW. (1992) Calcitonin gene-related

peptide (CGRP) in the regenerating rat sciatic nerve. Restor Neurol Neurosci
4,107-115.

Raivich G, Kreutzberg G. (1994) Pathophysiology of glial growth factor receptors.
Glia 11, 129-146.

Raivich G, Bohatschek M, Da Costa C, Iwata O, Galiano M, Hristova M, Nateri AS,
Makwana M, Riera-Sans L, Wolfer DP, Lipp HP, Aguzzi A, Wagner EF,
Behrens A. (2004) The AP-1 transcription factor c-Jun is required for
efficient axonal regeneration. Neuron 43, 57-67.

Raivich G, Makwana M. (2007) The making of successful axonal regeneration:
genes, molecules and signal transduction pathways. Brain Res Rev 53, 287-
311.

Rakowicz WP, Staples CS, Milbrandt ], Brunstrom JE, Johnson EM, Jr. (2002) Glial
cell linederived neurotrophic factor promotes the survival of early
postnatal spinal motor neurons in the lateral and medial motor columns in
slice culture. ] Neurosci 22, 3953-3962.

Ramon-Cueto A, Valverde F. (1995) Olfactory bulb ensheating glia: a unique cell
type with axonal growth-promoting properties. Glia 14, 163-173.

Ramon-Cueto A, Cordero MI, Santos-Benito FF, Avila ]J. (2000) Functional recovery
of paraplagic rats and motor axons regeneration in their spinal cord by
olfactory ensheathing glia. Neuron 25, 425-435.



192

Rankin SL, Guy C, Rahimtula M, Mearow KM. (2008) Neurotrophin-induced
upregulation of p75NTR via a protein kinase C-delta-dependent
mechanism. Brain Res 1217, 10-24.

Ranscht B. (2000) Cadherins: molecular codes for axon guidance and synapse
formation. Int ] Dev Neurosci 18, 643-651.

Rao MS, Sun Y, Escary JL, Perreau ], Tresser S, Patterson PH, Zigmond RE, Brulet P,
Landis SC. (1993) Leukemia inhibitory factor mediates an injury response
but not a target-directed developmental transmitter switch in sympathetic
neurons. Neuron 11, 1175-1185.

Redett R, Jari R, Crawford T, Chen YG, Rohde C, Brushart TM. (2005) Peripheral
pathways regulate motoneuron collateral dynamics. | Neurosci 25, 9406-
9412.

Rich KM, Luszczynski JR, Osborne PA, Johnson EM Jr. (1987) Nerve growth factor
protects adult sensory neurons from cell death and atrophy caused by
nerve injury. /] Neurocytol 16, 261-268.

Richardson PM, McGuinness UM, Aguayo A]. (1980) Axons from CNS neurons
regenerate into PNS grafts. Nature 284, 264-265.

Richter MW, Roskams A]. (2008) Olfactory ensheathing cell transplantation
following spinal cord injury: hype or hope? Exp Neurol 209, 353-367.

Rishal I, Fainzilber M. (2010) Retrograde signaling in axonal regeneration. Exp
Neurol 223, 5-10.

Rodriguez FJ, Gomez N, Labrador RO, Buti M, Ceballos D, Cuadras |, Verdu E,
Navarro X. (1999) Improvement of regeneration with predegenerated
nerve transplants in silicone chambers. Restor Neurol Neurosci 14, 65-79.

Rodriguez FJ, Verdu E, Ceballos D, Navarro X. (2000) Nerve guides seeded with
autologous schwann cells improve nerve regeneration. Exp Neurol 161,
571-584.

Rossi F, Gianola S, Corvetti L. (2007) Regulation of intrinsic neuronal properties for
axon growth and regeneration. Prog Neurobiol 81, 1-28.

Saffell JL, Williams EJ, Mason IJ, Walsh FS, Doherty P. (1997) Expression of a
dominant negative FGF receptor inhibits axonal growth and FGF receptor
phosphorylation stimulated by CAMs. Neuron 18, 231-242.

Saito H, Nakao Y, Takayama S, Toyama Y, Asou H (2005) Specific expression of an
HNK-1 carbohydrate epitope and NCAM on femoral nerve Schwann cells in
mice. Neurosci Res 53, 314-322.

Salie R, Steeves ]D. (2005) IGF-1 and BDNF promote chick bulbospinal neurite
outgrowth in vitro. Int ] Dev Neurosci 23, 587-598.

Santos-Silva A, Fairless R, Frame MC, Montague P, Smith GM, Toft A, Riddell JS,
Barnett SC. (2007) FGF/heparin differentially regulates Schwann cell and



193

olfactory ensheathing cell interactions with astrocytes: a role in astrocytosis. /
Neurosci 27, 7154-7167.

Schéele S, Nystrom A, Durbeej M, Talts JF, Ekblom M, Ekblom P. (2007) Laminin
isoforms in development and disease. ] Mol Med 85, 825-836.

Scherer SS, Wang DY, Kuhn R, Lemke G, Wrabetz L, Kamholz ]J. (1994) Axons
regulate Schwann cell expression of the POU transcription factor SCIP. J
Neurosci 14, 1930-1942.

Scherer SS, Salzer ]J. (1996) Axon-Schwann cell interactions in peripheral nerve
regeneration. In KR. Jessen, and W.D. Richardson (eds): Glial cell
development. Oxford: Bios Scientific.

Schneider VA, Granato M. (2003) Motor axon migration: a long way to go. Develop
Biol 263, 1-11.

Schmidt H, Werner M, Heppenstall PA, Henning M, More MI, Kuhbandner S, Lewin
GR, Hofmann F, Feil R, Rathjen FG. (2002) cGMP-mediated signaling via
cGKlalpha is required for the guidance and connectivity of sensory axons. J
Cell Biol 159, 489-498.

Schulze E, Asai DJ, Bulinski CJ, Kirschner M. (1987) Post-translational modification
and microtubule stability. J Cell Biol 105, 2167-2177.

Schwaiger FW, Hager G, Schmitt AB, Horvat A, Hager G, Streif R, Spitzer C, Gamal S,
Breuer S, Brook GA, Nacimiento W, Kreutzberg GW. (2000) Peripheral but
not central axotomy induces changes in Janus kinases (JAK) and signal
transducers and activators of transcription (STAT). Eur | Neurosci 12, 1165-
1176.

Schwartz MA, Ginsberg MH. (2002) Networks and crosstalk: integrin signalling
spreads. Nat Cell Biol 4, E65-68.

Sendtner M, Kreutzberg GW, Thoenen H. (1990) Ciliary neurotrophic factor
prevents the degeneration of motor neurons after axotomy. Nature 345,
440-441.

Shadiack AM, Sun Y, Zigmond RE. (2001) Nerve growth factor antiserum induces
axotomy-like changes in neuropeptide expression in intact sympathetic and
sensory neurons. | Neurosci 21, 363-371.

Shen H, Chung JM, Coggeshall RE, Chung K. (1999) Changes in trkA expression in
the dorsal root ganglion after peripheral nerve injury. Exp Brain Res 127,
141-146.

Shen Y], DeBellard ME, Salzer JL, Roder ], Filbin MT. (1998) Myelin-associated
glycoprotein in myelin and expressed by Schwann cells inhibits axonal
regeneration and branching. Mol Cell Neurosci 12, 79-91.

Siegel SG, Patton B, English AW. (2000) Ciliary neurotrophic factor is required for
motoneuron sprouting. Exp Neurol 166, 205-212.



194

Simon M, Porter R, Brown R, Coulton GR, Terenghi G. (2003) Effect of NT-4 and
BDNF delivery to damaged sciatic nerves on phenotypic recovery of fast
and slow muscles fibres. Eur ] Neurosci 18, 2460-2466.

Simons K, Toomre D. (2000) Lipid rafts and signal transduction. Nat Rev Mol Cell
Biol 1, 31-39.

Skene JH, Willard M. (1981) Axonally transported proteins associated with axon
growth in rabbit central and peripheral nervous systems. J Cell Biol 89, 96-
103.

Skene JH. (1989) Axonal growth-associated proteins. Ann Rev Neurosci 12, 127-
156.

Smith DS, Skene JH. (1997) A transcription-dependent switch controls competence
of adult neurons for distinct modes of axon growth. | Neurosci 17, 646-658.

Smith PM, Sim FJ, Barnett SC, Franklin RJ. (2001) SCIP/Oct-6, Krox-20, and desert
hedgehog mRNA expression during CNS remyelination by transplanted
olfactory ensheathing cells. Glia 36, 342-353.

Song HJ, Ming GL, Poo MM. (1997) cAMP-induced switching in turning direction of
nerve growth cones. Nature 388, 275-279.

Song HJ, Poo MM. (1999) Signal transduction underlying growth cone guidance by
diffusible factors. Curr Opin Neurobiol 9, 355-363.

Stavridis SI, Dehghani F, Korf HW, Hailer NP. (2005) Characterisation of transverse
slice culture preparations of postnatal rat spinal cord: preservation of
defined neuronal populations. Histochem Cell Biol 123, 377-92.

Steinthorsdottir V, Stefansson H, Ghosh S, Birgisdottir B, Bjornsdottir S, Fasquel
AC, Olafsson O, Stefansson K, Gulcher JR. (2004) Multiple novel
transcription initiation sites for NRG1. Gene 342, 97-105.

Sterne GD, Brown RA, Green C], Terenghi G. (1997a) Neurotrophin-3 delivered
locally via fibronectin mats enhances peripheral nerve regeneration. Eur J
Neurosci 9, 1388-1396.

Sterne GD, Coulton GR, Brown RA, Green CJ, Terenghi G. (1997b) Neurotrophin-3-
enhanced nerve regeneration selectively improves recovery of muscle
fibers expressing myosin heavy chains 2b. J Cell Biol 139, 709-715.

Stoll G, Muller HW. (1999) Nerve injury, axonal degeneration and neural
regeneration: basic insights. Brain Pathol 9, 313-325.

Stoppini L, Buchs PA, Muller D. (1991) A simple method for organotypic cultures of
nervous tissue. | Neurosci Methods 37, 173-82.

Streit W], Hurley SD, McGraw TS, Semple-Rowland SL. (2000) Comparative
evaluation of cytokine profiles and reactive gliosis supports a critical role

for interleukin-6 in neuron-glia signaling during regeneration. | Neurosci
Res 61, 10-20.



195

Sulaiman OA, Gordon T. (2000) Effects of short-and long-term Schwann cell

denervation on peripheral nerve regeneration, myelination, and size. Glia
32,234-246.

Suzuki S, Numakawa T, Shimazu K, Koshimizu H, Hara T, Hatanaka H, Mei L, Lu B,
Kojima M. (2004) BDNF-induced recruitment of TrkB receptor into
neuronal lipid rafts: roles in synaptic modulation. J Cell Biol 167, 1205-
1215.

Szebenyi G, Fallon JF. (1999) Fibroblast growth factors as multifunctional signaling
factors. Int Rev Cytol 185, 45-106.

Takada Y, Ye X, Simon S. (2007) The integrins. Genome Biol 8, 215.

Tang BL. (2003) Inhibitors of neuronal regeneration: mediators and signaling
mechanisms. Neurochem Int 42, 189-203.

Taniuchi M, Clark HB, Schweitzer |B, Johnson EM Jr. (1988) Expression of nerve
growth factor receptors by Schwann cells of axotomized peripheral nerves:
ultrastructural location, suppression by axonal contact, and binding
properties. /] Neurosci 8, 664-681.

Tannemaat MR, Boer GJ, Verhaagen ], Malessy MJ. (2007) Genetic modification of
human sural nerve segments by a lentiviral vector encoding nerve growth
factor. Neurosurgery 61, 1286-1294.

Tannemaat MR, Eggers R, Hendriks WT, de Ruiter GC, van Heerikhuize ]J, Pool CW,
Malessy M], Boer GJ, Verhaagen J. (2008) Differential effects of lentiviral
vector-mediated overexpression of nerve growth factor and glial cell line-
derived neurotrophic factor on regenerating sensory and motor axons in
the transected peripheral nerve. Eur | Neurosci 28, 1467-1479.

Tansey MG, Baloh RH, Milbrandt J, Johnson EM Jr. (2000) GFRalpha-mediated
localization of RET to lipid rafts is required for effective downstream
signaling, differentiation, and neuronal survival. Neuron 25, 611-623

Terenghi G. (1999) Peripheral nerve regeneration and neurotrophic factors. J Anat
194 (Pt1), 1-14.

Tessier-Lavigne M, Goodman CS. (1996) The molecular biology of axon guidance.
Science 274,1123-1133..

Tham S, Dowsing B, Finkelstein D, Donato R, Cheema SS, Bartlett PF, Morrison WA.
(1997) Leukemia inhibitory factor enhances the regeneration of transected

rat sciatic nerve and the function of reinnervated muscle. ] Neurosci Res 47,
208-215.

Thompson SW, Vernallis AB, Heath JK, Priestley JV. (1997) Leukaemia inhibitory
factor is retrogradely transported by a distinct population of adult rat

sensory neurons: co-localization with trkA and other neurochemical
markers. Eur | Neurosci 9, 1244-1251.



196

Tomatis D, Echtermayer F, Schober S, Balzac F, Retta SF, Silengo L, Tarone G.
(1999) The muscle-specific laminin receptor alpha7 betal integrin negatively
regulates alpha5 betal fibronectin receptor function. Exp Cell Res 246, 421-
432.

Toth CC, Willis D, Twiss JL, Walsh S, Martinez JA, Liu WQ, Midha R, Zochodne DW.
(2009) Locally synthesized calcitonin gene-related peptide has a critical

role in peripheral nerve regeneration. | Neuropathol Exp Neurol 68, 326-
337.

Treanor ]J, Goodman L, de Sauvage F, Stone DM, Poulsen KT, Beck CD, Gray C,
Armanini MP, Pollock RA, Hefti F, Phillips HS, Goddard A, Moore MW, Buj-
Bello A, Davies AM, Asai N, Takahashi M, Vandlen R, Henderson CE,
Rosenthal A. (1996) Characterization of a multicomponent receptor for
GDNF. Nature 382, 80-83.

Trupp M, Arenas E, Fainzilber M, Nilsson AS, Sieber BA, Grigoriou M, Kilkenny C,
Salazar-Grueso E, Pachnis V, Arumde U. (1996) Functional receptor for
GDNF encoded by the c-ret proto-oncogene. Nature 381, 785-789.

Trupp M, Ryden M, Jornvall H, Funakoshi H, Timmusk T, Arenas E, Ibanez CF.
(1995) Peripheral expression and biological activities of GDNF, a new

neurotrophic factor for avian and mammalian peripheral neurons. J Cell Biol
130, 137-148.

Trupp M, Belluardo N, Funakoshi H, Ibanez CF. (1997) Complementary and
overlapping expression of glial cell line-derived neurotrophic factor
(GDNF), c-ret proto-oncogene, and GDNF receptor-alpha indicates multiple
mechanisms of trophic actions in the adult rat CNS. J Neurosci 17, 3554-
3567.

Tsuda M, Tashiro T, Komiya Y. (1997) Increased solubility of high-molecular-mass
neurofilament subunit by suppression of dephosphorylation: its relation to
axonal transport. ] Neurochem 68, 2558-65.

Tsui-Pierchala BA, Encinas M, Milbrandt ], Johnson EM Jr. (2002) Lipid rafts in
neuronal signaling and function. Trends Neurosci 25, 412-417.

Tsujino H, Kondo E, Fukuoka T, Dai Y, Tokunaga A, Miki K, Yonenobu K, Ochi T,
Noguchi K. (2000) Activating transcription factor 3 (ATF3) induction by
axotomy in sensory and motoneurons: A novel neuronal marker of nerve
injury. Mol Cell Neurosci 15, 170-182.

Tucker BA, Mearow KM. (2008) Peripheral sensory axon growth: from receptor
binding to cellular signaling. Can | Neurol Sci 35, 551-66.

Tucker A, Lumsden A, Guthrie S. (1996) Cranial motor axons respond differently to
the floor plate and sensory ganglia in collagen gel co-cultures. Eur ] Neurosci 8,
906-916.



197

Tzu ], Marinkovich MP. (2008) Bridging structure with function: structural,
regulatory, and developmental role of laminins. Int | Biochem Cell Biol 40,
199-214.

Udina E, Rodriguez FJ], Verdu E, Espejo M, Gold BG, Navarro X. (2004) FK506
enhances regeneration of axons across long peripheral nerve gaps repaired
with collagen guides seeded with allogeneic Schwann cells. Glia 47,120-129.

Udina E, Ladak A, Furey M, Brushart T, Tyreman N, Gordon T. (2010) Rolipram-
induced elevation of cAMP or chondroitinase ABC breakdown of inhibitory
proteoglycans in the extracellular matrix promotes peripheral nerve
regeneration. Exp Neurol 223, 143-152.

Ulenkate HJ, Kaal EC, Gispen WH, Jennekens FG. (1994) Ciliary neurotrophic factor
improves muscle fibre reinnervation after facial nerve crush in young rats.
Acta Neuropathologica (Berlin) 88, 558-564.

Valero-Cabre A, Navarro X. (2002) Functional impact of axonal misdirection after
peripheral nerve injuries followed by graft or tube repair. ] Neurotrauma
19, 1475-1485.

Valero-Cabre A, Tsironis K, Skouras E, Navarro X, Neiss WF. (2004) Peripheral and
spinal motor reorganization after nerve injury and repair. ] Neurotrauma
21,95-108.

van der Flier A, Sonnenberg A. (2001) Function and interactions of integrins. Cell
Tissue Res 305, 285-298.

van Kesteren RE, Mason MR, Macgillavry HD, Smit AB, Verhaagen ]. (2011) A gene
network perspective on axonal regeneration. Front Mol Neurosci 4, 46.

Velling T, Collo G, Sorokin L, Durbeej M, Zhang H, Gullberg D. (1996) Distinct alpha
7A betal and alpha 7B betal integrin expression patterns during mouse
development: alpha 7A is restricted to skeletal muscle but alpha 7B is

expressed in striated muscle, vasculature, and nervous system. Dev Dyn
207, 355-371.

Verdu E, Navarro X. (1997) Comparison of immunohistochemical and functional
reinnervation of skin and muscle after peripheral nerve injury. Exp Neurol
146, 187-98.

Verdu E, Navarro X, Gudifio G, Rodriguez F], Ceballos D, Valero A, Nieto-Sampedro
M. (1999) Olfactory bulb ensheathing cells enhance peripheral nerve
regeneration. Neuroreport 10,1097-1101.

Verdu E, Rodriguez FJ], Gudino-Cabrera G, Nieto-Sampedro M, Navarro X (2000)
Expansion of adult Schwann cells from mouse predegenerated peripheral
nerves. | Neurosci Methods 99, 111-117.

Verdu E, Labrador RO, Rodriguez F], Ceballos D, Fores ], Navarro X. (2002)
Alignment of collagen and laminin-containing gels improve nerve
regeneration within silicone tubes. Restor Neurol Neurosci 20, 169-179.



198

Verma P, Chierzi S, Codd AM, Campbell DS, Meyery RL, Holt CE, Fawcett JW. (2005)
Axonal protein synthesis and degradation are necessary for efficient growth
cone regeneration. . ] Neurosci 25, 331-342.

Villar M]J, Cortes R, Theodorsson E, Wiesenfeld-Hallin Z, Schalling M, Fahrenkburg
], Emson PC, Hokfelt T. (1989) Neuropeptide expression in rat dorsal root
ganglion cells and spinal cord after peripheral nerve injury with special
reference to galanin. Neuroscience 33, 587-604.

Villar MJ, Wiesenfeld-Hallin Z, Xu X], Theodorsson E, Emson PC, Hokfelt T. (1991)
Further studies on galanin-, substance P-, and CGRP-like
immunoreactivities in primary sensory neurons and spinal cord: effects of
dorsal rhizotomies and sciatic nerve lesions. Exp Neurol. 112, 29-39.

Vogelezang MG, Scherer SS, Fawcett JW, ffrench-Constant C. (1999) Regulation of
fibronectin alternative splicing during peripheral nerve repair. | Neurosci
Res 56, 323-333.

Vogelezang MG, Liu Z, Relvas ]JB, Raivich G, Scherer SS, Ffrench-Constant C. (2001)
Alpha4 integrin is expressed during peripheral nerve regeneration and
enhances neurite outgrowth. ] Neurosci 21, 6732-6744.

Vogelin E, Baker JM, Gates ], Dixit V, Constantinescu MA, Jones NF. (2006) Effects of
local continuous release of brain derived neurotrophic factor (BDNF) on
peripheral nerve regeneration in a rat model. Exp Neurol 199, 348-353.

Vrbova G, Mehra N, Shanmuganathan H, Tyreman N, Schachner M, Gordon T.
(2009) Chemical communication between regenerating motor axons and
Schwann cells in the growth pathway. Eur ] Neurosci 30, 366-375.

Wakisaka S, Kajander KC, Bennett GJ. (1991) Increased neuropeptide (NPY)-like
immunoreactivity in rat sensory neurons following peripheral axotomy.
Neurosci Lett 124, 200-203.

Wallquist W, Patarroyo M, Thams S, Carlstedt T, Stark B, Cullheim S, Hammarberg
H. (2002) Laminin chains in rat and human peripheral nerve: distribution

and regulation during development and after axonal injury. ] Comp Neurol
454, 284-293.

Wallquist W, Zelano ], Plantman S, Kaufman SJ, Cullheim S, Hammarberg H. (2004)
Dorsal root ganglion neurons up-regulate the expression of laminin-
associated integrins after peripheral but not central axotomy. ] Comp Neurol
480, 162-169.

Wallquist W, Plantman S, Thams S, Thyboll ], Kortesmaa ], Lannergren ],
Domogatskaya A, Ogren SO, Risling M, Hammarberg H, Tryggvason K,
Cullheim S. (2005) Impeded interaction between Schwann cells and axons
in the absence of laminin alpha4. ] Neurosci 25, 3692-3700.

Wang GY, Hirai K, Shimada H. (1992) The role of laminin, a component of Schwann
cell basal lamina, in rat sciatic nerve regeneration within antiserum-treated
nerve grafts. Brain Res 570, 116-125.



199

Webber CA, Xu Y, Vanneste K], Martinez JA, Verge VMK, Zochodne DW. (2008)
Guiding adult mammalian sensory axons during regeneration. /] Neuropathol
Exp Neurol 67, 212-222.

Wen D, Peles E, Cupples R, Suggs SV, Bacus SS, Luo Y, Trail G, Hu S, Silbiger SM,
Levy RB, et al. (1992) Neu differentiation factor: a transmembrane

glycoprotein containing an EGF domain and an immunoglobulin homology
unit. Cell 69, 559-572.

Wen D, Suggs SV, Karunagaran D, Liu N, Cupples RL, Luo Y, Janssen AM, Ben-
Baruch N, Trollinger DB, Jacobsen VL, et al. (1994) Structural and functional
aspects of the multiplicity of Neu differentiation factors. Mol Cell Biol 14,
1909-19109.

Wen Z, Zheng ]. (2006) Directional guidance of nerve growth cones. Curr Opin
Neurobiol 16, 52-58.

Werner A, Willem M, Jones LL, Kreutzberg GW, Mayer U, Raivich G. (2000)
Impaired axonal regeneration in alpha7 integrin-deficient mice. /] Neurosci
20, 1822-1830.

Wewetzer K, Verdu E, Angelov DN, Navarro X. (2002) Olfactory ensheathing glia
and Schwann cells: two of a kind? Cell Tissue Res 309, 337-345.

Williams L. (1987) Exogenous fibrin matrix precursors stimulate the temporal
progress of nerve regeneration within a silicone chamber. Neurochemical
Res 12,851-860.

Williams LR, Longo FM, Powell HC, Lundborg G, Varon S. (1983) Spatial-temporal
progress of peripheral nerve regeneration within a silicone chamber.
Parameters for a biossay. ] Comp Neurol 218, 160-170.

Willis DE, Twiss J. (2005) The evolving roles of axonally synthesized proteins in
regeneration. Curr Op Neurobiol 16,111-118.

Witzel C, Rohde C, Brushart TM. (2005) Pathway sampling by regenerating
peripheral axons. ] Comp Neurol 485, 183-190.

Wong BJ, Mattox DE. (1991) The effects of polyamines and polyamine inhibitors on
rat sciatic and facial nerve regeneration. Exp Neurol 111, 263-266.

Wu C, Butz S, Ying Y, Anderson RG. (1997) Tyrosine kinase receptors concentrated
in caveolae-like domains from neuronal plasma membrane. J Biol Chem 272,
3554-3559,

Yamada KM, Even-Ram S. (2002) Integrin regulation of growth factor receptors.
Nat Cell Biol 4, E75-76.

Yamamoto M, Toya Y, Schwencke C, Lisanti MP, Myers MG Jr, Ishikawa Y. (1998)
Caveolin is an activator of insulin receptor signaling. /| Biol Chem 273,
26962-26968.



200

Yan Q, Matheson C, Lopez OT. (1995) In vivo neurotrophic effects of GDNF on
neonatal and adult facial motor neurons. Nature 373, 341-344.

Yildiz M, Karlidag T, Yalcin S, Ozogul C, Keles E, Alpay HC, Yanilmaz M. (2011)
Efficacy of glial growth factor and nerve growth factor on the recovery of
traumatic facial paralysis. Eur Arch Otorhinolaryngol 268, 1127-1133.

You H, Wei L, Liu Y, Oudega M, Jiao SS, Feng SN, Chen Y, Chen JM, Li BC. (2011)
Olfactory ensheathing cells enhance Schwann cell-mediated anatomical and

functional repair after sciatic nerve injury in adult rats. Exp Neurol 229,
158-167.

Zhang ]Y, Luo XG, Xian CJ, Liu ZH, Zhou XF. (2000) Endogenous BDNF is required
for myelination and regeneration of injured sciatic nerve in rodents. Eur J
Neurosci 12,4171-4180.

Zhang X, Verge VM, Wiesenfeld-Hallin Z, Piehl F, Hokfelt T. (1993) Expression of
neuropeptides and neuropeptide mRNAs in spinal cord after axotomy in the

rat, with special reference to motoneurons and galanin. Exp Brain Res 93,
450-461.

Zhao Z, Alam S, Oppenheim RW, Prevette DM, Evenson A, Parsadanian A. (2004)
Overexpression of glial cell line-derived neurotrophic factor in the CNS
rescues motoneurons from programmed cell death and promotes their
long-term survival following axotomy. Exp Neurol 190, 356-372.

Zheng LF, Wang R, Xu YZ, Yi XN, Zhang JW, Zeng ZC. (2008) Calcitonin gene-related
peptide dynamics in rat dorsal root ganglia and spinal cord following
different sciatic nerve injuries. Brain Res 1187, 20-32.

Zhou TH, Ling K, Guo ], Zhou H, Wu YL, Jing Q, Ma L, Pei G. (2000) Identification of a
human brain-specific isoform of mammalian STE20-like kinase 3 that is
regulated by cAMP-dependent protein kinase. J Biol Chem 275, 2513-2519.

Zhou XF, Rush RA. (1995) Peripheral projections of rat primary sensory neurons
immunoreactive for neurotrophin-3. ] Comp Neurol 363, 69-77.

Zuo ], Hernandez Y], Muir D. (1998) Chondroitin sulfate proteoglycan with neurite-
inhibiting activity is up-regulated following peripheral nerve injury. J
Neurobiol 34, 41-54.

Zuo ], Neubauer D, Graham ], Krekoski CA, Ferguson TA, Muir D. (2002)
Regeneration of axons after nerve transection repair is enhanced by
degradation of chondroitin sulfate proteoglycan. Exp Neurol 176, 221-228.



201

LIST OF PUBLICATIONS
Peer Reviewed Publications

1. Allodi [, Guzman-Lenis MS, Hernandez ], Navarro X, Udina E. (2011) In vitro
comparison of motor and sensory neuron outgrowth in a 3D collagen
matrix. Journal of Neuroscience Methods, 198(1):53-61

2. Allodi I, Udina E, Navarro X. (2012) Specificity of peripheral nerve

regeneration: interaction at the axon level. Progress in Neurobiology (In
press)

Under Revision

1. Allodi I, Casals-Diaz L, Gonzalez-Pérez F, Navarro X, Udina E. FGF-2 low

molecular weight (18 kDa) selectively promotes neuritogenesis of motor
neurons in vitro.

2. Allodi I, Torres-Espin A, Hernandez ], Roet K, Navarro X, Udina E. FGFR-1
differentially determines olfactory ensheathing glia and Schwann cells
neuritogenesis support in DRG explants and spinal cord organotypic slices.



202



203

ACKOWLEDGMENTS
This thesis would not exist without the help of a lot of people.
For this reason I would like to thank

Dr. Xavier Navarro, for having been my mentor for almost 4 years. All your
suggestions made me a better scientist and a better person. Thanks for trusting,

listening and fighting (for me and with me).

Dr. Esther Udina, for beeing such a great supervisor and a good friend. We worked
hard together, we suffered together, we laught a lot together, we achived together

... | could not expect anything better than this from a PhD Thesis.

All the Group of Neuroplasticity and Regeneration, such as “La ELITE”. Thanks for
having been my family for almost 4 years, for helping, encouraging and standing

me (before and after antihistaminic treatments).

Dr. Joost Verhaagen, for all his help and for introducing me to the amazing world of

the “Gene Therapy”.

The group of “Neuroregeneration” at the Netherlands Institute for Neuroscience
(NIN). Thank you for making me feeling at home, for the help and the really good

suggestions.

Dr. Ferdinando Rossi and all his collaborators at the Rossi lab, for being always

present and susteining me everywhere [ am.

All the PIs and the students of the AXREGEN project. It was amazing to know you

and to share so many scientific and non-scientific moments.

Dr. Joe Herbert, Dr. Patricia Jansen and Dr. Isabelle Weiss. Thank you so much for

being so present and paying so much attentions to our needs!

Dr. Guido Tarone. Thank you for the fundamental suggestions you gave us about

integrins.

Dr. Claudia Grothe, for her help in the lentivirus production.



204

Dr. Assumpcié Bosch, Dr. Toni Del Rio and Dr. Manel Santafé, for their important

suggestions given during these 4 years.
Dr. Ménica Roldan and Nuria Barba. Confocally speaking you rock the world!

The “Equipo técnico”, Jessica and Marta, because you are the engine of this lab, we

needs you more than antibodies!
Monica and Hortensia, for all your help, given always with a smile!
Dr. Rubén Lépez-Vales, for teaching me how to rock science!

Dr. Quino Hernandez, Dr. Ménica-Sofia Guzman and Dr. Caty Casas, for being there

when [ needed practical help and good suggestions.

Dr. Laura, Albert and Abel fellows, friends and sustainers... Without you this thesis

would not be finished... I cannot imagine my life in Barcelona without you! Thanks!

Vassilis, for all the help given me with the cloning, the virus production and for

hosting me during the “first difficult Dutch moments”.

Fran, Isaac and Dani... for all the positive energy. It looks like I am leaving the lab

in good hands.

My family... All of them... For being always so unbelievingly different from the rest

of the world! You make me fell special and never alone!

Rachel, Erika and Noélia, for entering my life when [ needed the most!
Leo, Angel, Adri and Vincent, for all the good moments at home.

The Italian friends, always present also if far away.

Barcelona, Amsterdam and Turin... For having been the amazing “scenario” of this

thesis.





