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Abstract

G e n e ral introduction

Spinal cord injury (SCI) affects millions of people worldwide and causes a significant
physical, emotional, social and economic burden. The main clinical hallmark of SCI
is the permanent loss of motor, sensory and autonomic function below the level
of injury. In general, neurons of the central nervous system (CNS) are incapable of
regeneration, whereas injury to the peripheral nervous system (PNS) is followed
by axonal regeneration and usually results in some degree of functional recovery.
The weak neuron-intrinsic regeneration-associated gene response upon injury
is an important reason for the failure of neurons in the CNS to regenerate an
axon. This response consists of the expression of many regeneration-associated
genes (RAGs), including regeneration-associated transcription factors (TFs).
Regeneration-associated TFs are potential key regulators of the RAG program. The
function of some regeneration-associated TFs has been studied in transgenic and
knock-out mice and by adeno-associated viral vector-mediated overexpression in
injured neurons. Here we review these studies and propose that AAV-mediated
gene delivery of combinations of regeneration-associated TFs is a potential
strategy to activate the RAG program in injured CNS neurons and achieve long
distance axon regeneration.

1. Introduction
Spinal cord injury (SCI), either traumatic or non-traumatic in origin, usually leads
to severe and permanent disability. A complete spinal cord transection interrupts
both the ascending sensory nerve tracts and the descending motor tracts.
However, most spinal cord lesions are incomplete, and in many cases the clinical
deficits reflect the extent of the injury. In general, muscle weakness occurs below
the level of injury due to the interruption of the motor tracts (Deumens et al.,
2005). In addition, loss of sensory function usually involves all modalities below
the level of the lesion (Gruener and Biller, 2008;McDonald and Sadowsky, 2002).
Cervical injuries lead to tetraplegia (paralysis of all four limbs), while injuries at
or below the thoracic level lead to paraplegia (paralysis of the lower body). A
systematic review on the priorities of SCI patients shows that next to loss of motor
function, loss of autonomic control of bowel, bladder and sexual function have a
large impact on quality of life (Simpson et al., 2012). Classification of complete and
incomplete SCI is done according to the guidelines of the American Spinal Injury
Association (ASIA) which are based on the level of injury and remaining sensory or
motor function.
There are many causes of traumatic injury, ranging from motor vehicle accidents
and community violence to recreational activities and workplace-related injuries
(van den Berg et al., 2010a). Causes of non-traumatic SCI include spinal stenosis,
tumorous compression, vascular ischemia, congenital diseases and inflammatory
conditions (New et al., 2002;Schonherr et al., 1996;van der Putten et al., 2001).
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Published reports of traumatic SCI incidence in the United States vary from 25 to
59 new cases per million per year with an average of 40 per million (Devivo, 2012).
An attempt to compare incidences worldwide identified significant geographical
variation in SCI incidence, ranging from 12.1 per million in the Netherlands to 57.8
per million in Coimbra, Portugal (van den Berg et al., 2010b). Very little literature
exists on the incidence of non-traumatic cases, which may be caused by difficulties
in the diagnosis of non-traumatic SCI.
Life expectancies following SCI in the United States are substantial, but remain
significantly below normal for all but the most incomplete injuries. Mortality rates
are significantly higher during the first year after injury than during subsequent
years, particularly for severely injured patients, with the leading causes of death
being pneumonia and septicaemia (NSCISC, 2013). In addition, SCI is associated
with abnormal levels of psychological morbidity, substance abuse and risk of
suicide (Post and van Leeuwen, 2012). Apart from the physical and emotional
burden, the economic costs of traumatic SCI are enormous (NSCISC, 2013).
From the above it is clear that it is important to find effective treatments for SCI
patients. The pathophysiology of SCI involves both primary and secondary injury
mechanisms (Fehlings and Sekhon, 2000;Tator, 1996). Primary injury refers to the
immediate physical injury to the spinal cord, usually caused by the compression
and contraction of neural tissue due to bone displacement. Pathological changes
resulting from primary injury include severed axons, direct mechanical damage
to cells, and ruptured blood vessels. Within minutes, secondary injury processes
including haemorrhage, loss of microcirculation, and vasospasm occur inside
the spinal cord and result in an expanding lesion area. Additional secondary
damage includes the loss of regulation of local and systemic blood pressure,
reduced spinal cord blood flow, breakdown of the blood-brain barrier and
inflammatory responses. Furthermore, an increase in extracellular concentrations
of neurotransmitters initiates excitotoxicity, which further leads to a series of
destructive events, including the release of reactive oxygen species and ATP.
These changes altogether lead to demyelination, ischemia, necrosis, and apoptosis
of spinal cord tissue. These secondary injury mechanisms indicate the importance
of immediate post-injury intervention to reduce further damage. For example,
early decompression of the spinal cord has been shown to improve neurologic
recovery in animal models (Dimar et al., 1999;Duh et al., 1994). Although there is
some uncertainty about the effectiveness of this procedure in humans, emerging
evidence indicates that decompression surgery within 24 hours may reduce the
length of intensive care unit stay and reduce post-injury medical complications
(Becker et al., 2003;Fehlings and Perrin, 2006).
Methylprednisolone (MP) is the only therapy that has been approved for SCI
so far. Originally shown by Hall and Braughler, MP protects against secondary
injury in animal models (Hall and Braughler, 1982a). MP is thought to act mainly
by reducing the injury-induced lipid peroxidation (Dinc et al., 2013;Christie et al.,
2008) caused by free radicals in spinal cord tissue, facilitating neuronal excitability
and impulse conduction and improving blood flow in the injured cord (Hall and
12
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Braughler, 1982b). In humans, therapy with MP has been shown to be protective,
although its efficacy is limited and it only marginally improves outcomes (Bracken,
2012). In addition, high doses are needed, leading to severe side effects. Currently,
a large proportion of pre-clinical and clinical SCI research focuses on prevention
of secondary injury. So far, thyrotropin releasing hormone seems neuroprotective
in one clinical trial, and several other therapies for SCI are currently being
investigated, as recently reviewed (Varma et al., 2013). Importantly, these
therapies focus on preventing secondary damage for neuroprotection, while most
preclinical research is focused on extrinsic factors influencing axonal regeneration
by targeting the injury site where scar tissue has formed. However, unlike neurons
in the peripheral nervous system (PNS), injured neurons in the central nervous
system (CNS) lack a robust neuron-intrinsic injury-induced gene response that
supports axon re-growth and this limits their capacity to regenerate. Therefore,
interventions that focus on enhancing the intrinsic regeneration capacity of
CNS neurons will probably be an essential component of a strategy that aims
to promote axonal regeneration after SCI. In this review we will first summarize
the main differences in regeneration potential of the PNS vs. the CNS. We will
then discuss the neuron-intrinsic response to peripheral injury and focus on the
key regulators of the RAG response. Finally, we will discuss the possibilities of
re-programming injured CNS neurons into a regenerative state, specifically by
targeting specific regeneration-associated transcription factors (TFs) to injured
neurons by using viral vector-mediated gene transfer technology.

2. Failure of regeneration in the CNS
The mammalian nervous system is comprised of two main parts, the CNS and
PNS. The CNS consists of the brain and spinal cord, whereas the PNS consists of
the somatic nervous system for voluntary control of body movements through
skeletal muscles and skin, and the autonomic nervous system that is responsible
for involuntary control of visceral functions. As mentioned in the previous
section, injury to the CNS of adult mammals generally does not lead to axonal
regeneration. In contrast, regeneration in the PNS is usually more successful
and can result in functional recovery. Both extrinsic and intrinsic factors are
responsible for the failure of axonal regeneration in the CNS and determine the
success of regeneration in the PNS.

2.1 Extrinsic factors
Scar tissue formed at the site of the lesion is a major extrinsic factor that limits
successful regeneration after SCI. The scar consists of reactive astrocytes and
after transection lesion also meningeal fibroblasts. Recently also fibroblasts from
perivascular origin were identified in the fibrotic scar (Soderblom et al., 2013;Goritz
et al., 2011). These cell types, together with oligodendrocytes, express molecules
13
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that inhibit regeneration (Caroni and Schwab, 1988b;Rudge and Silver, 1990)
[recently reviewed in (Fawcett et al., 2012;Giger et al., 2010;Pernet and Schwab,
2012)]. Following the discovery that CNS myelin contains molecules that inhibit
regeneration (Caroni and Schwab, 1988b;Berry, 1982) the IN-1 antibody (against
Nogo) was shown to neutralize the inhibitory properties of CNS myelin (Caroni and
Schwab, 1988a). A number of myelin-associated inhibitors have been identified,
including Nogo (GrandPre et al., 2000;Chen et al., 2000;Prinjha et al., 2000),
myelin-associated glycoprotein (MAG) (McKerracher et al., 1994;Mukhopadhyay
et al., 1994), oligodendrocyte myelin glycoprotein (OMgp) (Wang et al., 2002),
and more recently repulsive axon guidance proteins (see below). Antibodies
that block Nogo-A enhance regeneration and sprouting in vivo (Gonzenbach et
al., 2012;Freund et al., 2009;Freund et al., 2006;Liebscher et al., 2005;Raineteau
et al., 2001;Thallmair et al., 1998). Currently Nogo-A neutralizing antibodies are
being tested in clinical trials (Pernet and Schwab, 2012). Several chondroitin
sulphate proteoglycans (CSPGs), including neurocan, phosphacan, versican and
aggrecan are expressed by cells in the scar and have shown to be inhibitory for
axonal re-growth (Niederost et al., 1999;Davies et al., 1999;McKeon et al., 1991).
Treatment of the scar with the enzyme chondroitinaseABC, which digests CSPGs,
is a promising strategy to make the scar more permissive for axon growth (GarciaAlias et al., 2008;Tester and Howland, 2008;Cafferty et al., 2007;Barritt et al.,
2006;Massey et al., 2006;Caggiano et al., 2005;Bradbury et al., 2002;Moon et al.,
2001). Interestingly, combination treatments of chondroitinaseABC with peripheral
nerve transplants (Tom and Houle, 2008;Houle et al., 2006), pro-regenerative cell
grafts (Ikegami et al., 2005;Karimi-Abdolrezaee et al., 2012;Karimi-Abdolrezaee
et al., 2010;Fouad et al., 2009;Fouad et al., 2005), growth factors (Massey et
al., 2008), anti-Nogo-A treatment (Zhao et al., 2013) and rehabilitation therapy
(Garcia-Alias and Fawcett, 2012;Wang et al., 2011;Garcia-Alias et al., 2009) are
more effective than treatment with chondroitinaseABC alone [recently reviewed
in (Zhao and Fawcett, 2013)].
A number of axon guidance signalling molecules have shown to have an
inhibitory influence on spinal cord regeneration. Semaphorin 3a was one of the
first repulsive axon guidance molecules found to be expressed in the neural scar
(De Winter et al., 2002;Pasterkamp et al., 1998;Pasterkamp et al., 1999), and
currently also other semaphorins are under investigation, including Semaphorin
4d (Moreau-Fauvarque et al., 2003) and Semaphorin 5a (Goldberg et al., 2004).
Blocking Semaphorin 3a from binding to the neuropilin-1/plexinA receptor
complex with the small molecule SM-216289 leads to enhanced regeneration
after olfactory axotomy (Kikuchi et al., 2003) and enhanced growth of a subset
of axons after SCI (Kaneko et al., 2006). Ephrins are also axon guidance molecules
which are expressed in the spinal cord scar. Ephrin B3 has shown to be an inhibitor
for neurite outgrowth (Benson et al., 2005) and a knockout mouse model for its
receptor EphA4 showed improved regeneration after SCI (Goldshmit et al., 2004).
Preventing Ephrin B3 from binding to its receptor using a peptide-antagonist
resulted in improved sprouting, but did not promote regeneration across the lesion
14
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site (Fabes et al., 2007). Inhibition of EphA4 signalling by receptor antagonism
using soluble Ephrin-A5-Fc or scavenging of Ephrin ligands using soluble EphA4Fc receptor bodies promotes axonal regeneration beyond the injury site and
functional recovery after spinal cord injury (Spanevello et al., 2013;Goldshmit et
al., 2011).

2.2 Intrinsic factors
Although neutralization of extrinsic factors promotes regeneration to some extent,
regeneration can be further enhanced by targeting neuron-intrinsic factors.
Upon peripheral axotomy, retrograde signals (Perry et al., 2012;Ben-Yaakov et al.,
2012;Michaelevski et al., 2010;Rishal and Fainzilber, 2010;Abe and Cavalli, 2008)
transported from the axon to the neuronal cell body may stimulate changes in
the neuron-intrinsic gene expression usually referred to as the regenerationassociated gene (RAG)-program (Tetzlaff et al., 1991;Skene, 1989). The RAGprogram is regulated by TFs (Makwana and Raivich, 2005;Moore and Goldberg,
2011;Quadrato and Di Giovanni, 2013;Raivich and Makwana, 2007;Rossi et al.,
2007;Stam et al., 2008;Van Kesteren et al., 2011) and by epigenetic modifications
of histones and DNA (Cho and Cavalli, 2014;Lindner et al., 2013;Trakhtenberg and
Goldberg, 2012). One of the first RAGs to be identified was growth associated
protein 43 (GAP-43). In successfully regenerating systems, such as after injury
of peripheral DRG axons, it was found that GAP-43 expression was increased
several fold, while this was not the case in injury models where no spontaneous
regeneration occurs (Benowitz et al., 1981;Skene and Willard, 1981;Sommervaille
et al., 1991).
DRG neurons are a commonly used model to gain insight into the intrinsic
molecular mechanisms underlying successful nerve regeneration. DRG neurons
are pseudo-unipolar neurons with peripheral axons, such as found in the sciatic
nerve (SN), that connect to the skin and muscle spindles and regenerate after injury
and central axons that connect to the spinal cord through dorsal nerve roots and
regenerate poorly after axotomy (Komiya, 1981;Richardson and Verge, 1987;Wujek
and Lasek, 1983). Interestingly, the poor regenerative capacity of the central axons
of DRG neurons can be improved by a peripheral lesion, often referred to as a
‘conditioning lesion’, that precedes the lesion to the central branch and induces
a RAG response (Chong et al., 1996;Richardson and Issa, 1984;Richardson and
Verge, 1987). Additionally, in studies where the inhibitory environment of injured
CNS-axons is changed by implantation of a peripheral nerve graft into the spinal
cord some, but not all, CNS neurons regenerate their axons into the graft (David
and Aguayo, 1981;Richardson et al., 1982). The successfully regenerating neurons
exhibit prolonged expression of regeneration-associated molecules, such as
GAP43 and CAP23 (Mason et al., 2002;Mason et al., 2003). Thus, the ability of CNSaxons to regenerate into a graft is correlated with the magnitude of changes in
the expression of RAGs (Anderson et al., 1998;Anderson and Lieberman, 1999)
providing support for the notion that RAGs facilitated axon regeneration. This led
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to the idea that axonal regeneration in the CNS can be promoted by enhancing
the expression of specific RAGs, that are normally activated upon PNS axotomy,
in injured CNS neurons (Skene, 1989). Transgenic mice overexpressing GAP-43
showed improved regeneration in the PNS (Aigner et al., 1995) and enhanced
sprouting, but no long distance regeneration in the CNS (Aigner et al., 1995;Buffo
et al., 1997;Holtmaat et al., 1995), not even into peripheral nerve grafts (Mason et
al., 2000). Also other classical RAGs, such as Itga7 and galanin have small effects
on axonal regeneration (Holmes et al., 2000;Werner et al., 2000). These findings
illustrate that the manipulation of individual RAGs is not sufficient to induce
robust long distance regeneration of injured CNS axons and gave rise to the idea
that targeting multiple RAGs simultaneously is required to achieve meaningful
long-distance axon regeneration. Indeed, overexpression of GAP-43 and CAP23 together results in more efficient long distance regeneration of spinal axons
into nerve grafts after SCI (Bomze et al., 2001). These early studies on RAGs have
inspired work towards a more complete understanding of the RAG-response
which will be reviewed below.

3. The neuron-intrinsic response to injury
3.1 Microarray studies
Transcriptional profiling using microarrays is a powerful strategy to obtain a
complete picture of the gene expression patterns underlying axonal regeneration
and has resulted in the identification of many new RAGs. Several microarray
studies have been performed that demonstrate the differential gene expression
patterns in DRG neurons following a peripheral lesion compared to a central lesion
(Macgillavry et al., 2009;Stam et al., 2007;Zou et al., 2009). Others have used
microarrays to study the neuron-intrinsic changes that occur after injury to the
facial nerve, superior cervical ganglion, sciatic nerve and ventral root [reviewed in
(Verhaagen et al., 2012)]. Overall, these microarray studies have led to:
1. the demonstration that the RAG response is extensive and consists of
hundreds of RAGs that are regulated in a coordinated fashion upon injury
2. the confirmation of the induction of several classical RAGs following injury,
such as GAP43, c-Jun, ATF3 and galanin;
3. the identification of hundreds of potential novel RAGs, including, Sprr1a,
s100c, p21/waf1 (Bonilla et al., 2002), α2 macroglobulin, CLP36, VGF (Costigan
et al., 2002), Fn14 (Tanabe et al., 2003), and Ddit3, Timm8b and Oazin
(Mechaly et al., 2006); a meta-analysis of four transcriptional profiling studies
on the DRG or superior cervical ganglia after peripheral injury (Boeshore et
al., 2004;Costigan et al., 2002;Sun et al., 2002;Xiao et al., 2002) revealed 102
16
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commonly regulated genes in two or more out of four microarray studies
(Stam et al., 2008)

4. the confirmation of the expression patterns of a number of known
regeneration-associated TFs (c-Jun, ATF3, STAT3) and the discovery of novel
regeneration-associated TFs, including C/EBPdelta (Nilsson et al., 2005),
Ankrd1 (Stam et al., 2007), Smad1(Zou et al., 2009), KLF6 and KLF7 (Blackmore
et al., 2012;Moore et al., 2009;Blackmore et al., 2010), STAT3 (Smith et al.,
2011), including the unexpected observation that certain TFs are repressors of
the RAG program, like NFIL3 (Macgillavry et al., 2009) and several KLF family
members (Moore et al., 2009)

3.2 High-throughput, high-content cellular functional screening
studies
Microarray studies have identified many novel genes that are constituents of the
RAG response, however, the function of many RAGs and whether they have a
direct role in axon outgrowth is not known. Therefore it is essential to carry out
functional studies to identify the key RAGs. Some of the above mentioned studies
describe small-scale functional analysis of novel RAGs following transcriptional
profiling. For example knockdown of Sprr1a, Ankrd1, and Smad1 in DRG neurons
leads to decreased neurite length, while overexpression of Sprr1a, Ankrd1, S100c,
Fn14 and BMP4 (an activator of Smad1) promotes neurite outgrowth (Bonilla et al.,
2002;Stam et al., 2007;Tanabe et al., 2003;Zou et al., 2009). Others have combined
microarray studies with high-throughput, high-content neurite outgrowth
analysis, also referred to as the ‘Cellomics’ approach, in which many individual
genes are knocked down or overexpressed in a 96-wells plate format and screened
for their effects on neurite outgrowth (Blackmore et al., 2010;Macgillavry et al.,
2009;Michaelevski et al., 2010).
In a recent microarray study 62 TFs were identified based on their differential
expression in DRG neurons after a central versus a peripheral lesion (Macgillavry
et al., 2009;Stam et al., 2007). A Cellomics screen with F11 cells showed that
knockdown of 19 out of 62 TFs had a significant effect on neurite outgrowth
(Macgillavry et al., 2009). This study focused on NFIL3 as the most potent repressor
of neurite outgrowth and showed that it functions through negative regulation of
CREB, which is a regeneration-associated TF that promotes axon outgrowth (Gao
et al., 2004). Moore and colleagues have screened 111 genes that were identified
in a screen which studied gene regulation during the developmental loss of the
intrinsic capacity for axon growth of retinal ganglion cells (Wang et al., 2007). Each
of the 111 genes was overexpressed in hippocampal neurons and a Cellomics type
of analysis was used to study their effect on neurite outgrowth (Moore et al., 2009).
They identified the KLF family of TFs which consists of both positive and negative
regulators of neurite outgrowth. KLF4 was discovered as the strongest repressor of
axon growth and in a conditional knockout model it was found to promote axonal
regeneration after an optic nerve crush. In a follow up screen they overexpressed
17

Chapter 1

more than 400 developmentally regulated genes in Cellomics neurite outgrowth
assays using postnatal cortical neurons and identified both growth inhibitors
(Ephexin, Aldolase A, SoluteCarrier2A3, and Chimerin), and growth enhancers
(Doublecortin, Doublecortin-like, Kruppel-like Factor 6, and CaM-Kinase II
gamma) (Blackmore et al., 2010). Smith and colleagues have overexpressed 25
out of 32 intrinsic PNS factors that were identified following combination analysis
of subtractive hybridization and microarray data sets with network and TFBS
enrichment algorithms (Smith et al., 2011). A constitutive active form of the
regeneration-associated TF STAT3 was shown to enhance neurite outgrowth of
postnatal cerebellar granule neurons. Another study which involved combination
analysis of phosphoproteomics, microarrays and bio-informatics after peripheral
injury identified 39 regeneration-associated TFs that might be in control of the
RAG expression program (Michaelevski et al., 2010). This study focused on four
highly connected protein kinases which were identified as potential key factors
by the combined analysis. Pharmacological inhibition of protein kinase C, Abl, AKT
and p38 resulted in significant effects on neurite outgrowth. Collectively, these
studies illustrate the strength of combining microarrays with high-throughput,
high-content follow up analyses and show that not only enhancers of axon
regeneration, but also repressors play an important role in the RAG program,
thereby increasing our insight in the intrinsic RAG response after injury.

3.3 Regeneration-associated transcription factors
In order to get insight in the regulatory mechanisms that underlie the RAG program
it is important to identify the TFs that co-ordinately regulate the expression of
RAGs. Individual TFs are able to initiate or repress the transcription of several
RAGs simultaneously, and may therefore control the expression of specific sets of
genes of the RAG program. A particular combination of regeneration-associated
TFs may be required to activate a large proportion or even the full RAG program
(Figure 1). To date, several injury-responsive TFs have been identified, including
CREB (Gao et al., 2004), STAT3 (Qiu et al., 2005), ATF3 (Seijffers et al., 2006;Seijffers
et al., 2007), c-Jun (Broude et al., 1997;Raivich et al., 2004), SOX11 (Jankowski et
al., 2006), SMAD1 (Parikh et al., 2011;Zou et al., 2009), P53 (Di Giovanni et al.,
2005;Di Giovanni et al., 2006), NFIL3 (Macgillavry et al., 2009;Stam et al., 2007), C/
EBPbeta (Nadeau et al., 2005), C/EBPdelta (de Heredia and Magoulas, 2013), NFκB
(Pollock et al., 2005;Ma and Bisby, 1998), NFATs (Nguyen et al., 2009), and several
KLF family members (Moore et al., 2009).
The involvement of these TFs in the regulation of neurite outgrowth and
axon regeneration varies, but experimental evidence suggests that each of
these TFs contributes to specific aspects of the RAG expression network. For
example, c-Jun is able to regulate the expression of Itga7, CD44 and Gal (Raivich
et al., 2004) and ATF3 can activate c-Jun, Hsp27 and Sprr1a (Seijffers et al.,
2007). NFIL3 is a feed forward repressor of several CREB and C/EBP target genes
such as Arg1 and GAP-43 (Macgillavry et al., 2009;Macgillavry et al., 2011), and
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KLF7 induces expression of p21, TrkA and TrkB receptors, GAP-43 and L1CAM
(Blackmore et al., 2012;Kingsbury and Krueger, 2007;Kajimura et al., 2007;Lei et
al., 2005;Smaldone et al., 2004). These studies show that specific TFs coordinate
the expression of different, partially overlapping sets of RAGs and suggest that
multiple regeneration-associated TFs are require to activate the full RAG program
(Figure 1). In order to study the effects of regeneration-associated TFs on axon
regeneration in vivo it is necessary to deliver and express regeneration-associated
TFs in injured neurons. In the next section we will discuss progress with viral
vector-mediated gene transfer to the nervous system and we will review the very
first studies that used this technique to express RAGs and regeneration-associated
TFs in vivo in injured neurons.

Figure 1. Regeneration-associated TFs and the RAG program after peripheral axotomy. An
important reason for successful axon regeneration upon injury to the peripheral nervous system
(PNS) is the induction of a neuron-intrinsic gene expression program. (A) This response is usually
referred to as the regeneration-associated gene (RAG) program and consists of the upregulation
of several hundred genes, including regeneration-associated transcription factors (TFs). The RAGresponse is absent or much weaker in most injured CNS neurons. (B) Regeneration-associated
TFs are potentially key regulators of the RAG program. Specific regeneration-associated TFs
regulate the expression of several RAGs simultaneously by activation or repression of RAGtranscription, and may therefore control the expression of different, partially overlapping sets
of RAGs. (C) A particular combination of regeneration-associated TFs (TF n) may activate a large
proportion of RAGs or even the full RAG program (RAG n). The simultaneous overexpression
of multiple regeneration-associated TFs may be a powerful approach to activate the RAG
program in injured CNS neurons and consequently achieve long distance axon regeneration.
19
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3.4 Epigenetic regulation of axon regeneration
A number of studies have recently shown that epigenetic changes such as
histone modifications may also regulate axon regeneration. Histone deacetylase
5 (HDAC5) mediates tubulin deacetylation and was found to be required for
successful axon regeneration of DRG neurons in vitro and in vivo (Cho and
Cavalli, 2012). A follow up study showed that nuclear export of HDAC5 by I3A
administration induced successful axon growth of DRG neurons (Cho et al., 2013).
Furthermore, microarray analysis of cultured DRG showed that nuclear export of
HDAC5 induced a proregenerative transcriptional expression program consisting
of hundreds of genes, including previously identified RAGs such as jun, KLF4, KLF5,
Fos and Gadd45a (Cho et al., 2013).
The histone acetyltransferase p300 has been shown to regulate several
RAGs in an optic crush injury model by driving the expression of GAP-43, Sprr1a
and coronin b (Gaub et al., 2011). Furthermore, the histone acetyltransferase 1
p300/CBP-associated factor (PCAF), which can form a complex with the histone
acetyltransferase p300, may activate GAP-43, Galanin and BDNF (Puttagunta et
al., 2014). These studies show that epigenetic changes may also play a role in the
regulation of the RAG program and axon regeneration.

4. In vivo studies on regeneration-associated TFs using
viral vector mediated gene transfer
Viral vector-mediated gene transfer is a powerful strategy to manipulate the
expression of regeneration-associated TFs in vivo in injured neurons. A TF can be
expressed into specific target neurons through transduction with a viral vector
that harbours the TF gene under the control of a promoter. The advantages of viral
vector-mediated gene delivery compared to application of a recombinant protein
include sustained expression and targeted delivery of therapeutic proteins with an
intracellular function to specific types of neurons (Mason et al., 2011).

4.1 Viral vector-mediated gene delivery
In the past 25 years, considerable progress has been made in generating
efficient and safe viral vectors. Initially, herpes simplex-based viral vectors and
adenoviral vectors were used to express foreign genes in the nervous system
[reviewed in (Hermens and Verhaagen, 1998;Kirik and Bjorklund, 2003)]. Although
these vectors are quite efficient, an immune response directed against viral
gene products encoded by these vectors rapidly curtails the expression of the
transgene. Currently, gene therapy for a number of nervous system diseases in
humans is mainly based on adeno-associated viral (AAV) vectors, while there
are also clinical trials reported using an equine retroviral vector for Parkinson’s
disease (Palfi et al., 2014) and adenovirus for the treatment of adult glioblastoma
(Westphal et al., 2013). Specific AAV-serotypes do preferentially transduce
20
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different types of neurons (Burger et al., 2004;Koerber et al., 2009;Kwon and
Schaffer, 2008;Mason et al., 2011), thus rendering AAV a very versatile viral vector.
AAV vectors deliver their genome to the nucleus, where it either remains present
as a stable episome or is inserted in the genome of the host, but this occurs at
low frequency and is considered to be safe (Kaeppel et al., 2013). AAV vectors
display low immunogenicity, and although in a preclinical study the formation of
hepatocellular carcinoma by AAV integration into the genome has been described
(Russell, 2007;Donsante et al., 2007), no apparent adverse effects have been
reported following application in the rodent and human nervous system (Kaplitt et
al., 1994;Kaplitt et al., 2007;LeWitt et al., 2011). These clinical studies in the brain
and the recent European Medicines Agency approval of Glybera (an AAV1 vector
harbouring a therapeutic gene to treat lipoprotein lipase deficiency) as the first
approved gene therapy product in the Western world indicates the translational
potential of AAV-based therapies for SCI.
AAV2 was the first AAV-serotype that was applied in the CNS (Kaplitt et al.,
1994). AAV2 has been used to transduce cells in many neural tissues. AAV2 was
used to transduce DRG neurons both in vitro and in vivo through either direct
injection in the DRG or by intrathecal delivery (Fleming et al., 2001;Glatzel et al.,
2000;Harrison et al., 1999;Mason et al., 2010;Towne et al., 2009;Xu et al., 2003).
AAV2 has a strong neuronal tropism and exhibits limited spread when injected
intra-parenchymally (McFarland et al., 2009). Several studies have reported that
transduction of motor and DRG neurons can be significantly improved by using
alternative serotypes, such as AAV1, AAV5 and AAV6 (Blits et al., 2010;Mason et
al., 2010;Storek et al., 2006;Towne and Aebischer, 2009). For instance, in the adult
rat DRG, neuronal transduction rates were up to 90% following direct injection of
AAV5 (Mason et al., 2010), compared to 20-30% using AAV2.

4.2 Regeneration studies using viral vectors
A number of groups have used viral vectors to enhance the neuron-intrinsic
regeneration capacity of DRG neurons. Delivery of CNTF using a human
immunodeficiency virus-based lentiviral vector induced STAT3 activation in DRG
neurons and enhanced axon growth of DRG neurons after a dorsal root crush (Wu
et al., 2007). An equine infectious anaemia-based lentiviral vector was used to
deliver retinoic acid receptor β2 and has shown to promote regeneration of DRG
axons after dorsal root lesion (Wong et al., 2006). Adenoviral overexpression of
constitutively active CREB in DRG neurons was shown to be sufficient to promote
regeneration of lesioned dorsal column axons (Gao et al., 2004) and herpes simplex
virus-based delivery of ATF3 enhanced neurite outgrowth of cultured adult DRG
neurons (Seijffers et al., 2006).
AAV vectors were recently also used to investigate the effects of overexpression
of a number of genes on the regeneration of DRG neurons after injury. AAV2mediated expression of α9 integrin in DRG neurons resulted in significantly more
axons that had grown into the lesion site after a dorsal column lesion (Andrews
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et al., 2009). Furthermore, AAV2-mediated overexpression of kindlin-1 in DRG
neurons activates integrin signalling and leads to significantly more axons that
cross the dorsal root entry zone and enter the spinal cord after dorsal root
injury (Tan et al., 2012). Lorber and colleagues have used AAV2 to knockdown
mammalian sterile 20-like kinase-3b (Mst3b) in DRG neurons and showed that
peripheral nerve regeneration is impaired after AAV-mediated knock-down of this
kinase (Lorber et al., 2009).
Two groups have used AAV vectors to address the role of TFs in the axonal
regeneration process. AAV2-mediated overexpression of the regenerationassociated TF STAT3 enhanced the speed of outgrowth during the early phase of
regeneration and promoted collateral sprouting of mouse DRG axons after a dorsal
column lesion (Bareyre et al., 2011). Activation of Smad1, another regenerationassociated TF, by overexpression of BMP4 using AAV8 in DRG neurons resulted
in improved sprouting of dorsal column axons after injury (Parikh et al., 2011).
These studies demonstrate that AAV-mediated delivery of a TF in injured neurons
is a feasible approach to study the regulatory mechanisms that govern the RAG
response.

5. Conclusion
The RAG program consists of several hundreds of genes which are induced
following peripheral axonal injury. The expression of RAGs is regulated by specific
TFs and activation of the full RAG-program might require multiple regeneration
associated TFs that co-operate. A major reason why regeneration of most CNS
neurons is unsuccessful may be because many of the TFs responsible for initiating
and maintaining the RAG program are not induced or activated upon injury.
Therefore, forced expression of regeneration-associated TFs that are normally
associated with successful regeneration in the PNS might be a powerful strategy to
induce the RAG program in CNS neurons and to improve axon regeneration. AAV
vectors provide important tools for the delivery of a gene of interest to specific
target cells, including CNS neurons. By expressing a specific set of regenerationassociated TFs in injured CNS neurons using AAV, it might be possible to activate
the RAG-program in these neurons and induce long distance axon regeneration.

Aim and scope of this thesis
To achieve long-distance regeneration of injured spinal cord axons it will be
essential to fully activate the RAG-program in injured spinal neurons. As reviewed
in chapter 1, attempts to enhance the intrinsic growth state of injured CNS
neurons have focused on the manipulation of single RAGs or single regenerationassociated TFs. The overall objective of the work described in this thesis was to
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deliver a combination of regeneration-associated TFs to injured sensory neurons
and study the effect on the regeneration of injured dorsal root axons.
In the first part of this thesis (chapters 2 and 3) we developed methods to
efficiently deliver and express multiple transgenes to adult DRG neurons. In
chapter 2 we describe gene delivery to DRG neurons by either direct injection
into the DRG or delivery via the intrathecal space. Both methods result in efficient
gene transfer. We discuss the specific advantages and disadvantages of these two
methods of delivery. In chapter 3 we describe the development of an AAV vector
with a compact dual promoter to drive the expression of multiple genes in one
neuron. This AAV vector enables simultaneous expression of two genes of interest
e.g. a marker gene to label (regenerating) axons and a regeneration-associated TF.
In the second part of this thesis we tested combinations of two groups or
modules of TFs in a “Cellomics” neurite outgrowth screen using a DRG-like cell line
(F11 cells; chapter 4) and performed combinatorial overexpression of 4 TFs in DRG
neurons (chapter 5) using the dual promoter vector developed in chapter 3. The
two modules that were tested in chapter 4 were c-Jun, Smad1, ATF3 and STAT3
(module 1) and MEF2, SRF, KLF7 and Sox11 (module 2). The TFs in module 1 are all
induced or activated after peripheral nerve injury and 3 TFs have been shown to
influence regeneration individually after overexpression (ATF3, STAT3) or knock-out
(c-Jun; chapter 1). Some of these factors functionally interact and the transcription
factor binding sites for these factors are overrepresented in the promoters of
RAG-genes. The TFs of module 2 were identified by a computational analysis of
the RAG-promoters. MEF2 is a novel TF which has not been linked to regeneration,
while KLF7, Sox11 and SRF have individually been implicated in axon regeneration.
In chapter 4 we show for module 1 that ATF3 promotes neurite outgrowth but
surprisingly combinatorial expression of multiple TFs from module 1 has an effect
similar to ATF3 and did not result in synergistic outgrowth. For module 2 the effect
of the combination of KLF7 and MEF2 was particularly strong and significantly
higher than that of the single factors. Although the effects by overexpressing TFs
of module 1 (ATF3, c-Jun, STAT3, and Smad1) were limited, there are a number of
arguments why we continued to study these TFs in a parallel in vivo experiment.
Firstly, the F11 in vitro model does not take the real context of regeneration into
account, such as the complex environment and interplay of neurons with other
types of cells. Secondly, these four TFs have shown to be associated to successful
regeneration in literature and thirdly, interactions between ATF3, c-Jun, STAT3,
and Smad1 are described in literature, which supports the hypothesis that this
combination of TFs could result in synergistic effects on axon regeneration. In
chapter 5 we injected DRG with dual promoter AAV vectors expressing GFP-only,
ATF3 only or ATF3/Smad1/STAT3/c-Jun and quantified regeneration after dorsal
root injury and dorsal column injury. We found that regeneration was improved by
expressing ATF3 only or ATF3/Smad1/STAT3/c-Jun together but the combination of
TFs did not result in more regeneration.
In order to quantify the effects on recovery of function resulting from an
intervention following a spinal cord lesion in vivo, an appropriate functional test
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needs to be applied. A number of functional tests are available to reliably study
motor function after injury, while for sensory lesion models, such as the dorsal
column injury model, this is more complex, because a dorsal column lesion spares
other sensory spinal pathways which could possibly compensate for the loss of
function, leading to spontaneous recovery of function within weeks. In chapter
6 we compare a range of existing functional tests and one newly developed test
to follow recovery of function after dorsal column injury. We show that in most
tests spontaneous recovery is visible two weeks after injury, however a number
of tests, including the new inclined rolling ladder test showed a dysfunction for a
longer period. These results indicate that the inclined rolling ladder test may be a
suitable test for regeneration studies in the dorsal column injury model.
In chapter 7 we summarize the findings of this thesis and provide our ideas
about the apparent failure to show combinatorial effects of the TFs in module
1. We discuss the mixing of AAV vectors for co-delivery of TFs, the biological
activity of the expressed TFs and the possibility that module 1 may not be the
key TFs in control of the RAG program. As mentioned above combined expression
of TFs from module 2 resulted in significantly enhanced axon outgrowth in the
“Cellomics” screen. Another PhD student, Callan Attwell, is currently building on
these observations and is testing the effect of combinatorial expression of TFs
from module 2 on DRG axon regeneration in vivo.
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