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1. Summary
Injury to the brain or spinal cord leads to severe and permanent disability. In 
contrast, injury to the peripheral nervous system (PNS) is followed by axonal 
regeneration and usually results in some degree of functional recovery. A 
major reason for the failure of neurons in the central nervous system (CNS) to 
regenerate an axon is the poor neuron-intrinsic response upon axotomy. In the 
PNS a strong response occurs consisting of the expression of several hundred 
regeneration-associated genes (RAGs) and includes a number of regeneration-
associated transcription factors (TFs). Regeneration-associated TFs are potential 
key regulators of the RAG program and may act in a combinatorial manner to 
drive the expression of the full RAG program. In this thesis we aimed to deliver a 
combination of TFs to dorsal root ganglion (DRG) neurons and study their effects 
on regeneration of their central axons. First we developed methods to deliver and 
express multiple transgenes simultaneously in DRG neurons. In the second part 
of this thesis we tested combinations of TFs in neurite outgrowth screens and 
performed in vivo experiments using the methods developed in the first part of 
this thesis to assess the effect of a combination of regeneration-associated TFs on 
the regeneration of the axons of injured DRG neurons. 

In chapter 1 we review the consequences of spinal cord injury and studies 
that focus on enhancing axon regeneration by manipulating the RAG-response, 
and propose that adeno-associated viral vector (AAV)-mediated gene delivery 
of combinations of regeneration-associated TFs could be a powerful strategy to 
activate the RAG program in injured CNS neurons and achieve long distance axon 
regeneration.

AAV vectors are efficient molecular tools to deliver genes to the nervous system 
in vivo. In chapter 2 we describe two techniques to transduce DRG neurons in vivo 
using AAV: the direct injection technique and an intrathecal delivery method. 
Both methods are efficient at transducing DRG neurons in vivo. Each method 
has its advantages and disadvantages. The main advantages of direct injection 
are that specific DRGs can be targeted with high transduction rates with low 
amounts (µl) of a viral vector stock, however the procedure is complex, invasive 
and time consuming. Intrathecal injection has the advantage of being a fast and 
simple method to transduce multiple DRG bilaterally, and involves no surgical 
manipulation of the DRG. However, intrathecal delivery does require much larger 
amounts of viral stock (10 to 20µl), and has the disadvantage that viral particles 
will leak from the cerebrospinal fluid to the spinal cord and/or peripheral tissues.

For regeneration studies, where axon growth is usually assessed distant from 
the transduced neuronal cell bodies, it is desirable to simultaneously express a 
gene of interest and a fluorescent marker protein to label the axons of transduced 
neurons. In chapter 3 we developed an AAV vector containing the CMV promoter 
and sCAG promoter in a compact back-to-back configuration with a shared 
enhancer. We show robust expression of two transgenes simultaneously using 
two fluorescent proteins, eGFP and mCherry, both by direct injection into the DRG 
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and via intrathecal delivery (chapter 2). Quantification of co-expression shows 
that when considering all eGFP-positive neurons 77 to 85 percent of these also 
express mCherry. We demonstrate how this vector is useful for studies on axon 
regeneration by expressing an actively transported form of eGFP, farnesylated 
eGFP (eGFPf), which results in superior long distance labelling of axons of DRG 
neurons compared to normal eGFP. Taken together, this novel molecular tool 
enables specific tracing and quantification of distant axons from transduced 
neurons after axonal injury.

In chapter 4 we performed in vitro medium-throughput cellular screens 
(“Cellomics”) to test combinations of TFs of two individual ‘modules’ (module 1: 
ATF3, c-Jun, Smad1 and STAT3; module 2: KLF7, Sox11, MEF2 and SRF) on neurite 
outgrowth using the dual promoter construct co-expressing a TF and eGFPf 
(chapter 3) in the F11 DRG-like cell line. The two combinations were identified 
based on the analysis of RAG-promoters using an advanced TF binding site 
overrepresentation algorithm and on data available in the literature. We show 
relatively small effects in module 1 by overexpression of ATF3 only, several 
combinations of two and three TFs and the full module containing all four TFs, 
although this was not significantly better than overexpression of ATF3 alone. The 
second module gives strong synergistic effects on neurite outgrowth with several 
combinations. The module 2 TFs are currently followed up in a parallel research 
line by Callan Attwell. 

Although the effects of overexpressing TFs of module 1 (ATF3, c-Jun, STAT3, 
and Smad1) in F11 cells were limited, we continued to study these TFs in a parallel 
in vivo experiment for a number of reasons. Firstly, the screen in F11 cells does 
not take the real context of regeneration into account, such as the complex 
environment and interplay of neurons with other types of cells. Furthermore, F11 
cells already express ATF3, c-Jun, Smad1 and STAT3 endogenously, which could 
explain why the effects of overexpression of these TFs were limited. Secondly, 
evidence from the literature has linked each of these four TFs to successful 
regeneration and thirdly, interactions between ATF3, c-Jun, STAT3, and Smad1 are 
described in the literature, which supports the idea that combining these four TFs 
could result in synergistic effects on axon regeneration. In chapter 5 we injected 
dual promoter AAV vectors developed in chapter 3 expressing eGFPf-only, ATF3 
and eGFPf or ATF3/Smad1/STAT3/c-Jun combined and eGFPf into the L4 and L5 
DRG and assessed axon regeneration after dorsal root injury and dorsal column 
injury. We show clear co-expression of TFs in eGFPf-positive DRG neurons and 
performed histological analysis at several locations to quantify regenerating dorsal 
root axons. We show for the first time that ATF3 enhances axon regeneration after 
dorsal root injury. Combinatorial overexpression of ATF3/Smad1/STAT3/c-Jun also 
resulted in faster regeneration of injured dorsal root axons, however this was 
not more effective than expressing ATF3 alone. No functional effects were found 
using sensory tests based on heat or electrical stimuli, however significant more 
animals that received ATF3 only showed autotomy behaviour, and a trend was 
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seen for the TF combination group. We found no effect on axon regeneration of TF 
overexpression in a dorsal column lesion model. 

The primary sensory DRG neurons are a commonly used model for regeneration 
studies. However, a lesion to the central axons in the dorsal column spares other 
sensory spinal pathways which could possibly compensate for the loss of function, 
leading to recovery of function within weeks. In chapter 6 we therefore compared 
a number of behavioural tests to reliably measure recovery of function after 
dorsal column injury. We used the adhesive tape removal test, rope-crossing test, 
CatWalk™ gait analysis, horizontal ladder test, and developed a new test in which 
animals climb an inclined ladder with rolling bars. We performed dorsal column 
injuries or sham injuries at C4 or T7 level and followed the animals for the duration 
of 8 weeks. We found that in the majority of tests animals show spontaneous 
recovery within two weeks after injury. In some of the tests, however, including 
the new inclined rolling ladder test we were able to measure more long-lasting 
dysfunction over time. This indicates that the inclined rolling ladder may be a 
suitable functional test for regeneration experiments following lesions of the 
dorsal column. 

2. Discussion
The aim of the work described in this thesis was to deliver a combination of 
regeneration-associated TFs to DRG neurons and to study their effects on the 
regeneration of injured dorsal root axons. In this section we will first discuss 
the challenges for co-delivery of multiple transgenes to DRG neurons in vivo. 
In the second part we discuss our efforts to enhance axon regeneration by 
overexpression of multiple regeneration-associated TFs simultaneously.  

2.1 Overexpression of multiple genes in DRG neurons in vivo

The challenges of simultaneous overexpression of multiple transgenes in 
vivo
Many biological processes, including axon regeneration, involve the regulation of 
large numbers of genes (chapter 1). It would therefore be advantageous to be able 
to express multiple genes simultaneously in a single neuron to gain insight into 
complex gene expression programs, such as the RAG program. Additionally, for 
many studies it would be useful to co-express a fluorescent marker to label axons 
because this would allow the analysis of axon regeneration of the transduced 
neurons. The simplest method to do this is to mix vectors and deliver them 
together. However, mixing vectors could lead to possible technical difficulties, such 
as lower viral titres of individual vectors for an experimental group that receives 
a mix of multiple vectors when matching total viral titre to a group that receives 
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one vector, and the uncertainty in the co-transduction rates when using multiple 
vectors (discussed below).

There are several methods available to deliver multiple transgenes using 
a single vector. A commonly used method to co-express two proteins via a 
viral vector in the same cells is the use of an internal ribosomal entry site (IRES) 
between the two transgenes, which results in both expression of the candidate 
gene and a second gene, e.g. a fluorescent marker [reviewed in (Martinez-Salas, 
1999)]. However, a widely recognized concern with bicistronic constructs based 
on an IRES element is that it suffers from poor translation of the second transgene 
(Bochkov and Palmenberg, 2006;Hennecke et al., 2001;Kozak, 2003;Mizuguchi et 
al., 2000;Sokolic et al., 1996) (our own unpublished experience).

In chapter 3 we succeeded in developing an AAV vector containing two 
promoters in a compact back-to-back configuration with a shared enhancer, for 
co-expression of a gene of interest with a fluorescent axonal marker. In contrast 
to the use of an IRES, the use of two promoters ensures robust expression of both 
transgenes. However, this approach could also lead to asynchronous expression of 
the two transgenes because the CMV and sCAG promoter may exhibit differential 
activities in a particular neuron. For our dual promoter vector this was not a major 
issue because the choice to use the stronger sCAG promoter for expression of 
our gene of interest and the CMV promoter for the fluorescent marker resulted 
in a high proportion (77-85%) of double labelling of neurons that expressed the 
fluorescent marker (chapter 3). The compact dual vector clearly resolved the 
issue of being able to detect the distal axon segment of a transduced neuron by 
virtue of the expression of an efficiently transported fluorescent marker, namely 
farnesylated eGFP (eGFPf). A limitation of the dual promoter vector is, however, 
that it drives the expression of only two genes simultaneously. 

The use of small 2A self-cleaving peptides seems a promising technique for 
generating multicistronic vectors for more than two transgenes (Ryan et al., 
1991;Szymczak and Vignali, 2005;Ryan and Drew, 1994;Donnelly et al., 2001). 
These small elements can be inserted between two proteins in a construct, leading 
to cleavage (by ribosome skipping) of the protein during translation resulting in 
expression of two individual proteins. A limited number of studies with 2a-based 
AAV vectors have been performed in the CNS. For example, in vivo injections 
into the substantia nigra of rats of a 2a-based AAV vector resulted in successful 
neuronal co-expression of α-synuclein and eGFP (Furler et al., 2001). Also, co-
expression of two functional proteins and a fluorescent marker that were linked 
with 2a sequences was observed in amygdala neurons in vivo using an AAV vector 
(Tang et al., 2009). 

However, the small AAV genome size of < 5 kb is a major limitation for generating 
multicistronic vectors. Indeed, for the in vivo study described in chapter 5 it would 
not be feasible to co-express ATF3, c-Jun, STAT3, Smad1 and eGFPf from a single 
vector because the combined sizes of these transgenes together far exceeds 
the maximum size of the AAV genome. As mentioned above, mixing of multiple 
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vectors is the simplest method to co-deliver multiple genes of interest and has 
been performed in chapter 5. 

2.2 Overexpression of regeneration-associated TFs to activate the 
RAG program for axon growth
The RAG program consists of many RAGs that are potentially regulated by 
combinatorial interactions of multiple TFs. Studies that focus on the manipulation 
of single regeneration-associated TFs have shown limited effects on sprouting and 
axon growth (chapter 1). We therefore pursued to express a specific set of TFs 
together to activate a larger part of the RAG program in injured neurons to achieve 
long distance axon regeneration. In chapter 4 we observed strong synergistic 
effects on neurite outgrowth with module 2 (KLF7, Sox11, MEF2 and SRF) TF 
combinations. Although neurite outgrowth in F11 cells was significantly increased 
after overexpression of combinations of TFs of module 1 (ATF3, c-Jun, STAT3, and 
Smad1) as well, this was not more efficient than ATF3 alone. However, the results 
of the screens may not be fully conclusive for this module, because F11 cells 
show relatively high levels of endogenous expression of ATF3, Smad1, c-Jun and 
STAT3, which could explain why the effects on neurite growth by overexpression 
of these TFs were limited. In addition, these TFs have individually been associated 
to successful regeneration before (Broude et al., 1997;Parikh et al., 2011;Qiu et 
al., 2005;Raivich et al., 2004;Schwaiger et al., 2000;Seijffers et al., 2006;Seijffers 
et al., 2007;Zou et al., 2009) and a number of interactions between ATF3, c-Jun, 
STAT3 and Smad1 have been documented (Kiryu-Seo et al., 2008;Liberati et al., 
1999;Nakashima et al., 1999;Pearson et al., 2003;Schuringa et al., 2001;Wong et 
al., 1999;Yoo et al., 2001;Zhang et al., 1999;Zhang et al., 1998). Taken together, 
this indicates that combining these TFs may result in synergistic effects on axon 
regeneration in vivo. In chapter 5 we therefore continued to study these TFs in 
vivo in the DRG model by comparing the effects of overexpression of the full 
combination of ATF3, c-Jun, STAT3 and Smad1 to ATF3-only (the best single TF 
in the F11 screen) on axon regeneration. We observed positive effects on axon 
growth both by ATF3 alone and co-delivery of ATF3, c-Jun, STAT and Smad1 after a 
central lesion. However, similar to our observations in vitro (chapter 4), combined 
delivery of ATF3, c-Jun, STAT3 and Smad1 was not more effective than ATF3 alone. 
There are a number of possible technical and biological explanations for the lack 
of synergistic effects after overexpression of ATF3, c-Jun, STAT3 and Smad1 in 
chapters 4 and 5 which will be discussed below.

Mixing AAV vectors for co-delivery of multiple TFs and eGFPf to DRG neu-
rons in vivo
For in vitro transfections as performed in chapter 4 there are no major obstacles to 
delivering multiple proteins with a mix of plasmids because each cell is transfected 
with several hundred plasmid molecules, and proper mixing with the transfection 
reagent leads to random distribution of plasmids among lipid vesicles (when using 
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Lipofectamine), and therefore equal delivery of all 4 TFs to F11 cells. For our in vivo 
experiment (chapter 5) we aimed to co-deliver ATF3, c-Jun, STAT3 and Smad1 in 
DRG neurons by injecting a solution containing four AAV vectors each expressing a 
single TF (and eGFPf). However, in vivo injections of a mix of four AAV vectors could 
potentially lead to a mixed population of transduced neurons that expresses one, 
two, three or all four TFs. It would be desirable to show co-expression of ATF3, 
c-Jun, STAT3, Smad1 and eGFPf in individual cells, but this is technically challenging 
because of limitations in using multiple primary antibodies from the same host 
species and the number of fluorescent colours available for immunostaining. 
However, in chapter 5 we demonstrate that the majority (63-76%) of eGFPf-
positive neurons from the experimental group that received a combination of TFs 
co-expresses ATF3, Smad1, c-Jun or STAT3. Assuming that transduction events 
are independent, calculation (by multiplying the double labelling percentages of 
each TF in the combination group) shows that at least 24% of the double labelled 
cells would be expected to express all four TFs. This suggests that by injecting a 
mix of AAV vectors potential synergistic effects of the four TFs would be diluted 
in the total population of axons from transduced neurons, but that on the other 
hand a subset of 24% of the axons of transduced neurons could display enhanced 
regeneration as a result of a synergistic effect of four TFs. Synergistic effects that 
enable axons to regenerate across the DREZ or into a spinal cord lesion would be 
detectable in this subpopulation. 

It would be valuable to know the co-expression pattern after delivery of 
multiple AAV vectors. In a study where two AAV vectors (AAV2-α9integrin and 
AAV2-eGFPf) were mixed and then injected into the DRG successful co-expression 
by immunostaining was shown (Andrews et al., 2009), however this study lacks 
quantification of co-expression rates. The STAT3-expressing vector that we used 
in our in vivo study described in chapter 5 did not express eGFPf because of size 
limitations of the AAV genome, but interestingly co-labelling of eGFPf/STAT3 (63%) 
was similarly high as for the other TFs in the combination (69% for c-Jun, 72% for 
ATF3, 76% for Smad1). This indicates that the co-transduction rate of the STAT3 
vector and one of the three other eGFPf expressing vectors was 63% in our study.

Another technical issue was that the TF combination group received a quarter 
of each AAV in order to match total viral titres with that of the ATF3- and eGFPf-
only groups.  A lower viral titre does not necessarily lead to lower expression levels. 
In fact, injecting a tenfold higher titre of AAV-GFP in DRG neurons only moderately 
increased transduction rates (61.9% vs. 48.7%) and GFP expression levels (6.7 
times background vs. 5.0 times background), but does not lead to ten times higher 
levels of GFP (Mason et al., 2010). Furthermore, in chapter 5 we observed similar 
transduction rates based on eGFPf in the dorsal root and similar double labelling 
efficiency for eGFPf/ATF3 in the TF combination and ATF3-only group. This 
indicates that even though the combination TF group received a fourth of the viral 
titre of each vector, the expression levels for each TF and eGFPf reached a level 
similarly high as compared to that of the ATF3-only group. It is therefore unlikely 
that this “dilution” effect has had an impact. 
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Although not all cells may express ATF3, c-Jun, STAT3 and Smad1, as mentioned 
above, approximately 24% of the eGFPf-positive neurons are expected to express 
all four TFs and these axons would exhibit enhanced synergistic axon regeneration 
if this occurs. However, the TF combination group was not more effective than the 
ATF3 group and no axons were observed to grow through the DREZ into the spinal 
cord, indicating that the lack of synergistic effects by overexpression of ATF3, 
c-Jun, STAT3 and Smad1 may have a biological cause.

The biological activity of TFs
An important question is whether the TF that is expressed is biologically active. 
While ATF3 is mainly regulated at the transcriptional level [reviewed in (Hunt et al., 
2012)], many TFs are regulated through post-transcriptional modifications, such 
as phosphorylation by kinases. STAT3 can be phosphorylated by JAK (Schwaiger 
et al., 2000), Smad1 is phosphorylated upon BMP2/4 stimulation [reviewed in 
(Massague et al., 2005)] and c-Jun is phosphorylated by MAP kinases (Angel et al., 
1988) for example after axotomy. Although c-Jun phosphorylation has shown to 
be non-essential for successful regeneration (Brecht et al., 2005;Ruff et al., 2012), 
both STAT3 and Smad1 seem to require to be activated for their positive effects on 
axon growth (Qiu et al., 2005;Zou et al., 2009). In our in vitro screen (chapter 4) we 
have used constitutively activated forms of STAT3 and Smad1, however none of 
the individual TFs (Smad1, STAT3 and c-Jun alone), except ATF3, induced increased 
neurite outgrowth of F11 cells. 

In chapter 5 we have used these constitutively active forms of STAT3 and Smad1 
in vivo. Overexpression of a pseudo-phosphorylated form of STAT3 improved axon 
growth in vitro and in vivo in the dorsal column injury model (Bareyre et al., 2011). 
Although we used the same constitutively active form of STAT3 we did not see 
an effect of this constitutively activated form of STAT3 when delivered in the TF 
combination. In the study of Bareyre the effects of STAT3 on axon sprouting were 
found at a very early post-lesion time point of 2-4 days post-lesion, while the effect 
of STAT3 was not retained at a later time point of 4-10 days (Bareyre et al., 2011). In 
our study we assessed axon regeneration at 10 days, 20 days and eight weeks after 
dorsal root injury and at four weeks post dorsal column injury, which could explain 
why we did not see effects due to STAT3. Smad1 can be phosphorylated upon 
BMP4 stimulation and after delivery of AAV-BMP4 improved neurite outgrowth 
and enhanced axon regeneration was shown in the dorsal column injury model in 
vivo (Parikh et al., 2011). We used a constitutive active form of Smad1 that shows 
activity independent from BMP (Fuentealba et al., 2007), however we did not see 
any effects of the TF combination after dorsal column injury. The main difference 
between this study and ours is the method of TF activation. Delivery of BMP4 
leads to Smad1 activation in transduced DRG neurons but may also have additional 
beneficial effects via other pathways. For example, BMP4 has shown to promote 
increased survival of embryonic motor neurons (Chou et al., 2013) and enhances 
plasticity of sensory axons in the adult female reproductive tract (Bhattacherjee 
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et al., 2013). In addition AAV-based delivery of the secreted ligand BMP4 may also 
influence surrounding non-transduced neurons in a paracrine fashion (Parikh et al., 
2011), thereby enhancing its beneficial effect. BMP4 may also act on non-neuronal 
cell types, such as astrocytes and oligodendrocytes (Gomes et al., 2003;Miyagi et 
al., 2012). 

It would therefore be important to determine whether the delivered TFs are 
biologically active. This could be done by overexpressing ATF3, Smad1, c-Jun 
and STAT3 and perform qPCR or immunolabelling to determine the response of 
specific targets of these TFs, such as CD44, galanin, a7b-1 integrin, Hsp27, SPRR1A 
and GAP-43 (Nakagomi et al., 2003;Parikh et al., 2011;Raivich et al., 2004;Seijffers 
et al., 2007;Wu et al., 2007).

What are the key TFs that regulate the RAG program?
The main biological reason why we did not observe synergistic effects may be 
that ATF3, c-Jun, STAT3 and Smad1 are not the key regulators of the RAG program. 
Although these TFs have individually shown to contribute to axon growth to 
some extent (Broude et al., 1997;Parikh et al., 2011;Qiu et al., 2005;Raivich et al., 
2004;Schwaiger et al., 2000;Seijffers et al., 2006;Seijffers et al., 2007;Zou et al., 
2009), there are a number of other TFs that are associated with axon outgrowth  
or successful regeneration, including CREB (Gao et al., 2004), Sox11 (Jankowski et 
al., 2006), P53 (Di Giovanni et al., 2005;Di Giovanni et al., 2006), NFIL3 (Macgillavry 
et al., 2009), C/EBPb (Nadeau et al., 2005), C/EBPd (de Heredia and Magoulas, 
2013), NFκB (Ma and Bisby, 1998;Pollock et al., 2005), NFATs (Nguyen et al., 2009), 
and several KLF family members (Moore et al., 2009). 

Although there are a number of potential RAGs that may be regulated by ATF3, 
c-Jun, STAT3 and Smad1 and evidence from the literature suggests that these TFs 
may interact with each other to regulate gene expression in a synergistic manner, 
we did not find synergistic effects by this TF combination on axon growth in both 
our in vitro (chapter 4) and in vivo (chapter 5) experiments compared to ATF3 
only. This result may indicate that these regeneration-associated TFs are not the 
key regulators of the RAG program. A possibility would be that ATF3, c-Jun, STAT3 
and Smad1 induce merely partial activation of the RAG program, leading to faster 
initiation of axon regeneration as we observed in the dorsal root for ATF3 and 
Bareyre observed for STAT3 in the dorsal column (Bareyre et al., 2011), however 
these four TFs fail to promote the regenerative response for extended periods of 
time as will be needed for successful long distance axon growth. 

Another possibility is that these TFs act by more general mechanisms, perhaps 
by boosting overall gene expression or increasing cell metabolism in response to 
stressful stimuli, which might explain why we did not observe synergistic effects 
on axon growth after overexpression of ATF3, Smad1, c-Jun and STAT3 compared 
to ATF3 alone. For example, ATF3 is not only upregulated in DRG neurons upon 
axonal injury but also upon injection of formalin and other noxious substances 
in the paws (Braz and Basbaum, 2010;Tsujino et al., 2000), brain ischemia (Ohba 
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et al., 2003) and may promote survival of neurons (Zhang et al., 2011;Francis et 
al., 2004); STAT3 is activated upon brain ischemia and may have neuroprotective 
functions [reviewed in (Dziennis and Alkayed, 2008)]; c-Jun expression is observed 
following traumatic events such as brain ischemia and seizures, exposure to 
neurotoxic chemicals like MPTP and in a number of neurodegenerative diseases 
and is involved in regulation of neuronal death and survival [reviewed in (Herdegen 
et al., 1997;Raivich, 2008)]; Smad1 is activated upon DNA damage by genotoxic 
drugs in mouse embryonic fibroblasts and stem cells to regulate cell proliferation 
and survival (Chau et al., 2012). Therefore these TFs may be involved in activating 
more general “compensatory” molecular mechanisms required to cope with the 
consequences of stressful stimuli (including nerve trauma), which may lead to 
neuroprotection but have only limited benefits for axon regrowth. 

In chapter 4 we have demonstrated that TFs of module 2 (KLF7, MEF2, SRF, 
and Sox11) give much larger effects on neurite outgrowth than TFs of module 1 
(ATF3, c-Jun, STAT3 and Smad1). In fact, with some TF combinations in module 2 
we observed genuine synergistic increases in neurite lengths compared to single 
TFs. This suggests that KLF7, MEF2, SRF, and Sox11 are more likely to be key TFs in 
control of the RAG program than ATF3, c-Jun, STAT3 and Smad1.

The need for good functional tests for the dorsal column injury model
In order to reliably measure recovery of function by TF overexpression it is 
necessary to have good functional tests for in vivo experiments in animal models 
for spinal cord injury, such as the dorsal column injury model. One difficulty of the 
dorsal column injury model is that a dorsal column lesion spares other sensory 
spinal pathways which may compensate for the loss of function, making deficits 
mild and leading to spontaneous functional recovery within two weeks on several 
behavioural tests (chapter 6). An adaptation of existing functional tests enabled 
us to simultaneously assess proprioception and discriminatory touch using 
an angled ladder with bars with one fixed, rough surfaced half and one rolling, 
smooth surfaced half. Using this test a window of opportunity of approximately 
six weeks was created in which reliable measurements of recovery of function 
seem possible. This test is currently implemented in a study to assess the effects 
of AAV-mediated delivery of regeneration-associated TFs of module 2 on axon 
regeneration after dorsal column injury. 

2.3 Future prospects

The potential of module 2 TFs
Based on the positive results for module 2 TFs in chapter 4 a larger unbiased 
Cellomics screen has been performed by Callan Attwell. This screen identified a 
novel combination of 3 TFs from a set of more than 10 TFs that when overexpressed 
in F11 cells results in F11 cells with 3-fold longer neurites. These three TFs have 
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been cloned into a single multicistronic 2a-based AAV vector together with eGFPf. 
An in vivo experiment is ongoing to compare the effects of the best single TF, 
the best combination of two TFs and the best combination of three TFs on axon 
regeneration in the dorsal column injury model. These experiments will hopefully 
lead to new insights in the TFs that control the RAG program governing long 
distance axon growth. 

Towards therapies for spinal cord injury
As mentioned in chapter 1, SCI is a complex condition and successful repair of a 
SCI depends on understanding and modifying both neuron-intrinsic and extrinsic 
factors. The focus of this thesis is on the intrinsic properties of neurons to 
activate a RAG response upon axotomy. Several research groups have shown that 
modulating the inhibitory environment of the scar tissue, for instance by using 
treatments with the enzyme chondroitinaseABC or antibodies against myelin-
associated inhibitory proteins have impressive effects on the recovery of function 
(Barritt et al., 2006;Bradbury et al., 2002;Cafferty et al., 2007;Caggiano et al., 
2005;Freund et al., 2006;Freund et al., 2009;Garcia-Alias et al., 2008;Gonzenbach 
et al., 2012;Liebscher et al., 2005;Moon et al., 2001;Raineteau et al., 2001;Tester 
and Howland, 2008;Thallmair et al., 1998). Furthermore, combination therapies of 
chondroitinaseABC with other therapies seem to lead to improved results [recently 
reviewed in (Zhao and Fawcett, 2013)]. Given the complexity of spinal cord injury 
it is clear that functional recovery after SCI will most likely require a combination 
of repair strategies based on both enhancing neuron-intrinsic regeneration and 
neutralizing the inhibitory properties of injured spinal cord tissue.
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