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Poor regeneration of severed axons in the central nervous system (CNS) limits functional
recovery. Regeneration failure involves interplay of inhibitory environmental elements and
the growth state of the neuron. To find internal changes in gene expression that might
overcome inhibitory environmental cues, we compared several paradigms that allow
growth in the inhibitory environment. Conditions that allow axon growth by axotomized
and cultured dorsal root ganglion (DRG) neurons on CNS myelin include immaturity (the
first few postnatal days), high levels of cyclic adenosine mono phosphate (cAMP), and
conditioning with a peripheral nerve lesion before explant. This shift from inhibition to
growth depends on transcription. Seeking to understand the transcriptome changes that
allow axon growth in the CNS, we collaborated with the Marie Filbin laboratory to identify
several mRNAs that are functionally relevant, as determined by gain- and loss-of-function
studies. In this Perspective, we review evidence from these experiments and discuss the
merits of comparing multiple regenerative paradigms to identify a core transcriptional
program for CNS axon regeneration.
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Regenerative Paradigms to Identify Genes

To boost axon growth in the Central Nervous System (CNS), one strategy is to alter the CNS
environment, to make it more conducive to growth by eliminating growth inhibitors or by adding
a growth substrate, such as cells or material scaffolds. The other general approach is to increase
the regenerative potential of neurons so that they may be able to grow in spite of the inhibitory
environment. We considered the interplay of these two factors by asking which changes in gene
expression could allow axonal regrowth in the inhibitory CNS environment. This Perspective is
intended to review our approach and is not intended as a comprehensive review of regeneration-
associated genes, which has been done by others, including in this issue (Ma and Willis).

One of the most actively investigated paradigms of regeneration is the conditioning lesion
model. Axotomy of the peripheral dorsal root ganglion (DRG) axon normally results in
regeneration while injury of the central axon does not. If the peripheral branch is injured
first, however, and the central axon is injured 1 day to 2 weeks afterwards, the central axons
regenerate to a much greater extent (e.g., McQuarrie and Grafstein, 1973; Richardson and
Issa, 1984; Chong et al., 1999; Neumann and Woolf, 1999). The peripheral conditioning lesion
induces changes in the axonal growth capacity of the injured neuron. The change in axonal
growth state is likely due to induction of gene products associated with regenerative function,
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often called regeneration-associated genes or RAGs (Lankford
et al., 1998). Smith and Skene (1997) demonstrated that cultured
DRGs, which normally extend short, highly branched axons, will
extend long, sparsely branched axons after a peripheral lesion.
The switch from ‘‘arborizing’’ to ‘‘elongating’’ growth requires
transcription and is blocked by addition of the transcription
factor IIH (TFIIH)-associated protein kinase inhibitor 5,6-
Dichloro-1-β-D-ribofuronosylbenzimidozole (DRB; Yankulov
et al., 1995; Smith and Skene, 1997).

The conditioning lesion paradigm was used as an early
strategy to screen for candidate gene products associated
with re-growth. A prototypical RAG is GAP43. GAP43 was
originally identified in a two-dimensional protein electrophoresis
comparing DRGs with and without sciatic nerve injury (Skene
and Willard, 1981). GAP43 is primarily localized to the growth
cone and is elevated in other growth states, such as during
development (Skene, 1989; Benowitz and Routtenberg, 1997),
and recovery of function after injury is correlated with induction
of GAP43 (Skene and Willard, 1981; Skene, 1989; Gispen et al.,
1991; Plunet et al., 2002). Furthermore, overexpression of GAP43
and cytoskeleton-associated protein-23 (CAP23, encoded by
the LOC10910172 gene in rat) increased the regeneration of
dorsal column neurons after spinal cord injury (Bomze et al.,
2001).

Based on this early success, several groups screened neurons
after peripheral nerve lesion to isolate additional, putative
RAGs. Techniques to isolate these changes include differential
display (Kiryu et al., 1995; Su et al., 1997; Kim et al., 2001;
Schmitt et al., 2003), expressed-sequence-tag (Tanabe et al.,
2000), subtractive hybridization (Mladinic et al., 2005), and
microarray (Fan et al., 2001; Bonilla et al., 2002; Costigan
et al., 2002). Modeling the utility of microarrays for gene
discovery, Bonilla and colleagues compared gene expression
of mouse DRGs with and without nerve injury and found
several genes whose expression differed between the groups
(Bonilla et al., 2002). This group then showed that one of the
gene products, small proline-rich repeat protein 1A (SPRR1A),
when overexpressed, co-localized with actin in the growth cone
and augmented axonal growth, even on inhibitory substrates.
Reduction of SPRR1A restricted neurite outgrowth in vitro. This
work highlights the utility of this approach for finding novel
RAGs.

Another paradigm used to explore CNS regeneration is
development. While adult mammalian CNS axons demonstrate
little to no regeneration after injury, axons of young neurons
may regrow (Bates and Stelzner, 1993; Hasan et al., 1993). A
key event in the developmental loss of regenerative capacity
is the postnatal myelination of long tract fibers. Evidence for
this hypothesis includes experiments showing that delaying
onset of myelination through immunological means extends
the permissive period for regeneration (Keirstead et al., 1992,
1997). However, the loss of regenerative potential is due not
only to the presence of myelin but also to the responsiveness of
neurons to myelin. In particular, many types of neurons change
their response to the myelin component myelin-associated
glycoprotein (MAG), switching from growth promotion to
inhibition during development (McKerracher et al., 1994;

Mukhopadhyay et al., 1994; DeBellard et al., 1996). In DRGs this
switch from promotion to inhibition occurs in a short period of
time at postnatal day 3–4 (Johnson et al., 1989; Mukhopadhyay
et al., 1994; DeBellard et al., 1996). A similar rapid decline
in growth is seen in DRGs plated on myelin, but not those
plated on the permissive substrate polylysine, at P2–3 (Cai et al.,
2001).

Filbin and colleagues have shown that cyclic adenosine
mono phosphate (cAMP) levels increase with conditioning
lesion (Qiu et al., 2002) and decrease during development
(Cai et al., 2001), paralleling regenerative potential. Treatment
with cAMP increases the ability of older neurons to grow on
myelin (Cai et al., 2001). The strength of the in vitro effects
are similar to that of a conditioning lesion (Qiu et al., 2002),
and intraganglionic administration of cAMP can mimic the
effect of the conditioning lesion on dorsal column axon growth
(Neumann et al., 2002; Qiu et al., 2002). Administration of
the protein kinase A (PKA) inhibitor H89 blocks the growth
of previously lesioned neurons (Qiu et al., 2002) or postnatal
day 1 (P1) neurons on myelin, and the PKA inhibitor KT5720
decreases the number P2–3 corticospinal tract axons that grow
into an embryonic tissue graft (Cai et al., 2001). The Filbin lab
also showed that the increased growth after administration of
cAMP depends on transcription, and they implicate the gene
arginase-1 as an indispensable RAG in this system (Cai et al.,
2002). It is not known whether exogenous cAMP completely
recapitulates the regenerative capacity of DRG neurons early in
development or following conditioning lesion, so we investigated
all three methods to find genes regulated in common in all three
models.

Thus, these studies probed three robust paradigms for CNS
regeneration: young developmental stage, conditioning lesion
and cAMP administration. All depend on cAMP signaling
(as evidenced by blocking the effect with PKA inhibition),
and both conditioning lesion and direct application of cAMP
require transcription to activate outgrowth. All three paradigms
are carried out in rat DRGs, cells that survive axotomy and
can be easily cultured (Coggeshall et al., 1997). We examined
gene expression differences between neurons with high growth
capacity and those with low capacity to grow in a CNS
environment. We hypothesized that gene expression differences
that are in common between each of these paradigms would
represent common and important RAGs.

Genes associated with regenerationmay function by changing
their expression levels either up or down. However, most
previously-defined RAGs have increased levels in high growth
states (e.g., GAP43, SPRR1A, and tubulin isoforms). The
approach we took to isolate common RAGs, therefore, was one
comparing the genes that were increased with cAMP treatment
and conditioning lesion and decreased during development.
These changes correspond to the changes in cAMP levels noted
by the Filbin group in each of these paradigms (Cai et al., 2001;
Qiu et al., 2002). Therefore, we were most interested in the
subsets of genes with increased expression in the cAMP and
conditioning lesion paradigms or decreased expression during
development. Results identified a large number of genes (223)
that were altered in the predicted ways by one or more of
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the regeneration paradigms. We were surprised, however, that
there was little overlap in the candidate RAGs (7 total). This
suggests the different paradigms that allow axon growth in the
CNS environment may achieve regeneration through parallel
mechanisms.

Candidate Regeneration-Associated
Genes

To validate the candidate genes, we first focused on comparison
of DRGs treated with cAMP (at 18 h) with untreated DRGs.
We targeted the validation on genes common to the three
regeneration paradigms. We also included a few genes whose
expression was strikingly divergent between the paradigms.
We compared changes in gene expression by DRGs with and
without exposure to cAMP for 18 h using both microarrays and
quantitative Polymerase Chain Reaction (qPCR), which has a
greater dynamic range. Microarray design and methods were
described previously (Carmel et al., 2004). Selected results are
shown in Figure 1. The full results of the microarrays can be
found at NIH GEO with accession numbers GSE69466 and
GSE69467.

The most striking finding was a large increase in Interleukin-
6 (IL-6) expression. At 18 h, IL-6 increased 15-fold in DRG
neurons treated with cAMP compared with untreated DRG,

as measured by qPCR. In addition, the levels of IL-6 mRNA
dramatically increased (77-fold) two days after lesion compared
to those without injury. While IL-6 had the greatest change of
any transcript for both cAMP treatment and conditioning lesion,
IL-6 mRNA levels did not change significantly during the first
five postnatal days. Due to the magnitude of the gene expression
changes with cAMP and conditioning lesion, we pursued IL-6 as
a possible RAG.

Initially described for its role in inflammation and other
immune functions, IL-6 is part of the neuropoietic family
of cytokines. This family includes ciliary neurotrophic factor
(CNTF), leukemia inhibitory factor (LIF), oncostatin M,
cardiotrophin-1, and interleukins 6 and 11. Thesemolecules bind
to specific cytokine type 1 receptors, but all members require the
common receptor gp130 for signal transduction. To determine
if the changes in IL-6 with cAMP and conditioning lesion were
limited to IL-6 or may involve other members of the gp130
family, we assayed the levels of mRNA for the cytokines and
their receptors (Figure 2). For both 18 h of cAMP treatment
(Figure 2A), and for the conditioning lesion (shown at several
time points in Figure 2B), the predominant change is in IL-6,
with more modest effects in other gp130 family members.

Subsequent experiments carried out at the Filbin laboratory
demonstrated that IL-6 is a functional RAG (Cao et al.,
2006). In addition to mRNA induction, IL-6 protein is also

FIGURE 1 | Leading mRNA changes at 18 h following dbcAMP
treatment. The top mRNAs identified by microarray (red bars),
compared with quantitative real-time PCR (qPCR, blue bars).
Cultured, dissociated cells from L4 and L5 rat DRGs were treated with
or without 1.5 mM dbcAMP for 18 h, harvested, and used to extract
total cellular RNA. For microarrays, treated samples were labeled with

one dye (Cy5) and untreated samples with another (Cy3), which were
mixed and hybridized to a spotted-oligo, glass-slide array (Carmel
et al., 2004). The dynamic range of the two-color microarray
technique is reduced compared with qPCR and more recent
technologies such as RNA-seq. Results are mean fold-change ±

SEM, n = 3, *p < 0.05 Student’s t-test.
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FIGURE 2 | mRNA levels of IL-6 family neuropoietic cytokines and their
receptors by qPCR. (A) dbcAMP treatment for 18 h. Dorsal root ganglion
(DRG) cultures were prepared and treated as described in Figure 1 and total
cellular RNA was prepared and assayed by qPCR. (B) Conditioning lesion at

three time points. The sciatic nerve was surgically transected mid-thigh at
postnatal day 20–24. After the times indicated, L4 and L5 DRG were removed
and processed for total cellular RNA and assayed by qPCR. Results are mean
fold-change SEM, n = 3, *p < 0.05 Student’s t-test.

induced in DRGs and hippocampal neurons grown on inhibitory
substrates and treated with cAMP. Administration of IL-6
protein mimics the effect of cAMP, reversing the growth

inhibition of both DRGs and hippocampal neurons grown on
inhibitory substrates. Importantly, exogenous IL-6 did not cause
increased neurite outgrowth of DRGs grown on the permissive
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substrate poly-L-lysine. This suggests that IL-6 specifically
reverses inhibition and is not due to a general trophic effect.
Importantly, intrathecal delivery of IL-6 to DRG neurons blocks
inhibition by myelin when they are explanted in vitro and in vivo,
effectively mimicking the conditioning lesion.

However, the effects of cAMP and the conditioning lesion did
not depend on IL-6. Blocking IL-6 signaling did not affect the
ability of cAMP to overcome myelin inhibitors. In addition, IL-
6-deficient mice respond to a conditioning lesion as effectively
as wild-type (wt) mice. These data suggest that IL-6 can mimic
both the cAMP effect and the conditioning lesion effect but is
not an essential component of either response. IL-6 has also been
found to promote the expression of other RAGs and to promote
neurite outgrowth of cortical neurons (Yang et al., 2012). That IL-
6 is sufficient but not necessary for axon regeneration fits with a
larger point from these studies: the regeneration paradigms seem
to act through parallel gene expression programs each of which
is effective but not reliant on the others.

The second largest change in gene expression after cAMP
administration was in secretory leukocyte protease inhibitor
(SLPI), which was also identified in a screen of gene expression
changes after spinal cord injury (Urso et al., 2007). SLPI
is a serine protease inhibitor belonging to the family of
whey acidic protein motif-containing proteins (Thompson and
Ohlsson, 1986; Eisenberg et al., 1990). Gain- and loss-of-function
studies in the Filbin lab show an essential role of SLPI in
axon regeneration (Hannila et al., 2013). SLPI can overcome
inhibition by CNSmyelin and significantly enhance regeneration
of transected retinal ganglion cell axons in rats. Furthermore,
regeneration of dorsal column axons does not occur after a
conditioning lesion in SLPI null mutant mice, indicating that
expression of SLPI is required for the conditioning lesion effect.
Thus, SLPI is both sufficient and necessary for axon regeneration
in the damaged CNS.

The final putative RAG tested by the Filbin lab is
metallothionein (MT). MTs are small cysteine-rich, zinc-
binding proteins expressed throughout the CNS. Two closely
related isoforms, MT-I and MT-II, when administered together,
promote neurite outgrowth in adult DRG’s in the presence
of myelin inhibitors (Siddiq et al., 2015). Likewise, a single
intravitreal injection of MT-I/II after optic nerve crush promotes
axonal regeneration. In contrast, adult DRGs from MT-I/II-
deficient mice extend significantly shorter processes on MAG
compared to wt DRG neurons, and regeneration of dorsal
column axons does not occur after a conditioning lesion in
MT-I/II-deficient mice. These experiments suggest that MT, like
SLPI, is both necessary and sufficient for axon regeneration in
the CNS.

Additional Candidate Genes

Several additional transcripts were identified but we have not
yet pursued their roles in regeneration. For example, VGF
encodes a secretory-peptide precursor involved in plasticity and
metabolism. VGF is modulated in vivo by paradigms which
lead to neurotrophin induction, synaptic remodeling and axonal
sprouting (Snyder et al., 1998a). VGF shows greatest expression

during times of axonal outgrowth and synaptogenesis in the
developing brain (Lombardo et al., 1995; Benson and Salton,
1996; Snyder et al., 1998b). Mouse VGF knockouts (KO) are
small, hypermetabolic, and have reduced leptin levels, suggesting
a prominent role in energy metabolism (Hahm et al., 1999).
These findings provide evidence for a neurotrophic role for VGF,
in addition to its function as neuroendocrine molecule.

The cAMP responsive event modulator (CREM) gene
encodes both antagonists and activators of the cAMP-dependent
transcriptional response by alternative splicing (for review see
Della Fazia et al., 1997). CREM is inducible by activation of the
cAMP signaling pathway with the kinetics of an early response
gene. An alternatively splice repressor form, inducible cAMP
early repressor (ICER), may be important for the transient nature
of cAMP-induced gene expression. The role of this molecule in
regenerative signaling remains to be determined.

We found two genes, ATF3 and GAP43, whose expression
differed markedly between cAMP treatment and conditioning
lesion. These differences suggest possible differences in
mechanism between these pro-regenerative paradigms. ATF3
is part of the activating transcription factor/CREB family
of transcription factors. The gene encodes a leucine zipper
transcription factor (Hsu et al., 1991) that is increased by cellular
stress (reviewed in Hai et al., 1999). ATF3 is strongly induced
by sciatic nerve lesion in dorsal root ganglia and spinal motor
neurons (Tsujino et al., 2000) and in the geniculate ganglion after
chorda tympani injury (Tsuzuki et al., 2002). ATF3 represses
transcription as a homodimer (Chen et al., 1994) and activates
transcription as a heterodimer with cJun (Hai and Curran,
1991; Chu et al., 1994). Jun has been investigated as a RAG
(Broude et al., 1997; Houle et al., 1998; Lerch et al., 2014), and
the possibility of cJun and ATF3 acting as inducers of RAG
expression has been validated in DRG (Seijffers et al., 2007).
Whether ATF3 might be acting as a transcriptional activator or
repressor in these models must be investigated further.

Surprisingly, GAP43 expression decreased in our cAMP
model (Figure 1). GAP43 is the prototypical RAG and is often
used as a marker for regenerating axons (Benowitz et al., 1990).
Schreyer and colleagues have previously shown that GAP43
may be repressed by cAMP (Andersen et al., 2000a,b). In a
search for the signal that causes DRG neurons to downregulate
GAP43 after they reach their targets, this group found decreases
on both the mRNA and protein levels in cAMP-exposed DRG
neurons. Interestingly, exposure of rat cortical neurons to
spinal cord extract, but not extract from cerebellum or muscle,
was sufficient to decrease GAP43, and this repression was
adenyl cyclase-dependent (Karimi-Abdolrezaee and Schreyer,
2002). The finding of increased neurite outgrowth associated
with GAP43 repression challenged the widespread notion that
regeneration is accompanied by GAP43 induction. This has
subsequently been shown in other models of regeneration, such
as following cJun activation of axon growth (Lerch et al., 2014).

Implications

These studies produced three surprising results. First, we found
little overlap in the gene expression changes produced by the
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three regeneration paradigms we studied. Although the neurons
in each of these models all express high levels of cAMP in the
regenerative state, the changes in transcription differ markedly.
Rather than uncovering a core regeneration program that allows
a switch from inhibition to growth in the CNS environment, we
found different transcriptional changes, each leading to a similar
regenerative phenotype. This suggests the existence of several
transcriptional programs with overlapping function.

Second, we found that the first three transcripts studied
are each sufficient to elicit regeneration in vivo. In addition,
both SLPI and MT are necessary for the regeneration induced
by cAMP or conditioning lesion. This remarkable ‘‘hit rate’’
could be serendipity, or it could tell us that regeneration may
not require a coordinated program requiring multiple gene
products. It could be that IL-6, SLPI, and MT all create a
coordinated cellular response of several pathways. But it is
heartening that regeneration can be produced with each of these
varied approaches as monotherapy. Whether the effects of these
therapies in combination would be more effective is a critical
question for future study. In addition, in the animal studies done
so far, no loss of function has been done in CNS resident neurons.
But these experiments are more difficult since CNS neurons

do not regeneration spontaneously, thus requiring the use of a
regeneration competent background (e.g., PTEN deletion, as has
been done for DLK with the optic nerve injury model; (Watkins
et al., 2013). Finally, the function of the regenerated axons has
not yet been tested by measures of physiology or behavior.

Finally, the gene for GAP43, critical to regeneration after
conditioning lesion, is strongly downregulated by cAMP
treatment. This evidence argues strongly that these different
regenerative paradigms act through diverse transcriptional
programs. Rather than a single path to successful regeneration,
many possible transcriptional changes may lead to re-growth.
Mapping these paths will be critical to flipping the transcriptional
switch from inhibition to growth in the CNS.

Acknowledgments

We thank the late Marie Filbin and her many colleagues for their
longstanding collaboration and support. Supported by the New
Jersey Commission on Spinal Cord Research and The Spinal
Cord Injury Project of the W.M. Keck Center for Collaborative
Neuroscience (RPH), and NIH K08 NS073796 and the Travis
Roy Foundation (JBC).

References

Andersen, P. L., Webber, C. A., Kimura, K. A., and Schreyer, D. J. (2000a). Cyclic
AMP prevents an increase in GAP-43 but promotes neurite growth in cultured
adult rat dorsal root ganglion neurons. Exp. Neurol. 166, 153–165. doi: 10.
1006/exnr.2000.7485

Andersen, P. L., Webber, C. A., Whittemore, S. R., and Schreyer, D. J.
(2000b). Divergent regulation of GAP-43 expression and CNS neurite
outgrowth by cyclic AMP. J. Neurosci. Res. 61, 626–635. doi: 10.1002/1097-
4547(20000915)61:6<626::aid-jnr6>3.0.co;2-j

Bates, C. A., and Stelzner, D. J. (1993). Extension and regeneration of corticospinal
axons after early spinal injury and the maintenance of corticospinal
topography. Exp. Neurol. 123, 106–117. doi: 10.1006/exnr.1993.1144

Benowitz, L. I., Perrone-Bizzozero, N. I., Neve, R. L., and Rodriguez, W. (1990).
GAP-43 as a marker for structural plasticity in the mature CNS. Prog. Brain
Res. 86, 309–320. doi: 10.1016/s0079-6123(08)63187-8

Benowitz, L. I., and Routtenberg, A. (1997). GAP-43: an intrinsic determinant
of neuronal development and plasticity. Trends Neurosci. 20, 84–91. doi: 10.
1016/s0166-2236(96)10072-2

Benson, D. L., and Salton, S. R. (1996). Expression and polarization of VGF
in developing hippocampal neurons. Brain Res. Dev. Brain Res. 96, 219–228.
doi: 10.1016/s0165-3806(96)00108-3

Bomze, H. M., Bulsara, K. R., Iskandar, B. J., Caroni, P., and Skene, J. H. (2001).
Spinal axon regeneration evoked by replacing two growth cone proteins in
adult neurons. Nat. Neurosci. 4, 38–43. doi: 10.1038/82881

Bonilla, I. E., Tanabe, K., and Strittmatter, S. M. (2002). Small proline-rich
repeat protein 1A is expressed by axotomized neurons and promotes axonal
outgrowth. J. Neurosci. 22, 1303–1315.

Broude, E., McAtee, M., Kelley, M. S., and Bregman, B. S. (1997). c-Jun
expression in adult rat dorsal root ganglion neurons: differential response after
central or peripheral axotomy. Exp. Neurol. 148, 367–377. doi: 10.1006/exnr.
1997.6665

Cai, D., Deng, K., Mellado, W., Lee, J., Ratan, R. R., and Filbin, M. T. (2002).
Arginase I and polyamines act downstream from cyclic AMP in overcoming
inhibition of axonal growth MAG and myelin in vitro. Neuron 35, 711–719.
doi: 10.1016/s0896-6273(02)00826-7

Cai, D., Qiu, J., Cao, Z., Mcatee, M., Bregman, B. S., and Filbin, M. T. (2001).
Neuronal cyclic AMP controls the developmental loss in ability of axons to
regenerate. J. Neurosci. 21, 4731–4739.

Cao, Z. X., Gao, Y., Bryson, J. B., Hou, J. W., Chaudhry, N., Siddiq, M., et al.
(2006). The cytokine interleukin-6 is sufficient but not necessary to mimic
the peripheral conditioning lesion effect on axonal growth. J. Neurosci. 26,
5565–5573. doi: 10.1523/jneurosci.0815-06.2006

Carmel, J. B., Kakinohana, O., Mestril, R., Young, W., Marsala, M., and Hart,
R. P. (2004). Mediators of ischemic preconditioning identified by microarray
analysis of rat spinal cord. Exp. Neurol. 185, 81–96. doi: 10.1016/j.expneurol.
2003.09.007

Chen, B. P., Liang, G., Whelan, J., and Hai, T. (1994). ATF3 and ATF3 delta Zip.
Transcriptional repression versus activation by alternatively spliced isoforms.
J. Biol. Chem. 269, 15819–15826.

Chong, M. S., Woolf, C. J., Haque, N. S., and Anderson, P. N. (1999).
Axonal regeneration from injured dorsal roots into the spinal cord
of adult rats. J. Comp. Neurol. 410, 42–54. doi: 10.1002/(sici)1096-
9861(19990719)410:1<42::aid-cne5>3.3.co;2-6

Chu, H. M., Tan, Y., Kobierski, L. A., Balsam, L. B., and Comb, M. J.
(1994). Activating transcription factor-3 stimulates 3′,5′-cyclic adenosine
monophosphate-dependent gene expression.Mol. Endocrinol. 8, 59–68. doi: 10.
1210/me.8.1.59

Coggeshall, R. E., Lekan, H. A., Doubell, T. P., Allchorne, A., and Woolf, C. J.
(1997). Central changes in primary afferent fibers following peripheral nerve
lesions. Neuroscience 77, 1115–1122. doi: 10.1016/s0306-4522(96)00528-3

Costigan, M., Befort, K., Karchewski, L., Griffin, R. S., D’urso, D., Allchorne, A.,
et al. (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. doi: 10.1186/1471-2202-3-16

DeBellard, M. E., Tang, S., Mukhopadhyay, G., Shen, Y. J., and Filbin, M. T. (1996).
Myelin-associated glycoprotein inhibits axonal regeneration from a variety of
neurons via interaction with a sialoglycoprotein.Mol. Cell. Neurosci. 7, 89–101.
doi: 10.1006/mcne.1996.0007

Della Fazia, M. A., Servillo, G., and Sassone-Corsi, P. (1997). Cyclic AMP
signalling and cellular proliferation: regulation of CREB and CREM. FEBS Lett.
410, 22–24. doi: 10.1016/s0014-5793(97)00445-6

Eisenberg, S., Evans, R., Arend, W., Verderber, E., Brewer, M., and Hannum, C., et
al (1990). Primary structure and functional expression from complementary
DNA of a human interleukin-1 receptor antagonist. Nature 343, 341–346.
doi: 10.1038/343341a0

Fan, M., Mi, R., Yew, D. T., and Chan, W. Y. (2001). Analysis of gene expression
following sciatic nerve crush and spinal cord hemisection in the mouse by

Frontiers in Molecular Neuroscience | www.frontiersin.org 6 July 2015 | Volume 8 | Article 34

http://www.frontiersin.org/Molecular_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Molecular_Neuroscience/archive


Carmel et al. Flipping the transcriptional switch to axon growth

microarray expression profiling. Cell. Mol. Neurobiol. 21, 497–508. doi: 10.
1023/A:1013867306555

Gispen, W. H., Nielander, H. B., De Graan, P. N., Oestreicher, A. B., Schrama,
L. H., and Schotman, P. (1991). Role of the growth-associated protein
B-50/GAP-43 in neuronal plasticity. Mol. Neurobiol. 5, 61–85. doi: 10.
1007/bf02935540

Hahm, S., Mizuno, T. M., Wu, T. J., Wisor, J. P., Priest, C. A., Kozak, C. A., et al.
(1999). Targeted deletion of the Vgf gene indicates that the encoded secretory
peptide precursor plays a novel role in the regulation of energy balance.Neuron
23, 537–548. doi: 10.1016/s0896-6273(00)80806-5

Hai, T., and Curran, T. (1991). Cross-family dimerization of transcription factors
Fos/Jun and ATF/CREB alters DNA binding specificity. Proc. Natl. Acad. Sci.
U S A 88, 3720–3724. doi: 10.1073/pnas.88.9.3720

Hai, T., Wolfgang, C. D., Marsee, D. K., Allen, A. E., and Sivaprasad, U. (1999).
ATF3 and stress responses. Gene Expr. 7, 321–335.

Hannila, S. S., Siddiq, M. M., Carmel, J. B., Hou, J., Chaudhry, N., Bradley, P. M.,
et al. (2013). Secretory leukocyte protease inhibitor reverses inhibition by CNS
myelin, promotes regeneration in the optic nerve and suppresses expression of
the transforming growth factor-beta signaling protein Smad2. J. Neurosci. 33,
5138–5151. doi: 10.1523/jneurosci.5321-12.2013

Hasan, S. J., Keirstead, H. S., Muir, G. D., and Steeves, J. D. (1993). Axonal
regeneration contributes to repair of injured brainstem-spinal neurons in
embryonic chick. J. Neurosci. 13, 492–507.

Houle, J. D., Schramm, P., and Herdegen, T. (1998). Trophic factor modulation of
c-Jun expression in supraspinal neurons after chronic spinal cord injury. Exp.
Neurol. 154, 602–611. doi: 10.1006/exnr.1998.6954

Hsu, J. C., Laz, T., Mohn, K. L., and Taub, R. (1991). Identification of LRF-1, a
leucine-zipper protein that is rapidly and highly induced in regenerating liver.
Proc. Natl. Acad. Sci. U S A 88, 3511–3515. doi: 10.1073/pnas.88.9.3511

Johnson, P. W., Abramow-Newerly, W., Seilheimer, B., Sadoul, R., Tropak, M. B.,
Arquint, M., et al. (1989). Recombinant myelin-associated glycoprotein confers
neural adhesion and neurite outgrowth function. Neuron 3, 377–385. doi: 10.
1016/0896-6273(89)90262-6

Karimi-Abdolrezaee, S., and Schreyer, D. J. (2002). Retrograde repression of
growth-associated protein-43 mRNA expression in rat cortical neurons. J.
Neurosci. 22, 1816–1822.

Keirstead, H. S., Hasan, S. J., Muir, G. D., and Steeves, J. D. (1992). Suppression of
the onset of myelination extends the permissive period for the functional repair
of embryonic spinal cord. Proc. Natl. Acad. Sci. U S A 89, 11664–11668. doi: 10.
1073/pnas.89.24.11664

Keirstead, H. S., Pataky, D. M., Mcgraw, J., and Steeves, J. D. (1997). In vivo
immunological suppression of spinal cordmyelin development. Brain Res. Bull.
44, 727–734. doi: 10.1016/s0361-9230(97)00374-2

Kim, D. S., Lee, S. J., Park, S. Y., Yoo, H. J., Kim, S. H., Kim, K. J., et al. (2001).
Differentially expressed genes in rat dorsal root ganglia following peripheral
nerve injury. Neuroreport 12, 3401–3405. doi: 10.1097/00001756-200110290-
00050

Kiryu, S., Yao, G. L., Morita, N., Kato, H., and Kiyama, H. (1995). Nerve injury
enhances rat neuronal glutamate transporter expression: identification by
differential display PCR. J. Neurosci. 15, 7872–7878.

Lankford, K. L., Waxman, S. G., and Kocsis, J. D. (1998). Mechanisms of
enhancement of neurite regeneration in vitro following a conditioning
sciatic nerve lesion. J. Comp. Neurol. 391, 11–29. doi: 10.1002/(sici)1096-
9861(19980202)391:1<11::aid-cne2>3.0.co;2-u

Lerch, J. K., Martinez-Ondaro, Y. R., Bixby, J. L., and Lemmon, V. P. (2014). cJun
promotes CNS axon growth. Mol. Cell. Neurosci. 59, 97–105. doi: 10.1016/j.
mcn.2014.02.002

Lombardo, A., Rabacchi, S. A., Cremisi, F., Pizzorusso, T., Cenni, M. C., Possenti,
R., et al. (1995). A developmentally regulated nerve growth factor-induced
gene, VGF, is expressed in geniculocortical afferents during synaptogenesis.
Neuroscience 65, 997–1008. doi: 10.1016/0306-4522(94)00538-g

McKerracher, L., David, S., Jackson, D. L., Kottis, V., Dunn, R. J., and Braun,
P. E. (1994). Identification ofmyelin-associated glycoprotein as amajormyelin-
derived inhibitor of neurite growth. Neuron 13, 805–811. doi: 10.1016/0896-
6273(94)90247-x

McQuarrie, I. G., and Grafstein, B. (1973). Axon outgrowth enhanced by a
previous nerve injury. Arch. Neurol. 29, 53–55. doi: 10.1001/archneur.1973.
00490250071008

Mladinic, M., Wintzer, M., Del Bel, E., Casseler, C., Lazarevic, D., Crovella, S.,
et al. (2005). Differential expression of genes at stages when regeneration can
and cannot occur after injury to immature mammalian spinal cord. Cell. Mol.
Neurobiol. 25, 407–426. doi: 10.1007/s10571-005-3150-z

Mukhopadhyay, G., Doherty, P., Walsh, F. S., Crocker, P. R., and Filbin, M. T.
(1994). A novel role for myelin-associated glycoprotein as an inhibitor of
axonal regeneration. Neuron 13, 757–767. doi: 10.1016/0896-6273(94)90042-6

Neumann, S., and Woolf, C. J. (1999). Regeneration of dorsal column fibers into
and beyond the lesion site following adult spinal cord injury.Neuron 23, 83–91.
doi: 10.1016/s0896-6273(00)80755-2

Neumann, S., Bradke, F., Tessier-Lavigne, M., and Basbaum, A. I. (2002).
Regeneration of sensory axons within the injured spinal cord induced by
intraganglionic cAMP elevation. Neuron 34, 885–893. doi: 10.1016/s0896-
6273(02)00702-x

Plunet, W., Kwon, B. K., and 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. doi: 10.1002/jnr.10176

Qiu, J., Cai, D., Dai, H., Mcatee, M., Hoffman, P. N., Bregman, B. S., et al. (2002).
Spinal axon regeneration induced by elevation of cyclic AMP. Neuron 34,
895–903. doi: 10.1016/s0896-6273(02)00730-4

Richardson, P. M., and Issa, V. M. (1984). Peripheral injury enhances central
regeneration of primary sensory neurones. Nature 309, 791–793. doi: 10.
1038/309791a0

Schmitt, A. B., Breuer, S., Liman, J., Buss, A., Schlangen, C., Pech, K., et al. (2003).
Identification of regeneration-associated genes after central and peripheral
nerve injury in the adult rat. BMC Neurosci. 4:8. doi: 10.1186/1471-2202-4-8

Seijffers, R., Mills, C. D., and Woolf, C. J. (2007). ATF3 increases the intrinsic
growth state of DRG neurons to enhance peripheral nerve regeneration. J.
Neurosci. 27, 7911–7920. doi: 10.1523/jneurosci.5313-06.2007

Siddiq, M. M., Hannila, S. S., Carmel, J. B., Bryson, J. B., Hou, J., Nikulina,
E., et al. (2015). Metallothionein-I/II promotes axonal regeneration in the
central nervous system. J. Biol. Chem. 290, 16343–16356. doi: 10.1074/jbc.
M114.630574

Skene, J. H. (1989). Axonal growth-associated proteins. Annu. Rev. Neurosci. 12,
127–156. doi: 10.1146/annurev.neuro.12.1.127

Skene, J. H., andWillard, M. (1981). Axonally transported proteins associated with
axon growth in rabbit central and peripheral nervous systems. J. Cell. Biol. 89,
96–103. doi: 10.1083/jcb.89.1.96

Smith, D. S., and Skene, J. H. (1997). A transcription-dependent switch controls
competence of adult neurons for distinct modes of axon growth. J. Neurosci.
17, 646–658.

Snyder, S. E., Cheng, H. W., Murray, K. D., Isackson, P. J., Mcneill, T. H.,
and Salton, S. R. (1998a). The messenger RNA encoding VGF, a neuronal
peptide precursor, is rapidly regulated in the rat central nervous system by
neuronal activity, seizure and lesion.Neuroscience 82, 7–19. doi: 10.1016/s0306-
4522(97)00280-7

Snyder, S. E., Pintar, J. E., and Salton, S. R. (1998b). Developmental expression
of VGF mRNA in the prenatal and postnatal rat. J. Comp. Neurol. 394, 64–90.
doi: 10.1002/(sici)1096-9861(19980427)394:1<64::aid-cne6>3.3.co;2-8

Su, Q. N., Namikawa, K., Toki, H., and Kiyama, H. (1997). Differential
display reveals transcriptional up-regulation of the motor molecules for both
anterograde and retrograde axonal transport during nerve regeneration. Eur J.
Neurosci. 9, 1542–1547. doi: 10.1111/j.1460-9568.1997.tb01510.x

Tanabe, K., Tachibana, T., Yamashita, T., Che, Y. H., Yoneda, Y., Ochi, T., et al.
(2000). The small GTP-binding protein TC10 promotes nerve elongation in
neuronal cells and its expression is induced during nerve regeneration in rats.
J. Neurosci. 20, 4138–4144.

Thompson, R. C., and Ohlsson, K. (1986). Isolation, properties, and complete
amino acid sequence of human secretory leukocyte protease inhibitor, a potent
inhibitor of leukocyte elastase. Proc. Natl. Acad. Sci. U S A 83, 6692–6696.
doi: 10.1073/pnas.83.18.6692

Tsujino, H., Kondo, E., Fukuoka, T., Dai, Y., Tokunaga, A., Miki, K., et al. (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. doi: 10.1006/mcne.1999.0814

Tsuzuki, K., Noguchi, K., Mohri, D., Yasuno, H., Umemoto, M., Shimobayashi,
C., et al. (2002). Expression of activating transcription factor 3 and
growth-associated protein 43 in the rat geniculate ganglion neurons

Frontiers in Molecular Neuroscience | www.frontiersin.org 7 July 2015 | Volume 8 | Article 34

http://www.frontiersin.org/Molecular_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Molecular_Neuroscience/archive


Carmel et al. Flipping the transcriptional switch to axon growth

after chorda tympani injury. Acta Otolaryngol. 122, 161–167. doi: 10.
1080/00016480252814162

Urso, M. L., Chen, Y. W., Scrimgeour, A. G., Lee, P. C., Lee, K. F., and Clarkson,
P. M. (2007). Alterations in mRNA expression and protein products following
spinal cord injury in humans. J. Physiol. 579, 877–892. doi: 10.1113/jphysiol.
2006.118042

Watkins, T. A., Wang, B., Huntwork-Rodriguez, S., Yang, J., Jiang, Z., Eastham-
Anderson, J., et al. (2013). DLK initiates a transcriptional program that couples
apoptotic and regenerative responses to axonal injury. Proc. Natl. Acad. Sci.
U S A 110, 4039–4044. doi: 10.1073/pnas.1211074110

Yang, P., Wen, H., Ou, S., Cui, J., and Fan, D. (2012). IL-6 promotes
regeneration and functional recovery after cortical spinal tract injury
by reactivating intrinsic growth program of neurons and enhancing
synapse formation. Exp. Neurol. 236, 19–27. doi: 10.1016/j.expneurol.2012.
03.019

Yankulov, K., Yamashita, K., Roy, R., Egly, J. M., and Bentley, D. L.
(1995). The transcriptional elongation inhibitor 5,6-dichloro-1-beta-D-
ribofuranosylbenzimidazole inhibits transcription factor IIH-associated
protein kinase. J. Biol. Chem. 270, 23922–23925. doi: 10.1074/jbc.270.41.23922

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2015 Carmel, Young andHart. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution and reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Molecular Neuroscience | www.frontiersin.org 8 July 2015 | Volume 8 | Article 34

http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Molecular_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Molecular_Neuroscience/archive

	Flipping the transcriptional switch from myelin inhibition to axon growth in the CNS
	Regenerative Paradigms to Identify Genes
	Candidate Regeneration-Associated Genes
	Additional Candidate Genes
	Implications
	Acknowledgments
	References


