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Abstract

Activation of nuclear factor kappa B (NF-kB) is a hallmark of various central nervous system
(CNS) pathologies. Neuron-specific inhibition of its transcriptional activator subunit RelA, also
referred to as p65, promotes neuronal survival under a range of conditions, i.e., for ischemic or
excitotoxic insults. In macro- and microglial cells, post-lesional activation of NF-«B triggers a
growth-permissive program which contributes to neural tissue inflammation, scar formation,
and the expression of axonal growth inhibitors. Intriguingly, inhibition of such inducible NF-kB
in the neuro-glial compartment, i.e., by genetic ablation of RelA or overexpression of a trans-
dominant negative mutant of its upstream regulator IkBa, significantly enhances functional
recovery and promotes axonal regeneration in the mature CNS. By contrast, depletion of the
NEF-kB subunit p50, which lacks transcriptional activator function and acts as a transcriptional
repressor on its own, causes precocious neuronal loss and exacerbates axonal degeneration in
the lesioned brain. Collectively, the data imply that NF-kB orchestrates a multicellular pro-
gram in which kB-dependent gene expression establishes a growth-repulsive terrain within the
post-lesioned brain that limits structural regeneration of neuronal circuits. Considering these
subunit-specific functions, interference with the NF-kB pathway might hold clinical potentials to
improve functional restoration following traumatic CNS injury.
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kB-dependent expression of the reporter enzyme p-galac-
tosidase (-gal) reveal a constitutive activation of NF-kB in
neurons of the developing and, at least in part, of the mature
CNS (Bhakar et al., 2002). Thereby, the expression of p-gal

Introduction

Cellular responses induced by traumatic central nervous
system (CNS) injury are associated with both destructive
and regenerative processes mediated by neurons, glial and

immunogenic cell types, and the endothelial compartment.
They are orchestrated by defined changes in gene expression,
leading to chronological cascades of primary and secondary
tissue damage followed by wound closure and scar forma-
tion. Activation of the transcription factor nuclear factor
kappa B (NF-kB) represents an early marker for cellular
stress in numerous tissues including brain. NF-kB consists
of five subunits (RelA [also called p65], RelB, c-Rel, p105/50,
p100/52), with only Rel proteins possessing transcriptional
activator function. Within the CNS, NF-kB signaling en-
compasses activation of preformed RelA and p50 containing
dimers, which are cytoplasmically sequestered by inhibitory
IxkBa (canonical pathway). Fast kinetics of canonical NF-«kB
is guaranteed by stimulus-dependent activation of the IkB
kinase (IKK) complex leading to serine (Ser) phosphoryla-
tion of IkBa by IKK-p subunits, its proteosomal degradation,
and the nuclear translocation and DNA binding of RelA/
p50 (Vallabhapurapu and Karin, 2009). Activity assays using

correlates well with the presence of both RelA and p50 sub-
units in kB-binding complexes, as subsequently detected by
DNA binding supershift experiments (Schmidt-Ullrich et
al,, 1996). Contrarily, reporter gene expression is completely
absent in brain regions that are sensitive to anti-p50 serum
only, thus indicating a transcriptional repressor function of
DNA-associated p50 homodimers within the adult CNS. So
far, there is only limited knowledge on the signaling path-
ways that control constitutive activation of NF-kB in devel-
oping and mature neurons (Gavalda et al., 2009; Konig et
al., 2012; McKelvey et al., 2012) and its necessity for normal
neurodevelopment and function is still under debate (Kretz
et al., 2013; Listwak et al., 2013) (for more information, see
(Gutierrez and Davies, 2011)).

Inducible activation of NF-kB in CNS injury
In addition to the aforementioned constitutive activation
under physiological conditions, neuronal NF-kB becomes
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strong and rapidly activated under metabolic stress. Up-
stream of NF-kB, tumor necrosis factor (TNF) and TNF-like
weak inducer of apoptosis (TWEAK) act as activators of NF-
kB signaling under pathological conditions (Potrovita et al.,
2004; Pradillo et al., 2005). Functionally, RelA-containing di-
mers induce the expression of pro-apoptotic target genes bim
and noxa in ischemic neurons, and inhibition of this upreg-
ulation exerts neuronal protection (Inta et al., 2006). Exper-
iments on rodents with injured optic nerve (ON) or spinal
cord (SC) have also been conducted to study kB-dependent
gene expression in response to axonal injury. Nerve fiber
bundles are punctually disconnected by traumatic impact,
and analysis of the degeneration and regeneration of neuro-
nal cell bodies and axonal fibers shows that NF-«B activation
occurs at the impact site as early as 0.5 hours post-injury,
where it persists for several days (Bethea et al., 1998). Block-
ing NF-«xB by immediate post-lesional application of a single
dosage of either the pharmacological inhibitor pyrrolidine
dithiocarbamate or synthetic “decoy” oligodeoxynucleotides
targeting RelA/p50-binding sequences reduces early expres-
sion of pro-inflammatory iNOS and Cox-2. Thereby, SC tis-
sue sparing becomes evident after only 24 hours post-injury
(Jimenez-Garza et al., 2005; Rafati et al., 2008). Consequent-
ly, using the Basso, Beattie, and Bresnahan (BBB) score test
for hind limb function, locomotor recovery is significantly
improved as early as the first week after moderate SC injury
in rats receiving the inhibitor, with no further locomotor ad-
vantage thereafter. Collectively, understanding the molecular
and cellular mechanisms of the NF-xB pathway in axonal
injury holds clinical potentials to stimulate recovery after
traumatic CNS lesions by pharmacological treatment.

NF-kB in neurons

One rationale for this positive effect of blocking NF-«B is
its activation in transected nerve fibers and associated cell
somata, which may be located at considerable distances from
the lesion center. Thereby, NF-kB transduces signals related
to peripheral cell damage to the neuronal soma/nucleus.
Such intracellular redistribution of NF-kB was first demon-
strated using enhanced green fluorescence protein-tagged
RelA fusion proteins (EGFP-RelA), where stimulation of
hippocampal neurons with glutamate induces retrograde
transport of RelA from synapses back to the nucleus (Well-
mann et al.,, 2001). The description of a cell-autonomous
NF-kB activation by axotomized neurons originates from
studies on retinal ganglion cells (RGCs), which can be easily
axotomized in the absence of gray matter damage using the
ON crush model (Choi et al., 1998). Thereby, RGC survival
at 4 weeks post-injury is significantly enhanced in transgenic
relA"™;Nes-Cre mice harboring neuroectodermal deletion of
transactivating RelA (own data). Similar to the pro-apop-
totic gene expression pattern induced by metabolic stress,
inducible NF-xB might trigger a cell death program inside
axotomized neurons. As functional recovery following trau-
matic injury ideally relies on the presence of a large number
of surviving neurons, reducing cell death by diminished ac-
tivation of RelA is surely of advantage for promoting axonal
regeneration and network restoration. Notably, subunit-un-
specific interference with NF-«B signaling, e.g., by intraret-
inal application of the IKK inhibitor sulfasalazine, does not
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reduce but actually accelerates degeneration of axotomized
RGCs (Choi et al., 2000). Thus, NF-kB activation within
injured neurons — dependent on the involved subunit - also
confers cell survival. This might be related to p50-dependent
gene expression or to the transcriptional repressor function
of p50 homodimers (Nakamura-Yanagidaira et al., 2011) and
is in line with the observation that deletion of this subunit
promotes neuronal death under various conditions of neuro-
toxicity (Li et al., 2008).

In vitro studies have emphasized a neuritogenic potential
of NF-«B in developing neurons. Thereby, NF-kB signaling
either stimulates or inhibits neurite outgrowth in cultured
superior cervical ganglion sympathetic neurons or nodose
ganglion sensory neurons depending on the cell type’s spe-
cific phosphorylation status (Ser536) of RelA (Gutierrez et
al., 2008). Although these studies were performed on imma-
ture neurons derived from neonatal brains, it is plausible
that RelA-regulated transcription profiles may become reac-
tivated in the mature CNS to stimulate regrowth of injured
axons and to restore the neuronal network. This notion is
supported by morphological and functional studies on trans-
genic IxB/tTA mice that allow for temporarily restricted re-
activation of NF-kB in IkBa-dn neurons. In these mice, NF-
KB signaling is in a tetracycline-dependent manner inhibited
by expression of the super repressor IkBa-dn, but can be re-
stored by doxycycline application (Tet OFF system) (Imielski
et al., 2012). Pathophysiologically, IxB/tTA mice suffer from
an inherited atrophy of hippocampal mossy fibers due to
the absence of kB-dependent protein kinase A and FOXO1
expression in the developing dentate gyrus. Most important-
ly, reactivation of NF-kB in the mature disordered brain of
adult mice by doxycycline treatment initiates the renewal of
granule cells and regrowth of mossy fibers in the dentate gy-
rus to the level of healthy wild-type (WT) animals (Imielski
et al,, 2012). It remains to be explored whether this signaling
pathway likewise holds a potential to stimulate neurogenesis
and axonal regrowth in instances of traumatic nerve injuries.
Collectively, cell culture approaches combined with in vivo
regeneration studies on neuron-specific NF-kB knockouts
are highly informative tools for the imperative search for
NEF-«B target genes involved in adult neurito-/axonogenesis.

NF-kB and tissue inflammation

NF-«B exerts multifunctional roles in traumatic CNS injury
and additional mechanisms, particularly those involved in
neuro-glial interactions, contributing to the protective out-
come of NF-kB inhibition. As revealed by the suppressed up-
regulation of pro-inflammatory iNOS and COX-2 in decoy-
or pyrrolidine dithiocarbamate-treated rats, traumatic tissue
damage triggers the expression of kB-dependent chemokines
and cytokines by resident and invading inflammatory cell
populations. A prototypical source of inflammatory media-
tors are primary immune cells, such as neutrophils and mac-
rophages, which rapidly become activated to infiltrate the
lesion site. Initially required for primary immune responses
and for clearance of cell debris, overactivation of immune
cells exacerbates secondary tissue damage. Their contri-
bution to neuronal protection or cell loss can be tested by
cell type-specific inhibition of NF-«B. Suppression of IKK/
NF-kB-dependent activation in myeloid cell-specific IKK-f
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knockout (ikkB = ™) mice significantly reduces the infiltra-
tion of CD11b-positive neutrophils and macrophages. While
the overall migratory capacity of neutrophils from ikk = "
mice appears unaltered, they show a more than 80% reduced
expression of the neutrophil-attracting chemokine CXCL1
in the injured SC compared to WT mice (Kang et al., 2011).
Consequently, attenuated neutrophil recruitment to the le-
sion site mitigates the neuroinflammatory response. This, in
turn, translates to a reduced neuronal loss and significantly
improves recovery of motoric functions at 7 days after SC
injury (Kang et al., 2011).

Mechanical tissue damage, as it massively emerges during
traumatic injuries, is associated with necrotic cell breakage
and intracellular material release. Among the resident cell
populations of the CNS, microglia representing the prima-
ry immune cells of the brain are highly specialized sensors
for cell necrosis. Microglial activation is considered to be a
particularly important factor that determines the initiation
and severity of the inflammatory response, i.e., by attracting
blood-derived immune cells. It has been demonstrated that
NF-«B signaling in microglia is critically involved in neuro-
nal death induced by amyloid-p peptide and that constitu-
tive inhibition of microglial NF-kB confers neuroprotection
(Chen et al., 2005). Future microglia-focused studies might
elucidate NF-kB’s role in this resident immune cell of the
CNS in spreading unintentional tissue damage following
traumatic injury.

Activated astrocytes also contribute to the pro-inflamma-
tory milieu within the lesion site. Astrocyte-specific inhi-
bition of NF-xB by overexpression of non-functional IkBa
(GFAP-IxBa-dn) reduces the lesion-induced secretion of
CXCL10 and CCL, at an early time point after injury (Bethea
et al., 2005). In these mice, altered cytokine expression is
accompanied by a significantly enhanced preservation of the
peri-lesional white matter substance and a faster recovery of
hind limb function within the first weeks. Thus, in parallel
with its role in myeloid cells, activation of NF-xB in astro-
cytes confers tissue destruction by exacerbating neuroin-
flammation and secondary tissue damage immediately to the
lesion event.

NF-kB and axonal growth inhibition

Additionally, NF-xB in glial cells acts beyond the acute phase
of traumatic injury and hampers axonal regeneration for
long term. In the context of wound healing, formation of a
glial scar substitutes for the damaged tissue, but also consti-
tutes a structural barrier that limits regeneration by perma-
nent exposure of axonal growth inhibitors. As implicated by
recent data from different laboratories, it is of the highest sig-
nificance for regeneration research that the upregulation of
such molecules in scar-forming astrocytes and oligodendro-
cytes (ODCs) is orchestrated by NF-«kB. Thereby, expression
of the astrocyte-derived chondroitin sulfate proteoglycans
(CSPGs) neurocan and phosphocan, both essential constit-
uents of the glial scar, has been analyzed in GFAP-IxBa-dn
mice. As expected, CSPGs are stably expressed within the
lesion core of WT mice, whereas their expression remains
low in transgenic mice at 8 weeks after SC injury (Bethea et
al., 2005). While functional improvements are consolidated
2 weeks after the lesion in WT mice, GFAP-IxBa-dn mice

show a progressive gain-of-function up to 6 weeks after inju-
ry (Bethea et al., 2005). Thus, inhibition of astroglial NF-«xB
not only improves hind limb function at early time points af-
ter injury but also extends the period for functional recovery
and delays chronic manifestation of complaints. Anterograde
tract tracing by intracortical injection of the Alexa-488-la-
beled marker streptavidin reveals enhanced axonal sparing
and sprouting events of descending axonal tracts caudal to
the injury site (Brambilla et al., 2009). Thus, plastic reorgani-
zation of circuits involved in locomotion contributes to the
improved functional recovery after SC injury in GFAP-IxBa-
dn mice. Using the ON crush model, the role of NF-kB in ax-
onal regeneration in terms of axonogenesis into and beyond
the lesion site — in the absence of axonal sprouting of spared
fibers - can be studied. In line with the concept that NF-«xB
programs scar tissue towards growth inhibition, transle-
sional regrowth of adult RGCs inversely correlates with the
expression of CSPGs in the ON of relA";Nes-Cre mice that
lack transactivating RelA in the neuro-glial compartment
including astrocytes (own data). Therefore, inhibiting NF-«xB
in scar-forming astrocytes establishes a growth-supporting
terrain which enables sprouting of spared axonal fibers and
translesional regeneration of newly formed axons.

Expression of kB-dependent growth inhibitors is not re-
stricted to astrocytes. Within the ON and other myelinated
fiber tracts, RelA is abundantly expressed in ODCs. While
its function in ODC development remains unknown (Kretz
et al,, 2013), it becomes activated in ODCs after ON injury.
Functionally, inhibition of oligodendroglial RelA activation
by conditional deletion in relA”;CNPI1-Cre mice enhances
RGC regeneration (own data). Among the various growth
inhibitors found in CNS white matter, myelin basic protein
(MBBP) is a likely candidate for RelA-dependent upregulation
during constitution of the glial scar. Notably, promotors of
the mouse and human MBP gene contain conserved NF-«B
cis-regulatory elements that specifically bind RelA and in-
duce MBP expression in oligodendroglioma cells following
tumor necrosis factor stimulation (Huang et al., 2002). With-
in the developing peripheral nervous system, RelA is a piv-
otal factor for the induction of myelin formation in Schwann
cells (Nickols et al., 2003). Moreover, NF-kB inhibition in
immature Schwann cells promotes regeneration of the adult
nervus facialis, probably via reduced Krox-20-dependent
myelin formation and compaction (Morton et al., 2012).
Similar mechanisms may be expected for remyelination pro-
cesses within the post-lesional CNS.

Conclusions

In summary, activation of NF-«B triggers a multicellular and
growth-permissive genetic program which causes neuronal
death and hampers fiber regeneration and restoration of
neuronal networks via short- and long-term impacts. Func-
tionally, the timely regulated induction of axonal growth
inhibitors at the lesion site by NF-kB might be indispensable
to stabilize the surrounding neuro-architecture, i.e., under
disturbed tissue homeostasis associated with wound-heal-
ing. However, these molecular breaks in neuronal plasticity
are unfavorable for axonal regeneration, particularly after
the acute phase of the injury has declined. Overall, it is an
exciting concept to consider NF-«B as a master regulator of
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Figure 1 Schematic representation of nuclear factor kappaB (NF-kB) subunit and cell type-specific activation patterns in traumatic nerve injury.
In naive neurons, p50 is required for survival and axonal maintenance. Nerve injury induces activation of RelA in associated neuronal soma, there-
by promoting apoptosis. Shifting the balance between RelA and p50 towards p50, e.g., by conditional deletion of RelA promotes neuronal survival.
During the primary phase of injury, RelA likewise becomes activated in myeloid cells/activated microglia and astrocytes at the lesion site. RelA-de-
pendent secretion of pro-inflammatory cytokines and chemokines (red dots) exacerbates neuronal damage. During wound healing and glial scar
formation, activation of RelA in astrocytes and oligodendrocytes contributes to the (re-)expression of membrane-associated growth inhibitors (black
symbols), thus leading to permanent growth-repulsion of regenerating axons.

post-lesional gene transcription which orchestrates the cell
type-specific expression of neurotoxic and growth inhibitory
factors by affected neurons, astrocytes, ODCs, and microglia
(Figure 1). While inhibition of NF-xB might hold clinical
relevance, the contribution of this transcription factor to
reprograming a growth-permissive environment is highly
subunit-specific. This is illustrated by injury studies on con-
stitutive p50 knockout mice, in which neuronal survival and
axonal regeneration are completely abolished (own data).
This might be attributable to the pivotal function of p50 for
neuro-axonal maintenance, wherein p50 acts as a perma-
nent transcriptional repressor of Jaggedl, a ligand for the
neuritogenesis inhibitor Notch (Bonini et al., 2011), and the
pro-apoptotic Bcl2-associated X protein (Nakamura-Yanag-
idaira et al., 2011).

In the past, administration of the immune-suppressive
drug methylprednisolone at high dose has been the only
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pharmacological therapy in acute SC injury (Bracken, 2012).
The treatment does not, however, allow for full restoration of
locomotor movement. Moreover, recent clinical guidelines
do not include the recommendation of this drug anymore
because high-dose steroids are associated with harmful
advers effects, thus further emphasizing the need for more
targeted therapies (Hurlbert et al., 2013). With respect to
its subunit and cell type-specific functions in axonal injury,
pharmacological intervention of the NF-kB pathway to stim-
ulate axonal regeneration can be envisaged for the future.
Given its dual properties for neuronal survival, global inter-
ference with NF-kB seems unfavourable but requests for spe-
cific inhibition of RelA-dependent expression of pro-apop-
totic, pro-inflammatory and growth-inhibitory mediators.
This might be achieved by antibody therapy targeting the
nuclear localization sequence or the phosphorylation site of
RelA, both are required to gain its full transcriptional activ-
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ity. Further, RelA-mediated gene expression can be reduced
by activation of the deacatylase sirtuin 1, which targets
RelA-Lys310 for deacetylation. Importantly, sirtuin 1 activity
is stimulated by the drug resveratrol and post-lesional appli-
cation of this compound confers neuroprotection in experi-
mental stroke therapy (Lanzillotta et al., 2012). These results
indicate that epigenetic therapy of axonal injury might be of
great clinical relevance for the future.
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