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Abstract

Intracellular pathways related to cell survival regulate neuronal physiology during development and
neurodegenerative disorders. One of the pathways that have recently emerged with an important role
in these processes is the Nuclear Factor-kappaB (NF-kB). The activity of this pathway leads to the
nuclear translocation of the NF-kB transcription factors and the regulation of anti-apoptotic gene
expression. Different stimuli can activate the pathway through different intracellular cascades
(canonical, non-canonical, and atypical), contributing to the translocation of specific dimers of the NF-
kappaB transcription factors, and each of these dimers can regulate the transcription of different genes.
Recent studies have shown that the activation of this pathway regulates opposite responses such as cell
survival or neuronal degeneration. These apparent contradictory effects depend on conditions such as
the pathway stimuli, the origin of the cells, or the cellular context. In the present review we summarize

these findings and discuss their significance with respect to survival or death in the nervous system.



Introduction

Neurons and non-neuronal cells of the nervous system require for their survival and function
extracellular and intracellular signaling molecules such as neurotrophic factors or calcium. These
molecules activate intracellular signaling pathways which in turn regulate the activation or inhibition
of gene expression. Intracellular pathways are the mechanisms that regulate cellular events during
nervous system development, adulthood, and disease (Airaksinen and Saarma, 2002; Chao, 2003).
New evidences that emerged during the past 10 years have shown the complex regulation of these
pathways and expanded the list of those regulating neuronal survival and function. One of these
pathways is the Nuclear Factor kappa B (NF-kB). The NF-KB pathway was discovered in 1986 as a
transcription modulator of the light chain of B lymphocytes immunoglobulins (Sen and Baltimore,
1986). Subsequent studies showed that NF-kB is a ubiquitously expressed dimeric transcription factor
involved in cellular processes such as inflammation, adhesion, proliferation, differentiation, apoptosis,
and oncogenesis. This family of transcription factors also has an important role during nervous system
development and pathology. The effects caused by NF-KB activity in the nervous system are usually
based on the control of neuronal apoptosis, neurite outgrowth, and synaptic plasticity. Genes regulated
by NF-KB dimers are mainly responsible for these functions, and the long list of these genes creates an
intricate intracellular network that contributes to the complexity of the pathway. The list of NF-kB
functions in the central and peripheral nervous system is apparently not finished and some of these
functions are in fact contradictory. The present review of the NF-KB pathway places special emphasis

on its function in the developing nervous system and in neurological disorders.

NF-kB family members

NF-kB is a dimer composed of members of the Rel family of transcription factors: RelA (p65), RelB,
c-Rel, p50 and p52. All these proteins have in common a highly conserved 300-amino acid domain
called Rel homology domain (RHD). The RHD is responsible for NF-KB dimerization, NF-kB and
IkB interaction, and NF-kB dimer association with DNA (Huxford et al., 1999), and contains the
nuclear localization sequence (NLS) necessary for NF-kB translocation to the nucleus (Ghosh et al.,
1998).

The NF-kB proteins can be classified in two subfamilies depending on their structure (Figure 1).
Subfamily I includes RelA, c-Rel, and RelB; the members of this subfamily contain a transcription
activation domain (TAD). Subfamily II includes the proteins p52 and p50, generated from their
precursors, p100 and p105, respectively; these do not contain the TAD and are unable to activate gene
transcription after NF-kB activation. The p100 and p105 precursors contain several ankyrin domains
that are processed by the proteasome when the pathway is activated. Thus these immature forms of

p52 and p50 may be considered as inhibitors of the NF-kB signaling pathway (Ghosh et al., 1998).



Even though it is possible to find different homo- or heterodimers of NF-kB members in the cells, in

mammalians the most abundant form is the RelA/p50 heterodimer.

The NF-KB inhibitors: IKB

In the absence of stimuli NF-KB homo- and/or heterodimers are present in the cytoplasm and form
inactive complexes with their inhibitors, which are members of the IKB (Inhibitor KB) protein family
(IkBa, IkBB, IkBg, IKBy, IkB6, and Bcl-3) (Figure 2A). When the pathway is activated NF-kB dimers
are released from the inhibitor and translocated to the nucleus where they bind to the KB sequences of
the DNA. The IKB inhibitors have in common their three-dimensional structure and a variable number
of ankyrin-repeat motifs located in their amino-terminal segment. These ankyrin motifs are
responsible for the IKB/NF-kB interaction (Baeuerle, 1998). IkBa and IkBf3 have in their carboxyl-
terminal end a domain rich in proline, glutamic acid/aspartic acid, serine and threonine residues (PEST
domain). The PEST domain may interact directly with the DNA-binding region of one of the NF-kB
subunits and is required for inhibition of DNA binding (Ernst et al., 1995).

IkBa. is the most frequent expressed form of NF-kB inhibitors in the nervous system. It has been well
established that NF-KB activation induces IKBa phosphorylation at Ser32 and Ser 36 residues of the
ankyrin repeats. This phosphorylation leads to the IkB release of the complex, its polyubiquitinization
at Lys21 and Lys22 residues and its degradation by the 26S proteasome (Chen et al., 1995). However,
the reduction of IkBa protein level into the cytoplasm is temporary because IkBa is one of the earliest
genes transcribed after NF-kB activation (Ito et al., 1994). Thus IkBa protein is reduced after the
activation of the pathway and one hour later the levels of the protein increase in response to the newly
synthesized IkBa (Place et al., 2001). IkBa contains NLS, which permits the localization of newly
synthesized IkBa into the nucleus where IKBa binds with RelA/p50 dimers, removing them from the
KB DNA sequences. Then IkKBa NES (nuclear export sequence) promotes the translocation of this
inactive complex from the nucleus to the cytoplasm (Tam et al., 2000).

In some cell types, IKBa can also be removed from NF-kKB by phosphorylation at Tyr42, located in the
ankyrin motifs (Takada et al., 2003). This phosphorylation induces IkBo detachment from the
complex, but not its degradation by the proteasome. Thus, IKBa protein level does not decrease early

after Tyr42 phosphorylation (Imbert et al., 1996).

The kinases of the inhibitors: IKB kinases

IKB phosphorylation require the catalytic activation of a serine-threonine kinase complex called IkB
kinases (IKKs). The IKK complex is composed of three elements: two catalytic subunits, IKKa and
IKKp, and a regulatory subunit, NEMO (also called IKKy) (Figure 2B). IKKa and IKK[ contain a

helix-loop-helix domain and a leucine-zipper domain (Woronicz et al., 1997; Zandi et al., 1997,



Héacker and Karin, 2006). The leucine-zipper domain is involved in the modulation of the kinase
activity and the helix-loop-helix domain is responsible for IKK homo- or heterodimerization (Zandi et
al., 1997). Some studies indicate that the IKKa/IKK[3 heterodimers activate the NF-KB pathway more
efficiently than the IKK homodimers (Huynh et al., 2000). The IKKa and IKK[3 catalytic domains
show 65% homology and their kinase activation is induced by the phosphorylation at two serine
residues (Ser177/Ser181 of IKKf, and Ser176/Ser180 of IKKa) (Kwak et al., 2000). IKKa and IKK[(
contribute differentially to IKK complex activation. Studies using IKKp mutants demonstrated that
this kinase is responsible for NF-KB activation after TNFoa, IL-1, or LPS stimulation (Delhase et al.,
1999). IKKa and IKKp also have different cellular distribution. IKKp is distributed predominantly in
the cytoplasm whereas IKKa has both nuclear and cytoplasmic localization. The cytoplasmic
localization of IKKs is related to their ability to phosphorylate IkBa and the consequent RelA/p50
translocation to the nucleus. The presence of IKKa in the nucleus is related to the expression of NF-
KB responsive genes through the phosphorylation and acetylation of histone 3 (Yamamoto et al.,
2003). These findings demonstrated that IKKa and IKKp kinases have different functions based on

their cellular distribution.

NF-KB signaling pathways: canonical, non-canonical and atypical

In the nervous system the NF-KB pathway can be activated in a variety of ways. The classical IKK-
dependent mechanisms include the canonical and non-canonical pathways, but a new IKK-
independent mechanism, the atypical pathway, has been described (Bender et al., 1998; Kato et al.,
2003). Canonical and non-canonical pathways are usually distinguished by two main characteristics:
the NF-kB dimer translocated to the nucleus (RelA/p50 and RelB/p52, respectively), and the IkB
contribution to their activation (IKB-dependent and IkB-independent, respectively) (Heissmeyer et al.,
1999). However, both of them require the presence of the IKK complex for their activation. In
contrast, the atypical pathway is IKK-independent but IkB-dependent, and induces RelA/p50 nuclear
translocation (Perkins, 2007).

The proteins and NF-KB dimers involved in the activation of the three different pathways are
summarized in Figure 3 and the principal differences that characterize these pathways in Figure 4. The
canonical pathway (also called classical pathway) is the most common form of NF-kB activation in
all cell types. This form is characterized by the activation of dimers composed of p50 and RelA or c-
Rel. In mammalian cells the most abundant partner of p50 is RelA. The canonical pathway is generally
activated in response to stimuli such as cytokines (TNFa, TNFp, IL-1, CNTF or CT-1) (Sparacio et
al., 1992; Barger et al., 1995; Middleton et al., 2001), neurotrophins (Burke and Bothwell, 2003) or
oxygen-glucose deprivation (Sarnico et al., 2009). The activation of this pathway depends on Ser181
and Ser180 phosphorylation of IKKa and IKKf, respectively. Activated IKK-complex phosphorylates
IkBa (Ser32 and/or Ser36), promoting its degradation by the proteasome 26S, and also induces p105



phosphorylation, which in turn promotes the generation of the mature form, p50 (Heissmeyer et al.,
1999). RelA/p50 heterodimers are released from the inhibitor and translocated to the nucleus, where
they bind to the DNA KB sites and induce the activation or repression of specific genes.

TNFa is the most powerful activator of the canonical pathway. TNF associate factor-2 (TRAF-2) is
the adaptor protein recruited to the TNFR1 receptor and becomes responsible for the canonical
pathway activation. Together with the cellular inhibitor of apoptosis-1/2 (c-IAP1/2), TRAF2
contributes to the polyubiquitination of RIP1, which in turn activates RelA/p50 through the IKK
complex. Activation of NF-KB by TNFa usually induces protection from cell death, which promotes
the transcription of anti-apoptotic target genes such as c-IAP1 and TRAF2 (Chu et al., 1997; Wang et
al., 1998).

IKKa and IKKp have different effects on the canonical NF-kKB pathway activation. IKKp is the
predominant kinase responsible for IKBa and p105 phosphorylation (Li et al., 1999c¢). Studies using
IKKfB knockout mice show a clear reduction of IKBa degradation and RelA activation (Li et al.,
2003). In addition, these mice have a phenotype similar to RelA knockout, reinforcing the central role
of IKKp in the canonical pathway activation (Beg and Baltimore, 1996; Li et al., 1999b; Li et al.,
1999a). Even though IKKa phosphorylation also stimulates the canonical NF-KB pathway, this
activation occurs in response to certain stimuli such as IL-1 or TNFo when IKKJ is inhibited (Solt et
al., 2007; Lam et al., 2008).

The atypical pathway is IKK independent but IkBa dependent, and promotes RelA/p50 nuclear
translocation (Figure 4). In the nervous system, the activation of this pathway has been related to
stimuli such as hydrogen peroxide, erythropoietin, or neurotrophic factors (Bui et al., 2001; Takada et
al., 2003; Gallagher et al., 2007). The atypical NF-kB pathway is initiated by tyrosine (Tyr42)
phosphorylation at the N-terminus of the IKBa inhibitor or by serine phosphorylation at its PEST
domain (Schwarz et al., 1996; Bender et al., 1998; Kato et al., 2003). IKBa phosphorylation at Tyr42
is mediated by Syk (spleen tyrosine kinase) in response to CNTF or NGF (Bui et al., 2001; Gallagher
et al., 2007), or by members of the Src family of tyrosine kinases in response to BDNF stimulation
(Gavalda et al., 2004). This phosphorylation leads to the release of IKBa from the RelA/p50 dimer.
Liberated IkBa is not degraded by the proteasome as it occurs during canonical pathway activation
(Bui et al., 2001; Takada et al., 2003). IKBa can also be serine-phosphorylated by CKII (casein kinase
1) at Ser293 located in the PEST domain (Schwarz et al., 1996). In contrast to the tyrosine
phosphorylation of IKBQ, serine phosphorylation promotes calpain-mediated IKBa degradation (Wei
X, 2009).

The non-canonical pathway, also known as the IKB-independent pathway, is characterized by the
translocation of the RelB/p52 heterodimer (Figure 4). The activation of this pathway is mainly
mediated by IKKa activity induced by the NF-kB-inducing kinase (NIK) (Bonizzi et al., 2004). IKKa
phosphorylation leads to a polyubiquitination-dependent degradation of the p100 precursor to the



active form p52 (Xiao et al., 2004). The newly formed heterodimers RelB/p52 translocate to the
nucleus, where they target kB elements activating genes related to cellular functions, including Cox-2,
Cycline D, Mn-SOD, and Bcl-x; (Machara et al., 2000; Jacque et al., 2005; Zhang et al., 2007; Holley
et al.,, 2010). This pathway is activated by a limited number of stimuli, including lymphotoxin B,
CD40 ligand, lipopolysaccharide (LPS), and neurotrophic factors (Miiller and Siebenlist, 2003;
Bhattacharyya et al., 2010).

Regulation of the transcriptional activity of NF-KB by post-translational modifications of RelA
In addition to IKBa inhibitor degradation, other steps are involved in the control of NF-kB-mediated
gene expression. Several studies have described post-translational modifications of the NF-kB
members containing TAD domain -- RelA, RelB and c-Rel -- that affect both RHD and TAD domains
(Figure 5). When RelA is liberated from the inhibitor IKBa, it can be phosphorylated at several serine
residues by different kinases, promoting conformational changes and favoring RelA binding to co-
activators. For example, phosphorylation at Ser276 of the RHD domain by PKA, MSK1 and MSK?2
(mitogen- and stress-activated protein kinase 1 and 2) promotes RelA interaction with the
transcriptional co-activators CBP (CREB binding protein) and p300 (Zhong et al., 1998; Olson et al.,
2007). PKA and MSK kinases are in turn regulated by the ERK/MAPK signaling pathway in response
to different stimuli, including TNFa (Vermeulen et al., 2003). Otherwise, Ser311 phosphorylation of
the RHD by PKC¢ regulates CBP and RelA interaction (Duran et al., 2003). Within the TAD domain
there are several serine residues susceptible to phosphorylation by kinases: Ser468 phosphorylation
occurs predominantly within the nucleus and is induced by the GSK-3b kinase (Schwabe and Brenner,
2002; Buss et al., 2004); Ser529 is phosphorylated by the CKII kinase when RelA is liberated from
the IKBa inhibitor in response to IL-1 or TNFa (Wang et al., 2000); Ser535 can be phosphorylated by
CAMKIV (Bae et al., 2003) and Ser536 by IKKs in response to cytokines and mediated by the PI 3-
kinase/Akt pathway (Sizemore et al., 2002; Gutierrez et al., 2008).

RelA also can be modified by reversible acetylation at different lysine residues. This site-specific
acetylation regulates distinct biological activities of the NF-kB complex. For example, acetylation at
Lys310, Lys314 and Lys315 is required for full transcriptional RelA activity (Chen et al., 2005b;
Rothgiesser et al., 2010b; Rothgiesser et al., 2010a). However, acetylation at Lys122 and Lys123

exerts negative effects on NF-kB-mediated transcription (Kiernan et al., 2003).

Crosstalk between NF-KB and other transcription factors

It has been reported that some transcription factors can regulate or be regulated by IKK and/or NF-kB.
Tumor suppressor p53 can promote NF-KB activation, but this does not occur through the classical
activation of the IKKs. The expression of p53 stimulates the ribosomal serine/threonine kinase RSK1,

which in turn phosphorylates the RelA subunit of NF-kB at Ser536. RSK1-phosphorylated RelA is



retained into the nucleus and contributes to the pro-apoptotic function of p53 (Bohuslav et al., 2004).
Thus, p53 and NF-kB cooperatively induce apoptotic cell death in damaged cells including neurons
(Aleyasin et al., 2004). On the other hand, RelA activates p53 promoter in response to stress and
suppresses cell growth (Wu and Lozano, 1994). In microglial cells a recent study demonstrates the
interaction between NF-kB and FOXO3a during oxygen-glucose deprivation (OGD) (Shang et al.,
2010). Using knockdown strategies these studies pointed out that FoxO3a reduction facilitates p65
translocation to the nucleus in microglia during oxidative stress and promotes microglial cell survival.
Finally, a novel transcriptional mechanism involving NF-kB, PKA and CREB has been described. NF-
kB controls PKA expression and consequently CREB activation; this mechanism is essential to

regulate memory formation (Kaltschmidt et al., 2006).

The NF-KB knockout mice

Studies using knockout mice for different gene components of the NF-KB pathway have improved our
understanding of the role of these proteins in the physiological processes related to development. In
Table 1 we summarize the main features of these mice. RelA knockout die during embryonic
development (E15-16) due to a massive liver apoptosis (Beg et al., 1995). These mice also show
defects in the nervous system, such as reduced survival of nodose neurons in response to CNTF and
CT-1 cytokines (Middleton et al., 2000). The lack of RelA also compromises peripheral myelin
formation by Schwann cells (Nickols et al., 2003). These findings point out the role of RelA in
peripheral nervous system development affecting both neuronal and non-neuronal cells. To further
determine the function of RelA during nervous system development, different knockdown strategies
have been generated using embryonic neuronal models. These studies have demonstrated that RelA is
also involved in neuronal survival of sensorial neurons and spinal cord motoneurons in response to
neurotrophic factors (Hamanoue et al., 1999; Mincheva et al., 2011). RelB knockout mice have
shown no defects during embryonic development (Weih et al., 1995). These mice show defects in the
secondary structure of lymphoid organs and abnormal hematopoiesis throughout life (Yilmaz et al.,
2003). There are no evidences indicating that RelB is involved in nervous system development. c-Rel
knockout mice show defects in neuronal survival (Pizzi et al., 2002) and synaptic plasticity related to
memory formation (Ahn et al.,, 2008). In the immune system c-Rel knockout show impaired
lymphocyte physiology (Kontgen et al., 1995).

p50 knockout mice have a normal development and show changes in both specific and non-specific
immune function (Sha et al., 1995; Grumont et al., 1998). They also show age-related degeneration of
neuronal and non-neuronal cells, including caspase-3 activation and apoptotic cell death (Lu et al.,
2006), increased cell damage in response to the excitotoxic stimuli (Yu et al., 1999), and increased

apoptosis of striatal neurons in a Huntington disease model (Yu et al., 2000). p52 knockout mice



show a normal development and no changes in the nervous system have been described, but they have
defects in the architecture of the lymphatic ganglia (Franzoso et al., 1998; Beinke and Ley, 2004).
IKKa knockout mice die shortly after birth because of skin and skeletal abnormalities caused by the
blockade of keratinocyte differentiation (Li et al., 1999b). No defects during nervous system
development have been described in these mice. IKKf knockout embryos die because of a massive
liver apoptosis between 12.5 and 13.5 embryonic days due to the reduction of RelA activation in the
liver cells (Li et al., 1999a). In the nervous system the specific deletion of IKK in sensory neurons of
the dorsal root ganglia demonstrated that IKK[ is a negative modulator of sensory neuron excitability
(Bockhart et al., 2009). IKKy knockout mice die during embryogenesis. Their phenotype is
characterized by a massive hepatic apoptosis induced by TNF stimulation (Rudolph et al., 2000) and
impaired B cells development (Kim et al., 2003), but no defects in nervous system development have
been reported.

Summarizing the information provided by these knockout mice, we can conclude that RelA, c-Rel and
IKK[ have an important role in nervous system development. However, we cannot completely discard
the involvement of the rest of the members of the pathway in more specific functions that have not
been tested yet. In this context studies using double knockout strategies are providing new
information. For example, IKKa and IKK[3 double knockout presents an excessive apoptosis in the
neural tube, spinal cord, and dorsal root ganglia leading to the abnormality of neural tube closure (Li
et al., 2000). Some other double knockout strategies have been generated, such as RelA/p50, but no
evidences of neuronal abnormalities have been described in their phenotypes (Franzoso et al., 1997,

Horwitz et al., 1997; Weih et al., 1997; Franzoso et al., 1998; Grossmann et al., 2000; Lo et al., 2006).

NF-KB and the Nervous System

In the early 90s several studies showed the presence of RelA/p50 heterodimers in astrocytes (Sparacio
et al.,, 1992), Schwann cells (Carter et al., 1996), microglia (Nakajima and Kohsaka, 1998), and
neurons (Kaltschmidt et al., 1993; Schmidt-Ullrich et al., 1996, Meffert et al., 2003) in several regions
of the developing and adult nervous system. These observations and subsequent reports suggest the
involvement of NF-KB in physiological processes of the nervous system during development and
during adult life. This was the beginning of many studies dedicated to analyzing the functions of NF-
KB in the nervous system. In the following paragraphs we review previous and recent results that
contribute to this hypothesis, but we also re-examine the role of NF-KB in nervous system pathologies.
First of all, we will cite the specific activators of NF-kB, and the specific genes and proteins regulated

NF-kB in the nervous system.



Activators of the NF-kB pathway in the nervous system

There are many reports showing the specific activators of NF-kB pathway in the nervous system
(reviewed in (Kaltschmidt et al., 2005). NF-kB is activated in both neuronal and non-neuronal cells,
and the physiological response of these cells depends on the stimulus and the cellular origin. These
responses include cell survival, apoptotic cell death, neurite outgrowth, neuronal differentiation and
plasticity, or cell proliferation. Table II lists the stimuli that cause “positive effects” on neuronal and
non-neuronal cells. These include survival, neurite outgrowth, differentiation, proliferation and
plasticity. For example, activation of NF-kB mediated by neurotrophic factors promotes neuronal
survival, neurite outgrowth, myelin formation and axonal regeneration in various experimental models
in vivo and in vitro, both in mature and developing cells (Mincheva et al., 2011). However, NF-kKB
activation can also induce “negative effects” such as cell death and toxicity (Bauer et al., 1997; Akama
et al., 1998; Grilli and Memo, 1999; Vollgraf et al., 1999; Nakai et al., 2000; Stephenson et al., 2000;
Xu et al., 2001; Shou et al., 2002; Kitaoka et al., 2004; Mir et al., 2008; Koo et al., 2010). Table III
lists some of the known stimuli that cause neuronal negative effects. For example, in Alzheimer
disease (AD) beta-amyloid protein induces NF-KB activation in neurons, which produces cell toxicity
because of nitric oxide production and release from astrocytes (Akama et al., 1998). In fact, these
different stimuli cause different events in the different types of cells present in the nervous system.
This could explain the “apparently contradictory” effects caused by NF-kB activity that were

mentioned at the beginning of this review.

Genes and proteins regulated after NF-KB activation in the nervous system

Independent studies over the past 10 years have proposed NF-KB as one of the main pathways
controlling neuronal survival. This regulation is based on the ability of NF-KB to exert transcriptional
control (activation or inhibition) over several pro- or anti-apoptotic genes (Table IV). For example,
Bcl-2 and Bcl-x; promoters have binding sites for NF-kKB dimers (Tamatani et al., 1999) or NF-kB
positively regulates cIAP gene expression (Baud and Karin, 2001). Moreover, TNFR1/2 adaptor
proteins TRAF1 and TRAF2 increase when NF-KB is activated, and TRAF1 and TRAF2 themselves
are able to induce IKK phosphorylation, which in turn activates the NF-kB pathway (Wang et al.,
1998; Hacker and Karin, 2006). Along the same line, we have recently demonstrated that the NF-kB
pathway also regulates the level of one protein essential for motoneuron physiology, Survival Motor
Neuron (SMN) (Mincheva et al., 2011).

On the other hand, NF-KB activation can promote apoptosis and cell death in the nervous system
(Kaltschmidt et al., 2000; Kaltschmidt et al., 2002; Pizzi et al., 2002). For example, in response to
oxidative stress, NMDA receptor activation or apoptotic stimuli of the NF-kKB pathway increases the
expression of the pro-apoptotic genes Bax and Bcl-xs in cortical neurons (Shou et al., 2002). In some

diseases, such as cerebral ischemia, RelA increases the expression of Bim and Noxa pro-apoptotic



genes (Inta et al., 2006). Even though NO participation in neuronal apoptosis is still under debate, the
transcriptional control of the inducible nitric oxide synthase (iNOS) is also regulated by NF-kB (Xie et
al., 1994). The cell cycle regulator Cyclin D is also controlled by NF-KB and has been related to
neuronal apoptosis in striate and cortical neurons (Liang et al., 2007).

Finally, under NF-kB transcriptional control other factors related to neuronal homeostasis are also
regulated, such as antioxidant enzymes (Maehara et al., 2000; Rojo et al., 2004), adhesion molecules
(Simpson and Morris, 2000), transcription factors (Wu and Lozano, 1994; Qin et al., 1999; Khorooshi
et al., 2008), and neurotrophic factors (Saha et al., 2006).

Role of NF-KB in the nervous system during development and in the adult

Control of apoptosis: As mentioned above, there are defects in neural tube closure in IKKa and IKKf

double knockout caused by the apoptosis of the neuroepithelium (Li Q et al., 2000). During
embryogenesis NF-KB transcriptional activity is detected in the central nervous system, particularly in
the spinal cord and brain nuclei (Schmidt-Ullrich et al., 1996). One of the first observations of NF-kB
activity in the spinal cord coincides with the beginning of motoneuron neurotrophic factor dependence
and the programmed cell death period (Schmidt-Ullrich et al., 1996; Yeo and Gautier, 2004). Our
recent results demonstrated that reduction of some NF-kB pathway members causes apoptotic cell
death of embryonic spinal cord motoneurons, even in the presence of neurotrophic factors (Mincheva
et al., 2011). NF-kB activation can also be required for peripheral nervous system neuronal survival.
Studies using embryonic sympathetic and sensory neurons indicated that NF-kB activation is
necessary for NGF-induced cell survival (Maggirwar et al., 1998 and Mincheva-Tasheva unpublished
results). All of these observations highlight the important role of NF-xB signaling pathway in the
regulation of apoptotic cell death during neuronal development (Figure 6).

Involvement in neurite outgrowth: NF-«kB signaling has been implicated in control of axon initiation,

branching and elongation, and dendrite density in the adult. Studies using different neuronal models
including PC12 cells (Sole et al., 2004; Azoitei et al., 2005), sensory neurons (Gutierrez et al., 2005;
Gallagher et al., 2007; Gutierrez et al., 2008) and hippocampal neurons (Sanchez-Ponce et al., 2010)
have demonstrated that NF-kB blockade reduces neurite length and branching. A recent review
extensively discusses the role of NF-kB pathway in modulating the growth and morphology of
neuronal processes, including axon and dendrites (Gutierrez and Davies, 2011).

Involvement of NF-KB in synaptic plasticity, memory and learning: NF-KB plays an important role in
synaptic signaling and learning in the mature nervous system (Kaltschmidt and Kaltschmidt, 2009).
Independent genetic studies have demonstrated that RelA, c-Rel and p50 are involved in memory
formation. RelA/TNFR1 double knockout mice have defects in spatial learning memory (Meffert et
al., 2003), c-RelA knockouts have impaired hippocampus-dependent memory formation (Ahn et al.,
2008), and p50 knockout present deficit in short-term memory (Denis-Donini et al., 2008). The

10



importance of NF-kB in these processes may be related to the presence and function of NF-xB family
members in the pre- and post-synaptic space, which contributes to transduction of synaptic signals to
transcriptional changes (Meffert et al., 2003). In these processes of learning and memory NF-KB also
cooperates with other transcription factors and signaling pathways. For example, NF-KB controls
synaptic plasticity by regulating the expression of the catalytic subunit of PKA, an essential memory

regulator, and phosphorylation of CREB (Kaltschmidt et al., 2006).

NFK-B and neurodegenerative disorders

To better understand the molecular mechanisms of the pathology of neurodegenerative disorders it is
important to understand the signal transduction processes that regulate neuronal survival and
differentiation during development. These mechanisms could be involved in the pathology of these
diseases and there are evidences suggesting this hypothesis. Several studies associate the alteration of
NF-kB activity with neurodegenerative diseases like Alzheimer, Parkinson, Huntington or
Amyotrophic Lateral Sclerosis (ALS), and in processes related to injury or ischemia. In general terms,
authors propose that NF-KB activation in neurons exerts a neuroprotective role in the degenerative
process of these diseases (Cardoso and Oliveira, 2003; Fridmacher et al., 2003; Smith et al., 2009).
However, there are also evidences indicating that it causes neuronal death. Analysis of brain samples
showed an increase of activated NF-xB in AD patients compared with healthy individuals
(Kaltschmidt et al., 1997; Kaltschmidt et al., 1999). This NF-kB activation can contribute to the
pathological changes observed in AD-inducing proinflammatory and cytotoxic genes, or can be a part
of the cellular protection mechanism depending on the genetic program and the time of exposure to the
stimulus. In mice models of AD (Tg2576) the increase of NF-kB activity has been related to neuronal
apoptosis and the onset and development of the disease (Niu et al., 2010). Two independent studies
have demonstrated the involvement of NF-kB in AP42 oligomer production (Valerio et al., 2006;
Buggia-Prevot et al., 2008). Taking into consideration these reports, NF-KB can be considered as a
pharmacological target for AD treatment by directly inhibiting the production of AP peptides (Paris et
al., 2007). More detailed studies have shown that the specific inhibition of NF-KB activity in
microglia, but not in neurons, blocks Af-induced neurotoxicity (Chen et al., 2005a). Along the same
line and based on the ability of NF-KB to block caspase activation in neurons, it has been proposed
that the pharmacological induction of NF-KB activity can be a beneficial therapeutic target in AD
therapy (Cardoso and Oliveira, 2003).

There are also evidences that NF-KB may participate in Parkinson disease (PD) although its role in
dopaminergic neurons survival is still controversial. Some authors have shown that the activation of
NF-kB pathway is essential for the apoptotic death induced by dopamine in PC12 cells (Panet et al.,
2001); and NF-KB activation contributes to 6-hydroxydopamine induced apoptosis of dopaminergic

neurons (Li et al., 2008). However, other authors suggest the neuroprotective role of NF-kB activation
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based on its ability to block the apoptotic cell death caused by auto-oxidized dopamine (Lee et al.,
2001). In the same line of evidences, it has been described that the exogenous administration of the
neurotrophic factor GDNF induces RelA/p52 nuclear translocation and protects dopaminergic neurons
in an early rat model of PD (Cao et al., 2008).

Although not widely studied, NF-kB pathway may also participate in Huntington disease. p50-
deficient mice show an increased loss of striatal neurons and consequent motor dysfunction (Yu et al.,
2000), and in mammalian cells human hungtingtin (Htt) co-immunoprecipitates with pS0 (Takano and
Gusella, 2002). Other members of NF-kB signaling can also contribute to neurodegeneration induced
by mutated Htt. It has been reported that inhibition of IKKy or IKKp activity, or IKBa degradation,
can reduce Htt-induced toxicity and promote striatal neuronal survival (Khoshnan et al., 2004). In later
studies, the same authors demonstrated an antagonistic effect for the different IKKs. IKKa over-
expression or IKKf inhibition protects neurons from death induced by mutant Htt (Khoshnan et al.,
2009).

Indirect effects of NF-KB pathway have also been related to neurodegenerative disorders of the spinal
cord motoneurons. In spinal cords of ALS patients, NF-KB is activated in glial cells but not in
motoneurons (Migheli et al., 1997; Pyo et al., 2010). Studies using SOD transgenic mice demonstrated
that pharmacological induction of NF-KB pathway in motoneurons prolongs survival by blocking
apoptosis (Ryu et al., 2005; Del Signore et al., 2009). However, some authors suggest a beneficial
effect of NF-kB pathway pharmacological inhibitors in the spinal cord of ALS mutant mice (Xu et al.,
2006). From all these results it is feasible to conclude that although NF-xB activity might have a role
in the pathology and therapy of these degenerative disorders, additional data is required to establish

the clinical relevance, as we discuss below.

NF-KB and neuronal injury

NF-kB activation has been observed in response to brain and spinal cord ischemia and trauma (Xu et
al., 2005). The analysis of experimental models of stroke and injury reveals that the NF-KB pathway
may modulate neuronal degeneration or protection. There are several examples of these opposite
effects. Mice lacking the p50 subunit develop significantly smaller infarct size (Nurmi et al., 2004)
and there are evidences that IKK/NF-kB signaling contributes to ischemic brain damage (Schwaninger
et al., 2006). On the other hand, some data in hippocampus and striatum provide evidences that NF-kKB
participates in survival signaling following temporary focal ischemia (Duckworth et al., 2006). A
recent study demonstrates that transgenic inhibition of glial NF-xB attenuates pain and the
inflammatory response following chronic constriction of the sciatic nerve (Fu et al., 2010).

All together these results illustrate the controversial role of NF-kB pathway in neuronal damage and
disorders. In order to find an answer to these apparently contradictory results, two hypotheses have

been generated. The most recent, proposed by Kaltschmidt in 2005, is the model for NF-kB
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homeostasis (Kaltschmidt et al., 2005) (Figure 7A). This model defends the premise that low levels or
high levels of NF-KB activation maintained over a long time period (weeks to months) cause neuronal
death. Under physiological conditions nuclear RelA promotes survival by activating the transcription
of anti-apoptotic genes through its binding to co-activators. The maintenance of "physiological" NF-
KB activation depends on IKB protein expression that is responsible for bringing RelA back to the
cytoplasm and deactivating the pathway. However, pathologic conditions can lead to low or hyper-
activation of NF-kB, which can switch RelA from a selective promoter to a dominant repressor of
anti-apoptotic genes by recruiting co-repressors and inducing neuronal cell death. The more supported
hypothesis was proposed by Mattson and Camandola in 2001 (Mattson and Camandola, 2001). These
authors suggest that NF-kKB activation in neurons induces anti-apoptotic genes that mediate cell
survival, while NF-xB activation in glial cells results in the production of pro-inflammatory cytokines
that mediate neuronal death (Figure 7B). Thus, the same stimulus produces opposite responses by
activating NF-xB in different cell types. One of the cytokines that can be produced by glial cells is
TNFa. Binding of TNFa to TNFR1 and TNFR2 receptor activates the NF-KB pathway. TNFR1
activation in glial cells induces the production of NO, which may lead to neuronal death, whereas
TNFR2 activation in neurons increases the expression of anti-apoptotic genes. This hypothesis has
been supported by several studies demonstrating that TNFa toxicity in neurons is only observed in the
presence of glial cells (Taylor et al., 2005; Mir et al., 2008; Tolosa et al., 2011). These studies showed
that microglia, macrophages and astrocytes produce pro-inflammatory cytokines, free radicals and
excitotoxins in response to TNFa-induced NF-KB activation, and thereby promote neuronal death.
Furthermore, in neuronal injury models the inhibition of the pathway only in astrocytes demonstrated
that neurons are protected from cell death when NF-kB is silenced in astrocytes (Meunier et al., 2007).
Similar results were obtained in hippocampal neurons in response to kainic acid excitotoxicity, when
the IKK[ gene was specifically deleted in microglia (Cho et al., 2008). Based on these observations
the use of glial-specific NF-KB pathway inhibitors has been proposed as a potential therapy in
neurodegenerative disorders such as AD (Chen et al., 2005a) or ALS (Crosio et al., 2011).

Concluding remarks

This review describes a number of important functions of the NF-kB pathway in the nervous system.
The pathway’s function in the regulation of apoptosis, neurite outgrowth, and synaptic plasticity
during development and memory formation and learning in adult life has been well studied; however,
new evidences are emerging about its role in neurodegenerative disorders and neuronal injury.
Although some of the results could lead to confusion about the function of the pathway during these
processes, these recent studies confirm Mattson and Camandola’s hypothesis concerning the
importance of the stimuli, context, and cellular origin of NF-kB activation, but among the context and

the stimuli, cell type appears to be the decisive factor determining NF-kB function during
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development and neurodegeneration. It remains to be determined whether NF-xB up- or down-
regulation in a neuron under pathologic conditions is the origin of cell degeneration or is a
neuroprotective reaction. When these issues have been clarified NF-xB activity regulation can be

proposed as a therapeutic target in some neurodegenerative disorders.
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Figures

Figure 1. NF-KB family members. RelA, RelB and c-Rel constitute the NF-xB sub-family I
characterized by the presence of Rel Homology Domain (RHD), responsible for NF-xB dimerization,
IkB interaction and association to the DNA. This domain contains the Nuclear Localization Sequence
(NLS), responsible for NF-kB nuclear translocation. The members of NF-kB sub-family I also contain
the Transactivation domain (TAD), responsible for their transcriptional activity. RelB has a leucine
zipper motif (LZ). p100 and p105 and their mature forms p52 and p50, respectively, constitute the NF-
kappaB subfamily II. They also contain the RHD with NLS; however, in their c-terminal end p100 and
p105 contain several ankyrin repeats and a death domain (DD). After proteasome degradation, ankyrin
repeats and the DD are released and the mature products of these proteins, pS2 and p50, are composed

only by RHD with NLS.

Figure 2. Members of the NF-kB inhibitors (IKB) and IKB kinase complex (IKKa, IKK( and
IKKY). A) The inhibitory KB (IKB) family consists in seven members: IKBa, IKBp, IKBy, IkBg, Bcl-3
and IKBg. They have in common the conserved ankyrin repeat motifs that are essential for the IKB/NF-
KB interaction. IkBa and IKBf have in their carboxyl-terminal end a domain rich in proline, glutamic
acid/aspartic acid, serin and threonine residues (PEST domain) The PEST domain may interact
directly with the DNA-binding region of one of the NF-kB subunits. Bcl-3 also contains a
transactivation domain (TAD). B) IKKa and IKK(3 members of IKB kinase family contain a kinase
domain, a leucine zipper domain and a helix-loop-helix domain, responsible for their kinase activity
and dimerization. Phosphorylation of Ser176 and Ser180 or Serl177 and Ser181 located in the kinase
domain induces IKKa and IKKf kinase activity, respectively. IKKa kinase domain contains the NLS
responsible for its nuclear localization. The regulatory subunit IKKY, also called NEMO, contains four
domains - two coiled-coil, a leuzine zipper and a zinc finger - required for IKK complex formation and

function.

Figure 3. NF-KB activation pathways. Schematic representation of the three different pathways to
activate NF-KB: canonical, non-canonical and atypical. The canonical and non-canonical are IKK
dependent and the atypical depends on casein kinase II (CKII) or tyrosine kinases. Canonical and
atypical activation are mediated by IKB phosphorylation in serine or tyrosine residues, inducing IKB
release of the complex (Ser293 or Tyr42). IkB phosphorylated at Ser293 is degraded by the
proteasome or by the protease calpain, and Tyr42 phosphorylation induces IkB dissociation of the
complex without protein degradation. The non-canonical pathway is IKB independent. Its activation is
due to pl00 phosphorylation induced by NF-kB-inducing kinase (NIK) and IKKa activity. IKBa
release or the proteasome processing of p100 unmasks RelA or RelB nuclear localization sequence

(NLS), respectively, promoting their translocation to the nucleus. Canonical and atypical activation
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induce gene expression or repression by the nuclear translocation of the RelA/p50 heterodimer,

whereas the non-canonical activation exerts its nuclear function through RelB/p52 translocation.

Figure 4. Schematic description of the principal differences of NF-kB pathways activation. The
convergence and divergence points of the different mechanisms to activate NF-kB pathways are
summarized: non-canonical and canonical are IKK dependent, atypical is IKK independent; canonical
and atypical are IKB dependent, non-canonical is IKB independent; canonical and atypical induce

RelA/p50 nuclear translocation, non-canonical induces RelB/p52 nuclear translocation.

Figure 5. Post-translational modifications of RelA. Several post-translational modifications induce
increased RelA transcriptional activity. Phosphorylation at different serine residues located in Rel
homology domain (RHD) or in transcriptional activation domain (TAD) is mediated by protein
kinases from different families. Ser276 phosphorylation at RHD is mainly mediated by ERK/MAPK
through the mitogen- and stress-activated kinase-1 (MSK1/2) and protein kinase A (PKA) and Ser311
phosphorylation is mediated by protein kinase C-{ (PKCZ). Phosphorylation at TAD is mediated by
the following kinases: glycogensynthase kinase-3 (GSK3p) at Ser468; casein kinase II (CKII) at
Ser529; Ca’’/Calmodulin-Dependent ~Protein Kinase IV~ (CaMKIV) at Ser535, and
phosphatidylinositol 3-kinase (PI3K)/ protein kinase B (Akt) signaling pathway induce activation of
IxB kinases (IKKs) which mediate Ser536 phosphorylation of RelA. Acetylation of lysines located
outside of RHD or TAD are mediated by CREB binding protein (CBP) or p300 co-activators.

Figure 6. Effects of NF-kB activation in neurons. A) Confocal images of RelA sub-cellular
localization in cultured motoneurons (MNs) in the absence (no NTFs) or the presence (NTFs) of
neurotrophic factors. NTFs treatment induces RelA translocation to the nucleus indicating the
activation of the pathway (RelA, red; Hoechst nuclear dye, blue). B) and C) show the effect of
inactivating NF-kB pathway using a RNA interference approach. B) Phase contrast images of cultured
dorsal root ganglion (DRG) neurons (left) and MNs (right) in the presence of NTFs under control (top)
or RelA interference (bottom) conditions. C) Nuclear apoptotic morphology of MNs cultured in RelA

interference conditions (bottom).

Figure 7. Hypothesis for NF-kB function in nervous system physiology and pathology. A) Model
for NF-KB homeostasis suggested by Kaltschmidt. This model proposes that under physiological
conditions RelA binds to nuclear co-activators which promote cell survival by activating the
transcription of anti-apoptotic genes. RelA-induced IKB protein expression controls NF-kB
homeostasis inactivating the pathway. Under pathologic conditions deregulation of NF-KB activity

leads RelA binding to nuclear co-repressors blocking the anti-apoptotic gene expression and promotes
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neuronal cell death. B) Opposite effects of NF-KB activation on neuronal and on glial cells under
pathologic conditions. As suggested by Mattson and Camandola’s hypothesis the same NF-kB
activating stimulus can induce opposite effects on neurons. NF-KB activation in neurons under some
pathologic conditions such as injury or stroke promotes the expression of anti-apoptotic genes,
neurotrophic factors or adhesion molecules which in turn have a neuroprotection role. The same
pathological stimuli in astrocytes or microglia induce the expression of nitric oxide, TNFa and/or
excitatory amino acids, leading to neuronal degeneration. Representative images of the NF-kB
activation effect on motoneurons (MNs) (left) and glial cells (right) when both types of cells are co-
cultured: NF-kB activation in MNs induces cell survival (arrows) whereas NF-KB activation in glial

cells induces cell death.

17



References

Ahn HJ, Hernandez CM, Levenson JM, Lubin FD, Liou HC, Sweatt JD (2008) c-Rel, an NF-kappaB
family transcription factor, is required for hippocampal long-term synaptic plasticity and
memory formation. Learn Mem 15:539-549.

Airaksinen MS, Saarma M (2002) The GDNF family: signalling, biological functions and therapeutic
value. Nat Rev Neurosci 3:383-394.

Akama KT, Albanese C, Pestell RG, Van Eldik LJ (1998) Amyloid beta-peptide stimulates nitric
oxide production in astrocytes through an NFkappaB-dependent mechanism. Proc Natl Acad
Sci U S A 95:5795-5800.

Aleyasin H, Cregan SP, lyirhiaro G, O'Hare MJ, Callaghan SM, Slack RS, Park DS (2004) Nuclear
factor-(kappa)B modulates the p53 response in neurons exposed to DNA damage. J Neurosci
24:2963-2973.

Azoitei N, Wirth T, Baumann B (2005) Activation of the IkappaB kinase complex is sufficient for
neuronal differentiation of PC12 cells. J Neurochem 93:1487-1501.

Bae JS, Jang MK, Hong S, An WG, Choi YH, Kim HD, Cheong J (2003) Phosphorylation of NF-
kappa B by calmodulin-dependent kinase IV activates anti-apoptotic gene expression.
Biochem Biophys Res Commun 305:1094-1098.

Baecuerle PA (1998) IkappaB-NF-kappaB structures: at the interface of inflammation control. Cell
95:729-731.

Barger SW, Horster D, Furukawa K, Goodman Y, Krieglstein J, Mattson MP (1995) Tumor necrosis
factors alpha and beta protect neurons against amyloid beta-peptide toxicity: evidence for
involvement of a kappa B-binding factor and attenuation of peroxide and Ca2+ accumulation.
Proc Natl Acad Sci U S A 92:9328-9332.

Baud V, Karin M (2001) Signal transduction by tumor necrosis factor and its relatives. Trends Cell
Biol 11:372-377.

Bauer MK, Lieb K, Schulze-Osthoff K, Berger M, Gebicke-Haerter PJ, Bauer J, Fiebich BL (1997)
Expression and regulation of cyclooxygenase-2 in rat microglia. Eur J Biochem 243:726-731.

Beg AA, Baltimore D (1996) An essential role for NF-kappaB in preventing TNF-alpha-induced cell
death. Science 274:782-784.

Beg AA, Sha WC, Bronson RT, Ghosh S, Baltimore D (1995) Embryonic lethality and liver
degeneration in mice lacking the RelA component of NF-kappa B. Nature 376:167-170.

Beinke S, Ley SC (2004) Functions of NF-kappaB1 and NF-kappaB2 in immune cell biology.
Biochem J 382:393-409.

Bender K, Goéttlicher M, Whiteside S, Rahmsdorf HJ, Herrlich P (1998) Sequential DNA damage-
independent and -dependent activation of NF-kappaB by UV. EMBO J 17:5170-5181.
Bockhart V, Constantin CE, Haussler A, Wijnvoord N, Kanngiesser M, Myrczek T, Pickert G, Popp
L, Sobotzik JM, Pasparakis M, Kuner R, Geisslinger G, Schultz C, Kress M, Tegeder I (2009)
Inhibitor kappaB Kinase beta deficiency in primary nociceptive neurons increases TRP

channel sensitivity. J Neurosci 29:12919-12929.

Bohuslav J, Chen LF, Kwon H, Mu Y, Greene WC (2004) p53 induces NF-kappaB activation by an
IkappaB kinase-independent mechanism involving phosphorylation of p65 by ribosomal S6
kinase 1. J Biol Chem 279:26115-26125.

Buggia-Prevot V, Sevalle J, Rossner S, Checler F (2008) NFkappaB-dependent control of BACE1
promoter transactivation by Abeta42. J Biol Chem 283:10037-10047.

Bui NT, Livolsi A, Peyron JF, Prehn JH (2001) Activation of nuclear factor kappaB and Bcl-x
survival gene expression by nerve growth factor requires tyrosine phosphorylation of
IkappaBalpha. J Cell Biol 152:753-764.

Burke MA, Bothwell M (2003) p75 neurotrophin receptor mediates neurotrophin activation of NF-
kappa B and induction of iNOS expression in P19 neurons. J Neurobiol 55:191-203.

Buss H, Dorrie A, Schmitz ML, Frank R, Livingstone M, Resch K, Kracht M (2004) Phosphorylation
of serine 468 by GSK-3beta negatively regulates basal p65 NF-kappaB activity. J Biol Chem
279:49571-49574.

18



Cao JP, Wang HJ, Yu JK, Liu HM, Gao DS (2008) The involvement of NF-kappaB p65/p52 in the
effects of GDNF on DA neurons in early PD rats. Brain Res Bull 76:505-511.

Cardoso SM, Oliveira CR (2003) Inhibition of NF-kB renders cells more vulnerable to apoptosis
induced by amyloid beta peptides. Free Radic Res 37:967-973.

Carter BD, Kaltschmidt C, Kaltschmidt B, Offenhduser N, Bohm-Matthaei R, Baeuerle PA, Barde YA
(1996) Selective activation of NF-kappa B by nerve growth factor through the neurotrophin
receptor p75. Science 272:542-545.

Crosio C, Valle C, Casciati A, laccarino C, Carri MT (2011) Astroglial inhibition of NF-xB does not
ameliorate disease onset and progression in a mouse model for amyotrophic lateral sclerosis
(ALS). PLoS One 6:¢17187.

Chao MV (2003) Neurotrophins and their receptors: a convergence point for many signalling
pathways. Nat Rev Neurosci 4:299-309.

Chen J, Zhou Y, Mueller-Steiner S, Chen LF, Kwon H, Yi S, Mucke L, Gan L (2005a) SIRT1 protects
against microglia-dependent amyloid-beta toxicity through inhibiting NF-kappaB signaling. J
Biol Chem 280:40364-40374.

Chen LF, Williams SA, Mu Y, Nakano H, Duerr JM, Buckbinder L, Greene WC (2005b) NF-kappaB
RelA phosphorylation regulates RelA acetylation. Mol Cell Biol 25:7966-7975.

Cho IH, Hong J, Suh EC, Kim JH, Lee H, Lee JE, Lee S, Kim CH, Kim DW, Jo EK, Lee KE, Karin
M, Lee SJ (2008) Role of microglial IKKbeta in kainic acid-induced hippocampal neuronal
cell death. Brain 131:3019-3033.

Chu LF, Wang WT, Ghanta VK, Lin CH, Chiang YY, Hsueh CM (2008) Ischemic brain cell-derived
conditioned medium protects astrocytes against ischemia through GDNF/ERK/NF-kB
signaling pathway. Brain Res 1239:24-35.

Del Signore SJ, Amante DJ, Kim J, Stack EC, Goodrich S, Cormier K, Smith K, Cudkowicz ME,
Ferrante RJ (2009) Combined riluzole and sodium phenylbutyrate therapy in transgenic
amyotrophic lateral sclerosis mice. Amyotroph Lateral Scler 10:85-94.

Delhase M, Hayakawa M, Chen Y, Karin M (1999) Positive and negative regulation of IkappaB
kinase activity through IKKbeta subunit phosphorylation. Science 284:309-313.

Denis-Donini S, Dellarole A, Crociara P, Francese MT, Bortolotto V, Quadrato G, Canonico PL,
Orsetti M, Ghi P, Memo M, Bonini SA, Ferrari-Toninelli G, Grilli M (2008) Impaired adult
neurogenesis associated with short-term memory defects in NF-kappaB p50-deficient mice. J
Neurosci 28:3911-3919.

Duckworth EA, Butler T, Collier L, Collier S, Pennypacker KR (2006) NF-kappaB protects neurons
from ischemic injury after middle cerebral artery occlusion in mice. Brain Res 1088:167-175.

Duran A, Diaz-Meco MT, Moscat J (2003) Essential role of RelA Ser311 phosphorylation by zetaPKC
in NF-kappaB transcriptional activation. EMBO J 22:3910-3918.

Ernst MK, Dunn LL, Rice NR (1995) The PEST-like sequence of I kappa B alpha is responsible for
inhibition of DNA binding but not for cytoplasmic retention of c-Rel or RelA homodimers.
Mol Cell Biol 15:872-882.

Franzoso G, Carlson L, Xing L, Poljak L, Shores EW, Brown KD, Leonardi A, Tran T, Boyce BF,
Siebenlist U (1997) Requirement for NF-kappaB in osteoclast and B-cell development. Genes
Dev 11:3482-3496.

Franzoso G, Carlson L, Poljak L, Shores EW, Epstein S, Leonardi A, Grinberg A, Tran T, Scharton-
Kersten T, Anver M, Love P, Brown K, Siebenlist U (1998) Mice deficient in nuclear factor
(NF)-kappa B/p52 present with defects in humoral responses, germinal center reactions, and
splenic microarchitecture. J Exp Med 187:147-159.

Fridmacher V, Kaltschmidt B, Goudeau B, Ndiaye D, Rossi FM, Pfeiffer J, Kaltschmidt C, Israél A,
Mémet S (2003) Forebrain-specific neuronal inhibition of nuclear factor-kappaB activity leads
to loss of neuroprotection. J Neurosci 23:9403-9408.

Fu ES, Zhang YP, Sagen J, Candiotti KA, Morton PD, Liebl DJ, Bethea JR, Brambilla R (2010)
Transgenic inhibition of glial NF-kappa B reduces pain behavior and inflammation after
peripheral nerve injury. Pain 148:509-518.

Gallagher D, Gutierrez H, Gavalda N, O'Keeffe G, Hay R, Davies AM (2007) Nuclear factor-kappaB
activation via tyrosine phosphorylation of inhibitor kappaB-alpha is crucial for ciliary

19



neurotrophic factor-promoted neurite growth from developing neurons. J Neurosci 27:9664-
9669.

Gavalda N, Pérez-Navarro E, Gratacos E, Comella J, Alberch J (2004) Differential involvement of
phosphatidylinositol 3-kinase and p42/p44 mitogen activated protein kinase pathways in
brain-derived neurotrophic factor-induced trophic effects on cultured striatal neurons. Mol
Cell Neurosci 25:460-468.

Ghosh S, May MJ, Kopp EB (1998) NF-kappa B and Rel proteins: evolutionarily conserved mediators
of immune responses. Annu Rev Immunol 16:225-260.

Grilli M, Memo M (1999) Nuclear factor-kappaB/Rel proteins: a point of convergence of signalling
pathways relevant in neuronal function and dysfunction. Biochem Pharmacol 57:1-7.

Grossmann M, O'Reilly LA, Gugasyan R, Strasser A, Adams JM, Gerondakis S (2000) The anti-
apoptotic activities of Rel and RelA required during B-cell maturation involve the regulation
of Bcl-2 expression. EMBO J 19:6351-6360.

Grumont RJ, Rourke 1J, O'Reilly LA, Strasser A, Miyake K, Sha W, Gerondakis S (1998) B
lymphocytes differentially use the Rel and nuclear factor kappaB1 (NF-kappaB1) transcription
factors to regulate cell cycle progression and apoptosis in quiescent and mitogen-activated
cells. J Exp Med 187:663-674.

Gutierrez H, Davies AM (2011) Regulation of neural process growth, elaboration and structural
plasticity by NF-kB. Trends Neurosci 34:316-325.

Gutierrez H, Hale VA, Dolcet X, Davies A (2005) NF-kappaB signalling regulates the growth of
neural processes in the developing PNS and CNS. Development 132:1713-1726.

Gutierrez H, O'Keeffe GW, Gavalda N, Gallagher D, Davies AM (2008) Nuclear factor kappa B
signaling either stimulates or inhibits neurite growth depending on the phosphorylation status
of p65/RelA. J Neurosci 28:8246-8256.

Héacker H, Karin M (2006) Regulation and function of IKK and IKK-related kinases. Sci STKE
2006:rel3.

Hamanoue M, Middleton G, Wyatt S, Jaffray E, Hay RT, Davies AM (1999) p75-mediated NF-
kappaB activation enhances the survival response of developing sensory neurons to nerve
growth factor. Mol Cell Neurosci 14:28-40.

Heck S, Lezoualc'h F, Engert S, Behl C (1999) Insulin-like growth factor-1-mediated neuroprotection
against oxidative stress is associated with activation of nuclear factor kappaB. J Biol Chem
274:9828-9835.

Heissmeyer V, Krappmann D, Wulczyn FG, Scheidereit C (1999) NF-kappaB pl105 is a target of
IkappaB kinases and controls signal induction of Bcl-3-p50 complexes. EMBO J 18:4766-
4778.

Holley AK, Xu Y, St Clair DK, St Clair WH (2010) RelB regulates manganese superoxide dismutase
gene and resistance to ionizing radiation of prostate cancer cells. Ann N Y Acad Sci
1201:129-136.

Horwitz BH, Scott ML, Cherry SR, Bronson RT, Baltimore D (1997) Failure of lymphopoiesis after
adoptive transfer of NF-kappaB-deficient fetal liver cells. Immunity 6:765-772.

Huxford T, Malek S, Ghosh G (1999) Structure and mechanism in NF-kappa B/I kappa B signaling.
Cold Spring Harb Symp Quant Biol 64:533-540.

Huynh QK, Boddupalli H, Rouw SA, Koboldt CM, Hall T, Sommers C, Hauser SD, Pierce JL, Combs
RG, Reitz BA, Diaz-Collier JA, Weinberg RA, Hood BL, Kilpatrick BF, Tripp CS (2000)
Characterization of the recombinant IKK1/IKK2 heterodimer. Mechanisms regulating kinase
activity. J Biol Chem 275:25883-25891.

Imbert V, Rupec RA, Livolsi A, Pahl HL, Traenckner EB, Mueller-Dieckmann C, Farahifar D, Rossi
B, Auberger P, Bacuerle PA, Peyron JF (1996) Tyrosine phosphorylation of I kappa B-alpha
activates NF-kappa B without proteolytic degradation of I kappa B-alpha. Cell 86:787-798.

Inta I, Paxian S, Maegele I, Zhang W, Pizzi M, Spano P, Sarnico I, Muhammad S, Herrmann O, Inta
D, Baumann B, Liou HC, Schmid RM, Schwaninger M (2006) Bim and Noxa are candidates
to mediate the deleterious effect of the NF-kappa B subunit RelA in cerebral ischemia. J
Neurosci 26:12896-12903.

Ito CY, Kazantsev AG, Baldwin AS (1994) Three NF-kappa B sites in the I kappa B-alpha promoter
are required for induction of gene expression by TNF alpha. Nucleic Acids Res 22:3787-3792.

20



Jacque E, Tchenio T, Piton G, Romeo PH, Baud V (2005) RelA repression of RelB activity induces
selective gene activation downstream of TNF receptors. Proc Natl Acad Sci U S A 102:14635-
14640.

Kaltschmidt B, Kaltschmidt C (2009) NF-kappaB in the nervous system. Cold Spring Harb Perspect
Biol 1:a001271.

Kaltschmidt B, Heinrich M, Kaltschmidt C (2002) Stimulus-dependent activation of NF-kappaB
specifies apoptosis or neuroprotection in cerebellar granule cells. Neuromolecular Med 2:299-
309.

Kaltschmidt B, Widera D, Kaltschmidt C (2005) Signaling via NF-kappaB in the nervous system.
Biochim Biophys Acta 1745:287-299.

Kaltschmidt B, Uherek M, Volk B, Bacuerle PA, Kaltschmidt C (1997) Transcription factor NF-
kappaB is activated in primary neurons by amyloid beta peptides and in neurons surrounding
early plaques from patients with Alzheimer disease. Proc Natl Acad Sci U S A 94:2642-2647.

Kaltschmidt B, Uherek M, Wellmann H, Volk B, Kaltschmidt C (1999) Inhibition of NF-kappaB
potentiates amyloid beta-mediated neuronal apoptosis. Proc Natl Acad Sci U S A 96:9409-
9414.

Kaltschmidt B, Kaltschmidt C, Hofmann TG, Hehner SP, Droge W, Schmitz ML (2000) The pro- or
anti-apoptotic function of NF-kappaB is determined by the nature of the apoptotic stimulus.
Eur J Biochem 267:3828-3835.

Kaltschmidt B, Ndiaye D, Korte M, Pothion S, Arbibe L, Priillage M, Pfeiffer J, Lindecke A, Staiger
V, Israél A, Kaltschmidt C, Mémet S (2006) NF-kappaB regulates spatial memory formation
and synaptic plasticity through protein kinase A/CREB signaling. Mol Cell Biol 26:2936-
2946.

Kaltschmidt C, Kaltschmidt B, Baeuerle PA (1993) Brain synapses contain inducible forms of the
transcription factor NF-kappa B. Mech Dev 43:135-147.

Kato T, Jr.,, Delhase M, Hoffmann A, Karin M (2003) CK2 Is a C-Terminal IkappaB Kinase
Responsible for NF-kappaB Activation during the UV Response. Mol Cell 12:829-839.
Khorooshi R, Babcock AA, Owens T (2008) NF-kappaB-driven STAT2 and CCL2 expression in

astrocytes in response to brain injury. J Immunol 181:7284-7291.

Khoshnan A, Ko J, Tescu S, Brundin P, Patterson PH (2009) IKKalpha and IKKbeta regulation of
DNA damage-induced cleavage of huntingtin. PLoS One 4:e5768.

Khoshnan A, Ko J, Watkin EE, Paige LA, Reinhart PH, Patterson PH (2004) Activation of the
IkappaB kinase complex and nuclear factor-kappaB contributes to mutant huntingtin
neurotoxicity. J Neurosci 24:7999-8008.

Kiernan R, Brés V, Ng RW, Coudart MP, El Messaoudi S, Sardet C, Jin DY, Emiliani S, Benkirane M
(2003) Post-activation turn-off of NF-kappa B-dependent transcription is regulated by
acetylation of p65. J Biol Chem 278:2758-2766.

Kim S, La Motte-Mohs RN, Rudolph D, Zuniga-Pflucker JC, Mak TW (2003) The role of nuclear
factor-kappaB essential modulator (NEMO) in B cell development and survival. Proc Natl
Acad Sci U S A 100:1203-1208.

Kitaoka Y, Kumai T, Lam TT, Munemasa Y, Isenoumi K, Motoki M, Kuribayashi K, Kogo J,
Kobayashi S, Ueno S (2004) Nuclear factor-kappa B p65 in NMDA-induced retinal
neurotoxicity. Brain Res Mol Brain Res 131:8-16.

Kontgen F, Grumont RJ, Strasser A, Metcalf D, Li R, Tarlinton D, Gerondakis S (1995) Mice lacking
the c-rel proto-oncogene exhibit defects in lymphocyte proliferation, humoral immunity, and
interleukin-2 expression. Genes Dev 9:1965-1977.

Koo JW, Russo SJ, Ferguson D, Nestler EJ, Duman RS (2010) Nuclear factor-kappaB is a critical
mediator of stress-impaired neurogenesis and depressive behavior. Proc Natl Acad Sci U S A
107:2669-2674.

Kwak YT, Guo J, Shen J, Gaynor RB (2000) Analysis of domains in the IKKalpha and IKKbeta
proteins that regulate their kinase activity. J Biol Chem 275:14752-14759.

Lam LT, Davis RE, Ngo VN, Lenz G, Wright G, Xu W, Zhao H, Yu X, Dang L, Staudt LM (2008)
Compensatory IKKalpha activation of classical NF-kappaB signaling during IKKbeta
inhibition identified by an RNA interference sensitization screen. Proc Natl Acad Sci U S A
105:20798-20803.

21



Lee HJ, Kim SH, Kim KW, Um JH, Lee HW, Chung BS, Kang CD (2001) Antiapoptotic role of NF-
kappaB in the auto-oxidized dopamine-induced apoptosis of PC12 cells. J Neurochem 76:602-
609.

Li LY, Zhao XL, Fei XF, Gu ZL, Qin ZH, Liang ZQ (2008) Bilobalide inhibits 6-OHDA-induced
activation of NF-kappaB and loss of dopaminergic neurons in rat substantia nigra. Acta
Pharmacol Sin 29:539-547.

Li Q, Van Antwerp D, Mercurio F, Lee KF, Verma IM (1999a) Severe liver degeneration in mice
lacking the IkappaB kinase 2 gene. Science 284:321-325.

Li Q, Estepa G, Memet S, Israel A, Verma IM (2000) Complete lack of NF-kappaB activity in IKK 1
and IKK2 double-deficient mice: additional defect in neurulation. Genes Dev 14:1729-1733.

Li Q, Lu Q, Hwang JY, Buscher D, Lee KF, Izpisua-Belmonte JC, Verma IM (1999b) IKK 1-deficient
mice exhibit abnormal development of skin and skeleton. Genes Dev 13:1322-1328.

Li ZW, Omori SA, Labuda T, Karin M, Rickert RC (2003) IKK beta is required for peripheral B cell
survival and proliferation. J Immunol 170:4630-4637.

Li ZW, Chu W, Hu Y, Delhase M, Deerinck T, Ellisman M, Johnson R, Karin M (1999c) The
IKKbeta subunit of IkappaB kinase (IKK) is essential for nuclear factor kappaB activation and
prevention of apoptosis. J Exp Med 189:1839-1845.

Liang ZQ, Wang X, Li LY, Wang Y, Chen RW, Chuang DM, Chase TN, Qin ZH (2007) Nuclear
factor-kappaB-dependent cyclin D1 induction and DNA replication associated with N-methyl-
D-aspartate receptor-mediated apoptosis in rat striatum. J Neurosci Res 85:1295-1309.

Lo JC, Basak S, James ES, Quiambo RS, Kinsella MC, Alegre ML, Weih F, Franzoso G, Hoffmann
A, Fu YX (2006) Coordination between NF-kappaB family members p50 and p52 is essential
for mediating LTbetaR signals in the development and organization of secondary lymphoid
tissues. Blood 107:1048-1055.

Lu Z, Yu S, Wei J, Wei L (2006) Age-related neural degeneration in nuclear-factor kappaB p50
knockout mice. 139:965-978.

Machara K, Hasegawa T, Isobe KI (2000) A NF-kappaB p65 subunit is indispensable for activating
manganese superoxide: dismutase gene transcription mediated by tumor necrosis factor-alpha.
J Cell Biochem 77:474-486.

Mattson MP, Camandola S (2001) NF-kappaB in neuronal plasticity and neurodegenerative disorders.
J Clin Invest 107:247-254.

Meffert MK, Chang JM, Wiltgen BJ, Fanselow MS, Baltimore D (2003) NF-kappa B functions in
synaptic signaling and behavior. Nat Neurosci 6:1072-1078.

Meunier A, Latrémoliére A, Dominguez E, Mauborgne A, Philippe S, Hamon M, Mallet J, Benoliel
JJ, Pohl M (2007) Lentiviral-mediated targeted NF-kappaB blockade in dorsal spinal cord glia
attenuates sciatic nerve injury-induced neuropathic pain in the rat. Mol Ther 15:687-697.

Middleton G, Wyatt S, Ninkina N, Davies AM (2001) Reciprocal developmental changes in the roles
of Bcl-w and Bcl-x(L) in regulating sensory neuron survival. Development 128:447-457.

Middleton G, Hamanoue M, Enokido Y, Wyatt S, Pennica D, Jaffray E, Hay RT, Davies AM (2000)
Cytokine-induced nuclear factor kappa B activation promotes the survival of developing
neurons. J Cell Biol 148:325-332.

Migheli A, Piva R, Atzori C, Troost D, Schiffer D (1997) c-Jun, INK/SAPK kinases and transcription
factor NF-kappa B are selectively activated in astrocytes, but not motor neurons, in
amyotrophic lateral sclerosis. J] Neuropathol Exp Neurol 56:1314-1322.

Mincheva S, Garcera A, Gou-Fabregas M, Encinas M, Dolcet X, Soler RM (2011) The canonical
nuclear factor-kappaB pathway regulates cell survival in a developmental model of spinal cord
motoneurons. J Neurosci 31:6493-6503.

Mir M, Tolosa L, Asensio VJ, Lladé J, Olmos G (2008) Complementary roles of tumor necrosis factor
alpha and interferon gamma in inducible microglial nitric oxide generation. J Neuroimmunol
204:101-109.

Nakai M, Qin ZH, Chen JF, Wang Y, Chase TN (2000) Kainic acid-induced apoptosis in rat striatum
is associated with nuclear factor-kappaB activation. J Neurochem 74:647-658.

Nakajima K, Kohsaka S (1998) Functional roles of microglia in the central nervous system. Hum Cell
11:141-155.

22



Nickols JC, Valentine W, Kanwal S, Carter BD (2003) Activation of the transcription factor NF-
kappaB in Schwann cells is required for peripheral myelin formation. Nat Neurosci 6:161-167.

Niu YL, Zhang WJ, Wu P, Liu B, Sun GT, Yu DM, Deng JB (2010) Expression of the apoptosis-
related proteins caspase-3 and NF-kappaB in the hippocampus of Tg2576 mice. Neurosci Bull
26:37-46.

Nurmi A, Lindsberg PJ, Koistinaho M, Zhang W, Juettler E, Karjalainen-Lindsberg ML, Weih F,
Frank N, Schwaninger M, Koistinaho J (2004) Nuclear factor-kappaB contributes to infarction
after permanent focal ischemia. Stroke 35:987-991.

Olson CM, Hedrick MN, Izadi H, Bates TC, Olivera ER, Anguita J (2007) p38 mitogen-activated
protein kinase controls NF-kappaB transcriptional activation and tumor necrosis factor alpha
production through RelA phosphorylation mediated by mitogen- and stress-activated protein
kinase 1 in response to Borrelia burgdorferi antigens. Infect Immun 75:270-277.

Panet H, Barzilai A, Daily D, Melamed E, Offen D (2001) Activation of nuclear transcription factor
kappa B (NF-kappaB) is essential for dopamine-induced apoptosis in PCI12 cells. J
Neurochem 77:391-398.

Paris D, Patel N, Quadros A, Linan M, Bakshi P, Ait-Ghezala G, Mullan M (2007) Inhibition of Abeta
production by NF-kappaB inhibitors. Neurosci Lett 415:11-16.

Perkins ND (2007) Integrating cell-signalling pathways with NF-kappaB and IKK function. Nat Rev
Mol Cell Biol 8:49-62.

Pizzi M, Goffi F, Boroni F, Benarese M, Perkins SE, Liou HC, Spano P (2002) Opposing roles for
NF-kappa B/Rel factors p65 and c-Rel in the modulation of neuron survival elicited by
glutamate and interleukin-1beta. J Biol Chem 277:20717-20723.

Place RF, Haspeslagh D, Hubbard AK, Giardina C (2001) Cytokine-induced stabilization of newly
synthesized I(kappa)B-alpha. Biochem Biophys Res Commun 283:813-820.

Pyo JS, Ko YS, Kim WH, Kim M, Lee KW, Nam SY, Chung HY, Cho SJ, Baik TK, Lee BL (2010)
Impairment of nuclear factor-kappaB activation increased glutamate excitotoxicity in a
motoneuron-neuroblastoma hybrid cell line expressing mutant (G93A) Cu/Zn-superoxide
dismutase. J Neurosci Res 88:2494-2503.

Qin ZH, Chen RW, Wang Y, Nakai M, Chuang DM, Chase TN (1999) Nuclear factor kappaB nuclear
translocation upregulates c-Myc and p53 expression during NMDA receptor-mediated
apoptosis in rat striatum. J Neurosci 19:4023-4033.

Rojo Al, Salinas M, Martin D, Perona R, Cuadrado A (2004) Regulation of Cu/Zn-superoxide
dismutase expression via the phosphatidylinositol 3 kinase/Akt pathway and nuclear factor-
kappaB. J Neurosci 24:7324-7334.

Rothgiesser KM, Fey M, Hottiger MO (2010a) Acetylation of p65 at lysine 314 is important for late
NF-kappaB-dependent gene expression. BMC Genomics 11:22.

Rothgiesser KM, Erener S, Waibel S, Liischer B, Hottiger MO (2010b) SIRT2 regulates NF-xB
dependent gene expression through deacetylation of p65 Lys310. J Cell Sci 123:4251-4258.

Rudolph D, Yeh W, Wakeham A, Rudolph B, Nallainathan D, Potter J, Elia A, Mak T (2000) Severe
liver degeneration and lack of NF-kappaB activation in NEMO/IKK gamma-deficient mice.
Genes Dev 14:854-862.

Ryu H, Smith K, Camelo SI, Carreras I, Lee J, Iglesias AH, Dangond F, Cormier KA, Cudkowicz ME,
Brown RH, Ferrante RJ (2005) Sodium phenylbutyrate prolongs survival and regulates
expression of anti-apoptotic genes in transgenic amyotrophic lateral sclerosis mice. J
Neurochem 93:1087-1098.

Saha RN, Liu X, Pahan K (2006) Up-regulation of BDNF in astrocytes by TNF-alpha: a case for the
neuroprotective role of cytokine. J] Neuroimmune Pharmacol 1:212-222.

Sanchez-Ponce D, Mufioz A, Garrido JJ (2010) Casein kinase 2 and microtubules control axon initial
segment formation. Mol Cell Neurosci.

Sarnico I, Lanzillotta A, Boroni F, Benarese M, Alghisi M, Schwaninger M, Inta I, Battistin L, Spano
P, Pizzi M (2009) NF-kappaB p50/RelA and c-Rel-containing dimers: opposite regulators of
neuron vulnerability to ischaemia. J Neurochem 108:475-485.

Schmidt-Ullrich R, Mémet S, Lilienbaum A, Feuillard J, Raphaél M, Israel A (1996) NF-kappaB
activity in transgenic mice: developmental regulation and tissue specificity. Development
122:2117-2128.

23



Schwabe RF, Brenner DA (2002) Role of glycogen synthase kinase-3 in TNF-alpha-induced NF-
kappaB activation and apoptosis in hepatocytes. Am J Physiol Gastrointest Liver Physiol
283:G204-211.

Schwaninger M, Inta I, Herrmann O (2006) NF-kappaB signalling in cerebral ischaemia. Biochem Soc
Trans 34:1291-1294.

Schwarz EM, Van Antwerp D, Verma IM (1996) Constitutive phosphorylation of IkappaBalpha by
casein kinase II occurs preferentially at serine 293: requirement for degradation of free
IkappaBalpha. Mol Cell Biol 16:3554-3559.

Sen R, Baltimore D (1986) Multiple nuclear factors interact with the immunoglobulin enhancer
sequences. Cell 46:705-716.

Sha WC, Liou HC, Tuomanen EI, Baltimore D (1995) Targeted disruption of the p50 subunit of NF-
kappa B leads to multifocal defects in immune responses. Cell 80:321-330.

Shang YC, Chong ZZ, Hou J, Maiese K (2010) Wntl, FoxO3a, and NF-kappaB oversee microglial
integrity and activation during oxidant stress. Cell Signal 22:1317-1329.

Shou Y, Li N, Li L, Borowitz JL, Isom GE (2002) NF-kappaB-mediated up-regulation of Bcl-X(S)
and Bax contributes to cytochrome ¢ release in cyanide-induced apoptosis. J Neurochem
81:842-852.

Simpson CS, Morris BJ (2000) Regulation of neuronal cell adhesion molecule expression by NF-
kappa B. J Biol Chem 275:16879-16884.

Smith D, Tweed C, Fernyhough P, Glazner GW (2009) Nuclear factor-kappaB activation in axons and
Schwann cells in experimental sciatic nerve injury and its role in modulating axon
regeneration: studies with etanercept. J] Neuropathol Exp Neurol 68:691-700.

Sole C, Dolcet X, Segura MF, Gutierrez H, Diaz-Meco MT, Gozzelino R, Sanchis D, Bayascas JR,
Gallego C, Moscat J, Davies AM, Comella JX (2004) The death receptor antagonist FAIM
promotes neurite outgrowth by a mechanism that depends on ERK and NF-kapp B signaling. J
Cell Biol 167:479-492.

Solt LA, Madge LA, Orange JS, May MJ (2007) Interleukin-1-induced NF-kappaB activation is
NEMO-dependent but does not require IKKbeta. J Biol Chem 282:8724-8733.

Sparacio SM, Zhang Y, Vilcek J, Benveniste EN (1992) Cytokine regulation of interleukin-6 gene
expression in astrocytes involves activation of an NF-kappa B-like nuclear protein. J
Neuroimmunol 39:231-242.

Stephenson D, Yin T, Smalstig EB, Hsu MA, Panetta J, Little S, Clemens J (2000) Transcription
factor nuclear factor-kappa B is activated in neurons after focal cerebral ischemia. J Cereb
Blood Flow Metab 20:592-603.

Takada Y, Mukhopadhyay A, Kundu GC, Mahabeleshwar GH, Singh S, Aggarwal BB (2003)
Hydrogen peroxide activates NF-kappa B through tyrosine phosphorylation of I kappa B alpha
and serine phosphorylation of p65: evidence for the involvement of I kappa B alpha kinase
and Syk protein-tyrosine kinase. J Biol Chem 278:24233-24241.

Takano H, Gusella JF (2002) The predominantly HEAT-like motif structure of huntingtin and its
association and coincident nuclear entry with dorsal, an NF-kB/Rel/dorsal family transcription
factor. BMC Neurosci 3:15.

Tam WF, Lee LH, Davis L, Sen R (2000) Cytoplasmic sequestration of rel proteins by IkappaBalpha
requires CRM1-dependent nuclear export. Mol Cell Biol 20:2269-2284.

Tamatani M, Che YH, Matsuzaki H, Ogawa S, Okado H, Miyake S, Mizuno T, Tohyama M (1999)
Tumor necrosis factor induces Bcl-2 and Bel-x expression through NFkappaB activation in
primary hippocampal neurons. J Biol Chem 274:8531-8538.

Taylor DL, Jones F, Kubota ES, Pocock JM (2005) Stimulation of microglial metabotropic glutamate
receptor mGlu2 triggers tumor necrosis factor alpha-induced neurotoxicity in concert with
microglial-derived Fas ligand. J Neurosci 25:2952-2964.

Tolosa L, Caraballo-Miralles V, Olmos G, Lladé J (2011) TNF-a potentiates glutamate-induced spinal
cord motoneuron death via NF-xB. Mol Cell Neurosci 46:176-186.

Valerio A, Boroni F, Benarese M, Sarnico I, Ghisi V, Bresciani LG, Ferrario M, Borsani G, Spano P,
Pizzi M (2006) NF-kappaB pathway: a target for preventing beta-amyloid (Abeta)-induced
neuronal damage and Abeta42 production. Eur J Neurosci 23:1711-1720.

24



Vermeulen L, De Wilde G, Van Damme P, Vanden Berghe W, Haegeman G (2003) Transcriptional
activation of the NF-kappaB p65 subunit by mitogen- and stress-activated protein kinase-1
(MSK1). EMBO J 22:1313-1324.

Vollgraf U, Wegner M, Richter-Landsberg C (1999) Activation of AP-1 and nuclear factor-kappaB
transcription factors is involved in hydrogen peroxide-induced apoptotic cell death of
oligodendrocytes. J Neurochem 73:2501-2509.

Wang CY, Mayo MW, Korneluk RG, Goeddel DV, Baldwin AS (1998) NF-kappaB antiapoptosis:
induction of TRAF1 and TRAF2 and c-IAP1 and c-IAP2 to suppress caspase-8 activation.
Science 281:1680-1683.

Wang D, Westerheide SD, Hanson JL, Baldwin AS, Jr. (2000) Tumor necrosis factor alpha-induced
phosphorylation of RelA/p65 on Ser529 is controlled by casein kinase II. J Biol Chem
275:32592-32597.

Weih F, Durham SK, Barton DS, Sha WC, Baltimore D, Bravo R (1997) p50-NF-kappaB complexes
partially compensate for the absence of RelB: severely increased pathology in pS0(-/-)relB(-/-)
double-knockout mice. J Exp Med 185:1359-1370.

Weih F, Carrasco D, Durham SK, Barton DS, Rizzo CA, Ryseck RP, Lira SA, Bravo R (1995)
Multiorgan inflammation and hematopoietic abnormalities in mice with a targeted disruption
of RelB, a member of the NF-kappa B/Rel family. Cell 80:331-340.

Woronicz JD, Gao X, Cao Z, Rothe M, Goeddel DV (1997) IkappaB kinase-beta: NF-kappaB
activation and complex formation with IkappaB kinase-alpha and NIK. Science 278:866-869.

Wu H, Lozano G (1994) NF-kappa B activation of p53. A potential mechanism for suppressing cell
growth in response to stress. J Biol Chem 269:20067-20074.

Xie QW, Kashiwabara Y, Nathan C (1994) Role of transcription factor NF-kappa B/Rel in induction
of nitric oxide synthase. J Biol Chem 269:4705-4708.

Xu J, Chen S, Ahmed SH, Chen H, Ku G, Goldberg MP, Hsu CY (2001) Amyloid-beta peptides are
cytotoxic to oligodendrocytes. J Neurosci 21:RC118.

Xu W, Chi L, Xu R, Ke Y, Luo C, Cai J, Qiu M, Gozal D, Liu R (2005) Increased production of
reactive oxygen species contributes to motor neuron death in a compression mouse model of
spinal cord injury. Spinal Cord 43:204-213.

Xu Z, Chen S, Li X, Luo G, Li L, Le W (2006) Neuroprotective effects of (-)-epigallocatechin-3-
gallate in a transgenic mouse model of amyotrophic lateral sclerosis. Neurochem Res
31:1263-1269.

Yamamoto Y, Verma UN, Prajapati S, Kwak YT, Gaynor RB (2003) Histone H3 phosphorylation by
IKK-alpha is critical for cytokine-induced gene expression. Nature 423:655-659.

Yeo W, Gautier J (2004) Early neural cell death: dying to become neurons. Dev Biol 274:233-244.

Yilmaz ZB, Weih DS, Sivakumar V, Weih F (2003) RelB is required for Peyer's patch development:
differential regulation of p52-RelB by lymphotoxin and TNF. EMBO J 22:121-130.

Yoon C, Korade Z, Carter BD (2008) Protein kinase A-induced phosphorylation of the p65 subunit of
nuclear factor-kappaB promotes Schwann cell differentiation into a myelinating phenotype. J
Neurosci 28:3738-3746.

Yu Z, Zhou D, Cheng G, Mattson MP (2000) Neuroprotective role for the p5S0 subunit of NF-kappaB
in an experimental model of Huntington's disease. J Mol Neurosci 15:31-44.

Yu Z, Zhou D, Bruce-Keller AJ, Kindy MS, Mattson MP (1999) Lack of the pS0 subunit of nuclear
factor-kappaB increases the vulnerability of hippocampal neurons to excitotoxic injury. J
Neurosci 19:8856-8865.

Zandi E, Rothwarf DM, Delhase M, Hayakawa M, Karin M (1997) The IkappaB kinase complex
(IKK) contains two kinase subunits, IKKalpha and IKKbeta, necessary for IkappaB
phosphorylation and NF-kappaB activation. Cell 91:243-252.

Zhang J, Warren MA, Shoemaker SF, Ip MM (2007) NFkappaB1/p50 is not required for tumor
necrosis factor-stimulated growth of primary mammary epithelial cells: implications for
NFkappaB2/p52 and RelB. Endocrinology 148:268-278.

Zhong H, Voll RE, Ghosh S (1998) Phosphorylation of NF-kappa B p65 by PKA stimulates
transcriptional activity by promoting a novel bivalent interaction with the coactivator
CBP/p300. Mol Cell 1:661-671.

25



Table 1. Phenotype characteristics of knockout mice of NF-kB pathway members

Knockout

mice Phenotype / Alterations References
Embryoni ath at E15-16; sensitivity t .
RelA TNI]?“OL}'IO a;o;}fotic deatli c6)t" slelels)at;,c;//teso (Beg et 2.11" 1995a; Middleton et al.,
def t, i th ferm. > | 2000; Niscols et al., 2003)
efects in the nervous sys
RelB xsg;g;;iﬁ?glfoﬁcjﬂ tesions; defects Inthe | (Weih et al., 1995; Yilmaz et al., 2003)
Defects in lymphocyte proliferation, (Kontgen et al., 1995; Grumont et al.,
c-Rel humoral immunity, neuronal survival, 1998; Deenick et al., 2010; Pizzi et al.,
synaptic plasticity. 2002; Ahn et al., 2008)
50 Defects in the immune response; neuronal (Sha et al., 1995; Yu et al., 2000; Lu et
P degeneration. al., 2006)
Lymphatic nodes abnormality and defects (Franzoso et al., 1998; Beinke and Ley,
p52 .
in T cell response. 2004)
Death one day after birth; block the
IKKa differentiation of keratinocytes and skeletal | (Li et al., 1999)
and epidermal defects.
Embryonic death at E12.5-13.5; sensitivity
IKKP to TNFa and hepatic apoptosis; conditional | (Li et al., 1999; Li et al., 2003; Bockhart
survival of B cells, effects in the nervous et al., 2009)
system.
IKKY Embryonic death at E10-13; hepatic and B
(NEMO) cell apoptosis and developmental defects of | (Rudolph et al., 2000; Kim et al., 2003)

lymphocytes T and B cells.
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Table II. Neuroprotective effects induced by NF-KB pathway activation in the nervous system

NF-kB

activators Cell type Effects Reference
CNTF Sensory neurons | Survival and Neurite Growth | (Gallagher et al., 2007)
CT-1 Sensory neurons | Survival (Middleton et al., 2000)
GDNF Astrocytes Neuroprotectlon in cerebral (Chu et al., 2008)
ischemia
BDNF Neurons Survival and Neurite Growth | (Gutierrez et al., 2005;
PC12 Neurite Outgrowth Sole et al., 2004)
NGF Neurons Survival (Maggirwar et al, 1998 ;
Schwann cells Myelin formation Carter et al., 1996)
IGF-1 Neurons Survival (Heck et al., 1999)
Neurotrophic
Neurons Survival (Mincheva et al., 2011)
factors cocktail
TNFa Neurons Synaptic plasticity gg(l)lz)f;nm and  Mattson,
cAMP Schwann cell Myelin formation (Yoon et al., 2008)
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Table III. Neuronal degeneration induced by NF-kB pathway activation in the nervous system.

NF-KB activators Cell type Effects Reference
Neuronal .
TNFo Ngurons degeneration and (Mir et al., 2008)
Glia
death
Focal ce rebral Neurons Neuronal death (Stephenson et al., 2000)
ischemia
. Astrocytes NO production (Akama et al., 1998 ;Xu et al.,
Amyloid Oligodendrocytes increased 2001)
& vt Apoptosis
NMDA Neurons Apoptotic death (Kitaoka et al., 2004)
LPS Microglia Cox-2 expression (Bauer et al., 1997)
Kainic acid Neurons Apoptotic death (Nakai et. al., 2000)
Oxidative stress Neurons Neuronal death (Shou et al., 2002)
Glutamate Neurons Apoptotic death (Grilli and Memo,1999a)
Depressive-like
IL-1B Neurons behaviors (Koo et al., 2010)
H,0, Oligodendrocytes Cell death (Vollgraf et al., 1999)
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Table IV. Target genes regulated by NF-kB pathways and their cellular effects in the nervous

system.

Target genes | Pathway Cellular function References

Bcl-2, Bel-x C Anti-apoptotic (Tamatani et al., 1999)

Bel-xL A, C, non-C Anti-apoptotic (Bui et al., 2001)

c-FLIP X Anti-apoptotic (Chu et al., 1997)

TRAF1, 2 X Anti-apoptotic (Wang et al., 1998)

14Ps C Anti-apoptotic (Chu et al., 1997)

Bax,Bcl-xs X Pro-apoptotic (Shou et al., 2002)

Bim, Nova C Pro-apoptotic (Inta et al., 2006)

Smn C Survival Motor Neuron (Mincheva et al., 2011)

CREB C Transcription factor (Mincheva et al., 2011)

pi3 C Transcription factor (Wuetal., 1994)

STAT?2 X Transcription factor (Khorooshi et al., 2008)

c-Myc C Transcription factor (Qin et al., 1999)

Mn-SOD C Antioxidant enzyme (Maehara et al., 2000)

Cu/Zn-SOD C Antioxidant enzyme (Rojo et al., 2004)

Cox-2 non-C Enzyme responsible for | 1 hmidt et al., 2002)
inflammation

INOS C Nitric oxide synthesis (Xie et al., 1994)

IkBa C NF-kB Inhibidor (Bui et al., 2001)

BDNF C Neurotrophic factor (Saha et al., 2006)

NCAM C Neural adhesion (Simpson and Morris, 2000)
molecule

Cyclin D1 non-C Cell cycle regulator (Liang et al., 2007)

C, canonical NF-kB pathway; non-C, non-canonical NF-kB pathway; A, atypical NF-kB pathway; X,

no information.
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Figure 2
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Figure 3
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Figure 4

NF-kB signaling pathways

IKK dependent

IKK independent

Non-canonical

Canonical

Atypical

IKB independent

RelB/p52 nuclear
translocation

33

IKB dependent

RelA/p50 nuclear
translocation




Figure 5
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Figure 7
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