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Abstract Tumor necrosis factor-like weak inducer of apo-
ptosis (TWEAK) is a member of the tumor necrosis factor
superfamily that acts on responsive cells via binding to a cell
surface receptor named fibroblast growth factor-inducible
14 (Fn14). TWEAK can regulate numerous cellular re-
sponses in vitro and in vivo. Recent studies have indicated
that TWEAK and Fn14 are expressed in the central nervous
system (CNS), and that in response to a variety of stimuli,
including cerebral ischemia, there is an increase in TWEAK
and Fn14 expression in perivascular astrocytes, microglia,
endothelial cells, and neurons with subsequent increase in
the permeability of the blood–brain barrier (BBB) and cell
death. Furthermore, there is a growing body of evidence
indicating that TWEAK induces the activation of the NF-kB
in the CNS with release of proinflammatory cytokines and
matrix metalloproteinases. In addition, inhibition of TWEAK
activity by either treatment with a Fn14-Fc fusion protein or
neutralizing anti-TWEAK antibodies has shown therapeutic
efficacy in animal models of ischemic stroke, cerebral edema,
and multiple sclerosis.
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Introduction

The tumor necrosis factor superfamily (TNFSF) of cyto-
kines comprises 19 ligands and 28 receptors [1]. Most of the
ligands are synthesized as type II transmembrane proteins
with an extracellular C terminus TNF homology domain that
facilitates their assembly into homotrimers, which allows
receptor cross-linking and activation of signal transduction.
The receptors are characterized by one or more cysteine-rich
domains in the extracellular region, and by the presence in
the intracellular region of either a “death domain” (DD) or a
binding site for a group of adaptor molecules known as
TNFR-associated factors (TRAFs). Ligand-mediated aggre-
gation of TNFSF receptors plays a role in a number of bio-
logical events including immune system development and
function [2], as well as in the pathogenesis of many central
nervous system (CNS) diseases such as multiple sclerosis
[3] and cerebral ischemia [4]. This review will focus on the
structure, biological function and therapeutic importance of
the TNFSF member tumor necrosis factor (TNF)-like weak
inducer of apoptosis (TWEAK; TNFSF12) and its receptor,
fibroblast growth factor-inducible 14 (Fn14; TNFRSF 12a).

TWEAK and Fn14 Structure and Expression

TWEAK

TWEAK is initially synthesized as a 249-amino acid (aa)
type II transmembrane glycoprotein containing a C-terminal
206-amino acid extracellular domain and an N-terminal
18-aa intracellular domain. Most cells express both full-
length, membrane-anchored TWEAK and a soluble, 156-aa
TWEAK extracellular domain fragment [2]. TWEAK gene
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expression has been detected in a variety of tissues and cell
types including brain, heart, skeletal muscle, and pancreas
in vivo [2, 5–10] as well as spleen, lymph nodes, thymus,
lymphocytes, mouse peritoneal macrophages, fibroblasts,
and human smooth muscle cells cultured in vitro [11–13].
TWEAK mRNA levels do not always reflect TWEAK pro-
tein abundance [13, 14], suggesting the possibility that
TWEAK synthesis is translationally controlled. Furthermore,
the TWEAK mRNA 3′-untranslated region has an AU-rich
sequence element, and a similar motif is implicated in TNF-a
mRNA stability [2, 15]. APRIL is a member of the TNFSF
that promotes tumor growth and is important for immuno-
modulation [13]. The gene for APRIL is located 1 Kb down-
stream from the gene encoding for TWEAK in chromosome
17 in humans. A transmembrane protein consisting of the
intracellular and transmembrane region of TWEAK fused to
the APRIL receptor binding site has been described as TWE-
PRIL in human lymphocytes and monocytes [13, 16]. The
biological function of this fusion protein is still unknown.

Fn14

TWEAK activity is mediated via binding to a cell surface
receptor named Fn14 , which was initially described as a
growth factor-inducible gene encoding a small type I trans-
membrane protein of unknown function [17]. Subsequent
studies by Wiley et al. [18] identified Fn14 as a TWEAK-
binding cell surface receptor. Mature Fn14 is only 102-aa in
length, making it the smallest TNF receptor superfamily
(TNFRSF) member identified to date. Indeed, the Fn14
extracellular domain containing the TWEAK-binding site is
only 53-aa in length [19], and the Fn14 cytoplasmic tail,
essential for signal transduction [20, 21], is only 28-aa in
length. Most of the TNFRSF members have two or more
cysteine-rich domains in their extracellular ligand-binding
region. In contrast, Fn14 has a single cysteine-rich domain
[2, 18]. Another characteristic of the TNFRSF is the presence
of either a ∼80-aa DD sequence in their cytoplasmic region
that promotes caspase activation and cell death [22], or one or
more TRAF-binding sites. The cytoplasmic domain of Fn14
is too short to have a DD but instead, as will be discussed
below, contains a binding site for TRAFs [2]. TWEAK is the
only TNFSF member that binds Fn14, and TWEAK does
not bind to any other TNFRSF members [23].

The human Fn14 gene is located at chromosome 16p13.3
[24]. Fn14 mRNA expression is detected in the mouse
embryo as early as 7.5 days post coitum [17], and the highest
levels in the adult mice are found in the heart, ovary,
kidney, lung, and skin [17]. Fn14 protein is expressed in a
variety of cells and tissue types with relatively high levels
of expression in the skeletal muscle, heart, kidney, lung,

and placenta [2, 6, 8–10, 25, 26]. In addition, Fn14 gene
expression is upregulated after injury to the vessel wall [18],
partial hepatectomy [24], sciatic nerve transection [27], and
in response to cerebral ischemia [28, 29]. It has also been
shown that Fn14 is expressed at high levels in advanced
brain [30], breast [31], and liver [24, 32] tumor specimens.

The use of mice deficient in either TWEAK (TWEAK−/−)
or Fn14 (Fn14−/−) will expand the understanding of the
biology and function of this cytokine and its receptor. Both
TWEAK−/− and Fn14−/− mice are viable and fertile. Howev-
er, TWEAK−/− mice have elevated natural killer (NK) cell
production [8] and Fn14-KO mice show reduced progenitor
cell expansion after liver injury [32].

The TWEAK-Fn14 Signaling Pathway

TNFRSF members have no intrinsic protein kinase activity
but instead, as discussed above, they contain sequence
motifs that bind adaptor proteins, which activate down-
stream signal transduction pathways. Indeed, TRAF 1, 2, 3,
and 5 can bind to the Fn14 cytoplasmic tail [18, 20, 33].
Binding of the TNFSF ligands to TNFRSF that associate
with TRAF adaptor proteins has been shown to induce the
activation of several intracellular signal transduction cas-
cades, including the NF-kB pathway and mitogen-activated
protein kinases pathways [34]. This is the case for TWEAK,
which has been demonstrated to activate the NF-kB, ERK
and JNK signal transduction pathways in several cell types
[6, 20, 21, 25, 26, 33, 35–41].

TWEAK Biological Activity

Cell Death

Several of the members of the TNFSF can directly induce
cell death. This property is shared by TWEAK, although as
its name suggests, with reduced potency relative to TNF-a
[42]. Indeed, the ability of TWEAK to induce cell death in
tumor cell lines is relatively weak and in many instances
this effect requires incubation with agents such as gamma-
interferon. This is true in the case of TWEAK-induced
apoptosis in HT29 [11], gastric adenocarcinoma KATO-III,
and oral squamous carcinoma HSC3 cells [43]. Further-
more, CD4+ T cell-induced apoptosis of monocytes and
macrophages is also mediated by TWEAK [14, 43]. The
mechanism by which TWEAK induces cell death is not
completely understood. It was initially thought that
TWEAK induces apoptosis via endogenously produced
TNF-a and TNFR1 activation [44], a mechanism described
for other members of the TNFSF without a DD [44].
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However, it was subsequently demonstrated that TWEAK
could mediate cell death by TNF-a-independent mecha-
nisms involving both caspase-induced apoptosis and ca-
thepsin B-dependent necrosis [43, 45].

Angiogenesis

Angiogenesis is a tightly regulated process that is critical for
several physiologic and pathological events [46, 47].
TWEAK has a proliferative effect in vitro on aortic smooth
muscle cells, and on umbilical vein, dermal microvasculature
and brain microvascular endothelial cells (EC), and in vivo
in the rat cornea [48]. In addition, TWEAK can enhance
bFGF and VEGF-stimulated proliferation of human umbil-
ical vein endothelial cells (HUVEC) and induce endothelial
cell migration [35]. Furthermore, TWEAK stimulates the
formation of lumen-containing structures as well as the
invasion of endothelial cells into a fibrin matrix [35, 49].

Inflammation

Inflammation is a key event in the pathogenesis of CNS
diseases [50–52]. TWEAK has been shown to be a pro-
inflammatory factor. Indeed, TWEAK gene expression has
been detected in monocytes/macrophages [6, 53] and the
intravenous administration of TWEAK upregulates CCL2/
MCP-1 and CXCL10/IP-10 gene expression in mouse
kidney in vivo [26]. A role for TWEAK in the genesis of
an inflammatory response in the CNS is supported by
results indicating that TWEAK and Fn14 are found in
astrocytes and microglia [29, 54, 55], and that treatment
of astrocytes with TWEAK induces a dose-dependent in-
crease in IL-6 and IL-8 secretion as well as in ICAM-1
expression [55].

Immune Regulation

A recent report suggests that TWEAK plays a role in the
modulation of the immune response [8]. TWEAK regulates
the production of IFNγ in mice by decreasing the number of
natural killer (NK) cells and TWEAK suppresses macro-
phage IL-12 secretion. Finally, TWEAK−/− mice have an
increased sensitivity to lipopolysaccaride (LPS).

Inhibition of TWEAK Activity

TWEAK activity may contribute to the pathophysiology of
a number of human CNS diseases including ischemic

stroke, cerebral edema, and multiple sclerosis; therefore,
inhibition of TWEAK binding to Fn14 may be a potential
therapeutic strategy for these patients. To this date, two
approaches have been utilized to inhibit TWEAK activity in
in vitro and in vivo systems: a Fn14-Fc fusion protein and
anti-TWEAK monoclonal antibodies.

The Fn14-Fc fusion protein Inhibition of TWEAK activity
with an Fn14-Fc fusion protein was first described in 2003
by Donohue et al. [35]. This protein consist of an N-
terminal murine Ig kappa chain signal peptide (21-aa), most
of the murine Fn14 extracellular domain (46-aa), the Fc
portion and hinge region of the murine IgGl heavy chain
(228-aa), a c-myc epitope tag (10-aa), and a C-terminal
polyhistidine tract (6-aa). ELISA [35] and surface plasmon
resonance (BIAcore) assays [19] have demonstrated that
human TWEAK binds the Fn14-Fc protein with an affinity
constant (Kd) of ∼1.0 nM. This Fn14-Fc protein has also
been shown to inhibit TWEAK promitogenic activity on
human EC cultured in vitro [19, 35]. Fn14-Fc has been
shown to inhibit TWEAK biological activity on other cell
types as well, including mouse astrocytes [55], mouse
glomerular mesangial cells [26], mouse Eph4 mammary
epithelial cells [31], rat vascular smooth muscle cells [33],
and human glioma cells [21, 30].

Anti-TWEAK monoclonal antibodies Murine anti-TWEAK
monoclonal antibodies have been generated in Armenian
hamsters after immunization with soluble human TWEAK
protein [56]. The blocking properties and efficacy of these
antibodies have been demonstrated in mouse models of
cerebral ischemia [28], multiple sclerosis [57], and rheu-
matoid arthritis [58].

TWEAK and FN14 in the Normal CNS

TWEAK and Fn14 Expression in the Brain

TWEAK and Fn14 expression has been detected in mono-
culture systems of astrocytes, microglia, EC, and neurons
[29, 55]. In vivo, TWEAK and Fn14 are detected in EC of
medium and small caliber blood vessels, and in perivascular
astrocytes, neurons, and microglia, mainly throughout the
cerebral cortex and in the caudate nucleus, putamen,
substantia nigra, cerebellar Purkinje cells, and spinal cord.
However, whereas TWEAK immunostaining is observed
predominantly in EC and astrocytes, Fn14 immunostaining
is most prominent in EC, neurons, and microglia [29].
Together, these observations suggest a “cross-talk” between
astrocytes, neurons and microglial cells in the non-ischemic
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CNS where TWEAK released from astrocytes and EC could
bind to Fn14 receptors on neurons, EC, and microglia.

TWEAK and the NF-kB Pathway

The NF-kB family includes five structurally-related pro-
teins that bind to a specific DNA motif and regulate gene
expression [59, 60]. These factors form homodimers or
heterodimers that together control the transcription of over
150 target genes encoding a diverse set of proteins involved
in the immune response, inflammation, apoptosis, and tu-
morigenesis [59–61]. NF-kB complexes can be activated by
many divergent stimuli (e.g., cytokines, chemotherapeutic
drugs, bacterial lipopolysaccharide) via two distinct path-
ways [59–61]. In the classic or canonical pathway, NF-kB
complexes are present in the cytoplasm as inactive, latent
transcription factors as a consequence of their association
with the repressor protein IkBa. Stimulation of cells in-
duces IkBa phosphorylation and proteosome-mediated
degradation, resulting in the liberation of NF-kB, allowing
nuclear translocation and binding to DNA. In the non-
canonical NF-kB signaling pathway, IkBa is not involved
but instead extracellular stimuli induce phosphorylation and
proteolytic processing of the NF-kB/Rel family member
p100, which promotes nuclear translocation of p52 homo-
dimers or RelB/p52 heterodimers. In vitro studies have
demonstrated that incubation of EC, and primary neuronal,
astrocytic and microglial cultures with TWEAK results in
NF-kB pathway activation in each cell type [40]. In vivo
studies have shown that the intracerebral injection of recom-
binant TWEAK into non-ischemic brains induces IkBa
phosphorylation as early as 1 h post middle cerebral artery
occlusion with a progressive decrease of total IkBa levels,
mainly in neurons and perivascular astrocytes [40]. Togeth-
er, these observations demonstrate that TWEAK induces
NF-kB activation in vitro and in vivo in the normal CNS.

TWEAK and Fn14 in CNS Disease

There is a growing body of evidence indicating that
TWEAK and Fn14 are involved in the pathogenesis of
several human neurological diseases including ischemic
stroke [28, 29, 41], cerebral edema [40, 41], and multiple
sclerosis [54, 55, 57] and that the inhibition of TWEAK
activity may have a therapeutic impact on these conditions.

Ischemic Stroke

Ischemic stroke is a leading cause of disability and a second
cause of mortality in the world [62, 63]. After the onset of
the ischemic insult, there is a densely ischemic area where

cerebral blood flow (CBF) is decreased to <15% of normal
values and brain tissue is irreversibly damaged (ischemic
core). This zone is surrounded by a second area where CBF
is reduced to 15–40% of the normal value but the brain
tissue is still viable (ischemic penumbra) [64]. However,
with time and in the absence of any effective treatment, this
potentially salvageable area of penumbra or reversible is-
chemia becomes infarcted.

Effect of cerebral ischemia on TWEAK and Fn14 expression
It has been demonstrated in an animal model of permanent
focal cerebral ischemia that TWEAK and Fn14 mRNA in-
creases in the ischemic hemisphere as early as 3 and 4.5 h
after the onset of the ischemic insult, respectively [28].
Moreover, whereas TWEAKmRNA returns to normal levels
24 h later, Fn14 mRNA peaks at 24–48 h, and decreases at
72 h after the onset of the ischemic insult [29]. Immunohis-
tochemical analysis of ischemic brain sections demonstrate
that TWEAK and Fn14 protein expression is significantly
increased in the area of ischemic penumbra as early as 24 h
after MCAO, mainly in endothelial cells, perivascular as-
trocytes, microglial cells, and neurons [29].

Inhibition of TWEAK activity is protective during cerebral
ischemia A deleterious role for TWEAK during cerebral
ischemia was underscored by the finding that inhibition of
TWEAK activity by treatment with either Fn14-Fc fusion
protein [29] or anti-TWEAK monoclonal antibodies [28]
after the onset of the ischemic insult results in a 20–40%
decrease in the volume of the ischemic lesion. This obser-
vation was supported by the demonstration that Fn14−/−

mice have an approximately 60% reduction in the volume
of the ischemic lesion after MCAO when compared to their
littermate wild-type controls [41] (Fig. 1). Likewise, either
treatment with Fn14-Fc decoy or genetic deficiency of Fn14
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Fig. 1 Effect of Inhibition of TWEAK activity on the volume of the
ischemic lesion. Wild-type (WT; black bars) and Fn14 deficient
(Fn14−/−; white bar) underwent middle cerebral artery occlusion. WT
mice were treated with either PBS (control), Fc protein (control) or
Fn14-Fc decoy. n=5 per group. *p<0.05 compared to WT treated
with PBS (control) or Fc protein (control)
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results in a better clinical outcome at 24 and 48 h after
MCAO [41] (Fig. 2). Together, these observations demon-
strate that the interaction between TWEAK and Fn14 is
deleterious during cerebral ischemia and that the inhibition
of TWEAK activity has a potential therapeutic role for acute
ischemic stroke.

Cerebral Edema

TWEAK and the neurovascular unit (NVU) The NVU is
assembled from EC, the extracellular matrix of the basal lam-
ina, astrocytic end-feet processes that surround the micro-
vessels, perivascular microglia, and adjacent neurons [65].
One of the main functions of the NVU is the regulation of
the supply of nutrients to the brain and prevention of the
passage of harmful substances from the intravascular space
into the CNS.

Early after MCAO, there is disruption of the architecture
of the NVU with increase in the permeability of the blood–

brain barrier and development of cerebral edema [66, 67].
A role for TWEAK and Fn14 in the regulation of the func-
tion of the NVU is suggested by the finding that this cytokine
and its receptor are preferentially expressed in EC, peri-
vascular astrocytes and neighboring neurons and microglia
[29, 40]. In addition, subsequent studies have demonstrated
that the intracerebral injection of recombinant TWEAK into
the non-ischemic brain induces a dose-dependent increase
in the permeability of the NVU [40]. This effect is not
observed after the intracerebral injection of TWEAK in
animals deficient in the NF-kB family member p50, in-
dicating that TWEAK-induced increase in the permeability
of the blood–brain barrier is mediated by activation of the
NF-kB pathway [40].

Electron microscopy studies have shown that the intrace-
rebral injection of TWEAK induces edema of perivascular
astrocytes with detachment of astrocytic end-feet processes
from the basement membrane and development of areas of
perivascular edema [40] (Fig. 3). This effect of TWEAK on
the ultrastructure of the NVU is significantly decreased by
genetic deficiency of either Fn14 [41] or p50 [40]. The
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Fig. 2 Effect of inhibition of
TWEAK activity on motor ac-
tivity after MCAO. Mean hori-
zontal motor activity at 6, 24
and 48 h after MCAO in wild-
type (WT) mice treated with
either Fc protein (white circles)
or Fn14-Fc decoy (black
squares) either immediately
after (a) or 1 hour following
MCAO (b). Lines denote SEM.
n=4, *p<0.05

Fig. 3 TWEAK disrupts the structure of the NVU. Electron
microscopy of cerebral arterioles in the left striatum of mouse brains
injected with either PBS (a) or TWEAK (b). The asterisks show fluid-
filled spaces indicative of developing edema in the TWEAK-treated

brain (b). The arrows indicate places in the neurovascular unit with
disruption of the glia limitans and detachment of the astrocytic
processes. BV blood vessel, A astrocytic processes. Magnification
×30,000. (Reprinted with permission from Polavarapu et al. [40])
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permeability of the NVU is determined not only by the
integrity of the interendothelial tight junctions but also by
the composition of the basal lamina [65] and the interaction
between astrocytes, endothelial cells and the extracellular
matrix (ECM) [68]. Therefore, it is plausible to propose that
in response to the ischemic insult, there is the release of
TWEAK from perivascular astrocytes, that may interact
with Fn14 on astrocytes, EC, and microglia. This may
induce the release of proinflammatory cytokines and

metalloproteinases with resultant increase in the permeabil-
ity of the NVU and development of cerebral edema. Indeed,
it has been reported that proinflammatory cytokines
released in response to the ischemic signal act directly on
elements of the NVU with resultant increases in BBB
permeability [69].

This proposed role for TWEAK and Fn14 in the
regulation of the permeability of the NVU during cerebral
ischemia was supported by the demonstration that either
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Fig. 4 TWEAK contributes to
NF-κkB pathway activation after
MCAO. Western blot analysis of
phospho-IKKβ and total IKK
(a) and phospho-p65 and total
p65 (b), in brain extracts of
wild-type mice treated either
with Fc protein or Fn14-Fc
decoy immediately after
MCAO, and Fn14−/− mice, at 0,
1, 3 and 6 h after the onset of
the ischemic insult. Actin ex-
pression levels were assayed as
a control for protein loading.
Each experiment was repeated
three times. Graphs describe the
mean density of the band for a
total of five observations for
each time point. Lines depict
SEM. *p<0.05. (Reprinted with
permission fromZhang et al. [41])
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treatment with Fn14-Fc decoy or genetic deficiency of Fn14
result in a 66–87% decrease in MCAO-induced Evans blue
dye extravasation, a marker for BBB permeability [41], and
in preservation of the interaction between astrocytic end-
feet processes and the basement membrane in the ischemic
area [41].

TWEAK and cerebral ischemia-induced NF-kB pathway
activation NF-kB activity is significantly increased in ani-
mal models of ischemic stroke and data obtained from mice
deficient in the NF-kB p50 protein indicates that NF-kB
activation enhances ischemic neuronal death [70, 71]. Also,
NF-kB inhibition using a recombinant adenovirus express-
ing a dominant negative form of IkBa reduced ischemic
lesion volume in a murine model of cerebral ischemia [72].
However, whereas activation of the NF-kB pathway in
microglial cells promotes neuronal degeneration, activation
of this same pathway in neurons after ischemic insult
appears to be neuroprotective [70, 72–74].

As described above, TWEAK induces activation of the
NF-kB pathway in in vitro and in vivo systems, including
neurons and perivascular astrocytes [40]. Based on these
observations, it was proposed that TWEAK has a direct effect
on NF-kB pathway activation during cerebral ischemia. This
hypothesis was confirmed by the demonstration that inhibi-
tion of TWEAK activity after MCAO by either Fn14-Fc
decoy administration or genetic deficiency of Fn14 inhibits
the nuclear translocation of p65 and the phosphorylation of
IKKβ and IkBa as early as 6 h after the onset of the
ischemic insult [41] (Fig. 4). This effect of TWEAK on NF-k
B pathway activation during cerebral ischemia has been
confirmed by electrophoretic mobility shift assay (EMSA)
using nuclear extracts from wild-type and Fn14−/− mice [41].

TWEAK and matrix metalloproteinase-9 activity Metallo-
proteinases are zinc-dependent endopeptidases that regulate
cellular activity at multiple levels. Matrix metalloproteinases
(MMPs) are a subfamily of metalloproteinases recognized as
matrix-degrading enzymes and involved in physiological
and pathological processes such as tissue remodeling during
development, hemostasis, atherosclerosis, arthritis, cancer,
and cerebral ischemia [75–79]. MMP-9 is an NF-kB-
regulated gene [80]. TWEAK can induce MMP-9 activation
when added to macrophages, Eph4 cells, and astrocytes
cultured in vitro [6, 40]. Furthermore, intracerebral injection
of TWEAK into the non-ischemic brain results in a
significant increase in MMP-9 activity, and this effect is
not observed in p50−/− mice [40]. In summary, TWEAK
induces MMP-9 activation in the CNS through NF-kB
pathway activation.

Early after the onset of the ischemic insult there is a
progressive increase in MMP-9 activity [75–77] and there
is a strong evidence indicating that MMP-9 plays a role in

the pathological process leading to the increase in BBB
permeability during cerebral ischemia [81, 82]. Indeed,
MMP-9 deficient (MMP-9−/−) mice have a significant
decrease in the volume of the ischemic lesion and
preservation of the integrity of the tight junction protein
ZO-1 after the onset of the ischemic insult [81, 82]. A role
for TWEAK in MCAO-induced MMP-9 activation has
been demonstrated by the finding that inhibition of TWEAK
by either treatment with Fn14-Fc decoy receptor or genetic
deficiency of Fn14 results in a significant attenuation of
cerebral ischemia-induced MMP-9 activation [41] (Fig. 5).
The effect of Fn14-Fc decoy on MMP-9 activation is dose-
dependent and parallels a progressive decrease in MCAO-
induced Evans blue dye extravasation [41].

TWEAK and the basement membrane The interaction
between astrocytes and the basement membrane is one of
the most important determinants of the permeability of the
NVU [83, 84]. The main components of the basement
membrane are laminins, collagen type IV, fibronectin and
proteoglycans [65]. Early after the onset of the ischemic
insult, there is a rapid degradation of laminin in the vascular
basement membrane [85, 86], and it has been proposed that
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Fig. 5 TWEAK contributes to MMP-9 activation after MCAO. a
Gelatin zymography assay for MMP-9 activity 6 h after MCAO in
sham-operated wild-type mice (Sham), wild-type mice treated with Fc
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laminin is a substrate for MMP-9 [87]. As MMP-9 is an NF-
kB-regulated gene [88] and TWEAK induces NF-kB
pathway activation, it was postulated that during cerebral
ischemia TWEAK induces laminin degradation through
induction of MMP-9 activation. This hypothesis is supported
by the demonstration that inhibition of TWEAK activity by
either Fn14-Fc decoy receptor or genetic deficiency of Fn14
results in a significant inhibition of MCAO-induced laminin
degradation [41].

In conclusion, in consideration of the information
available to this date, we can propose a model where in
response to the ischemic insult the interaction between
TWEAK and Fn14 in perivascular astrocytes results in the
activation of the NF-kB pathway. This induces the release
of proinflammatory cytokines and metalloproteinases with
resultant increase in the permeability of the NVU and cell
death. A role for TWEAK and Fn14 in neurons and EC is
still under investigation.

Multiple Sclerosis

Multiple sclerosis (MS) is a chronic progressive disease
characterized by loss of myelin in the CNS with subsequent
neuronal damage and marked physical disability [89, 90].
This disease affects 0.05–0.15% of the Caucasian population
and affects women more frequently than men [91]. Exper-
imental autoimmune encephalomyelitis (EAE) is a research
model for multiple sclerosis [92]. There is a growing body of
evidence indicating a strong relation between MS and
members of the TNFSF. Indeed, the presence of TNF-a in
the CNS correlates with disability in patients with MS [93],
and expression of this cytokine precedes clinical relapses by
few days [68, 94]. It is thought that the induction of cell
adhesion molecules on cerebral endothelial cells and increase
in the permeability of the BBB are some of the main
mechanisms whereby members of the TNFSF play a role in
the pathogenesis of MS [68, 94].

A role for TWEAK in the pathogenesis of MS has been
proposed. Indeed, TWEAK mRNA increases in the spinal
cord during EAE and the clinical severity of EAE is
significantly enhanced in TWEAK-overexpressing trans-
genic mice [55]. In addition, TWEAK stimulates the
monocyte chemotactic protein-1 (MCP-1) expression by
astrocytes and EC [54], and induction of specific inhibitory
antibodies by treatment with either TWEAK or Fn14
resulted in amelioration of the development of inflamma-
tory infiltrates in the spinal cord and in a better clinical
outcome in a rat model of EAE [95]. A potential application
for inhibition of TWEAK activity in multiple sclerosis was
further supported by the demonstration that treatment with
neutralizing anti-TWEAK antibodies in a model of EAE

results in a reduction in the severity of the disease and
leukocyte infiltration when mice were treated after the
priming phase [57].

Conclusions

TWEAK and Fn14 play a role in the pathogenesis of
several neurological diseases associated with inflammation,
edema, and cell death. The interaction between TWEAK
and Fn14 induces activation of the NF-kB pathway in EC,
astrocytes, microglia, and neurons. This results in the
induction and release of proinflammatory cytokines known
to have a direct effect on the permeability of the NVU and
cell survival. Thus, inhibition of the TWEAK-FN14 in-
teraction may have a therapeutic role for CNS diseases
characterized by inflammatory infiltration and edema such
as cerebral ischemia, multiple sclerosis, head trauma, and
autoimmune disorders involving the brain.

Acknowledgements Research in the authors’ laboratory is sup-
ported in part by NIH Grant NS-49478 (Manuel Yepes). The author
wants to thank Dr. Jeffrey A. Winkles for critically reviewing this
manuscript.

References

1. Ware CF (2003) The TNF superfamily. Cytokine Growth Factor
Rev 14:181–184

2. Wiley SR, Winkles JA (2003) TWEAK, a member of the TNF
superfamily, is a multifunctional cytokine that binds the TweakR/
Fn14 receptor. Cytokine Growth Factor Rev 14:241–249

3. Juedes AE, Hjelmstrom P, Bergman CM, Neild AL, Ruddle NH
(2000) Kinetics and cellular origin of cytokines in the central
nervous system: insight into mechanisms of myelin oligodendro-
cyte glycoprotein-induced experimental autoimmune encephalo-
myelitis. J Immunol 164:419–426

4. Feuerstein GZ, Wang X, Barone FC (1997) Inflammatory gene
expression in cerebral ischemia and trauma. Potential new
therapeutic targets. Ann N Y Acad Sci 825:179–93:179–193

5. Kawakita T, Shiraki K, Yamanaka Y, Yamaguchi Y, Saitou Y,
Enokimura N, Yamamoto N, Okano H, Sugimoto K, Murata K et al
(2004) Functional expression of TWEAK in human hepatocellular
carcinoma: possible implication in cell proliferation and tumor
angiogenesis. Biochem Biophys Res Commun 318:726–733

6. Kim SH, Kang YJ, Kim WJ, Woo DK, Lee Y, Kim DI, Park YB,
Kwon BS, Park JE, Lee WH (2004) TWEAK can induce pro-
inflammatory cytokines and matrix metalloproteinase-9 in macro-
phages. Circ J 68:396–399

7. Kawakita T, Shiraki K, Yamanaka Y, Yamaguchi Y, Saitou Y,
Enokimura N, Yamamoto N, Okano H, Sugimoto K, Murata K et al
(2005) Functional expression of TWEAK in human colonic
adenocarcinoma cells. Int J Oncol 26:87–93

8. Maecker H, Varfolomeev E, Kischkel F, Lawrence D, LeBlanc H,
Lee W, Hurst S, Danilenko D, Li J, Filvaroff E et al (2005)
TWEAK attenuates the transition from innate to adaptive
immunity. Cell 123:931–944

9. Felli N, Pedini F, Zeuner A, Petrucci E, Testa U, Conticello C, Biffoni
M, Di CA, Winkles JA, Peschle C et al (2005) Multiple members of

262 Mol Neurobiol (2007) 35:255–265



the TNF superfamily contribute to IFN-gamma-mediated inhibition
of erythropoiesis. J Immunol 175:1464–1472

10. Chacon MR, Richart C, Gomez JM, Megia A, Vilarrasa N,
Fernandez-Real JM, Garcia-Espana A, Miranda M, Masdevall C,
Ricard W et al (2006) Expression of TWEAK and its receptor
Fn14 in human subcutaneous adipose tissue. Relationship with
other inflammatory cytokines in obesity. Cytokine 33:129–137

11. Chicheportiche Y, Bourdon PR, Xu H, Hsu YM, Scott H, Hession
C, Garcia I, Browning JL (1997) TWEAK, a new secreted ligand
in the tumor necrosis factor family that weakly induces apoptosis.
J Biol Chem 272:32401–32410

12. Marsters SA, Sheridan JP, Pitti RM, Brush J, Goddard A,
Ashkenazi A (1998) Identification of a ligand for the death-
domain-containing receptor Apo3. Curr Biol 8:525–528

13. Pradet-Balade B, Medema JP, Lopez-Fraga M, Lozano JC,
Kolfschoten GM, Picard A, Martinez A, Garcia-Sanz JA, Hahne
M (2002) An endogenous hybrid mRNA encodes TWE-PRIL, a
functional cell surface TWEAK-APRIL fusion protein. EMBO J
21:5711–5720

14. Nakayama M, Kayagaki N, Yamaguchi N, Okumura K, Yagita H
(2000) Involvement of TWEAK in interferon gamma-stimulated
monocyte cytotoxicity. J Exp Med 192:1373–1380

15. Mijatovic T, Houzet L, Defrance P, Droogmans L, Huez G, Kruys
V (2000) Tumor necrosis factor-alpha mRNA remains unstable
and hypoadenylated upon stimulation of macrophages by lipo-
polysaccharides. Eur J Biochem 267:6004–6012

16. Kolfschoten GM, Pradet-Balade B, Hahne M, Medema JP (2003)
TWE-PRIL; a fusion protein of TWEAK and APRIL. Biochem
Pharmacol 66:1427–1432

17. Meighan-Mantha RL, Hsu DK, Guo Y, Brown SA, Feng SL,
Peifley KA, Alberts GF, Copeland NG, Gilbert DJ, Jenkins NA et al
(1999) The mitogen-inducible Fn14 gene encodes a type I trans-
membrane protein that modulates fibroblast adhesion and migra-
tion. J Biol Chem 274:33166–33176

18. Wiley SR, Cassiano L, Lofton T, Davis-Smith T, Winkles JA,
Lindner V, Liu H, Daniel TO, Smith CA, Fanslow WC (2001) A
novel TNF receptor family member binds TWEAK and is
implicated in angiogenesis. Immunity 15:837–846

19. Brown SA, Hanscom HN, Vu H, Brew SA, Winkles JA (2006)
TWEAK binding to the Fn14 cysteine-rich domain depends on
charged residues located in both the A1 and D2 modules.
Biochem J 397:297–304

20. Brown SA, Richards CM, Hanscom HN, Feng SL, Winkles JA
(2003) The Fn14 cytoplasmic tail binds tumour-necrosis-factor-
receptor-associated factors 1, 2, 3 and 5 and mediates nuclear
factor-kappaB activation. Biochem J 371:395–403

21. Tran NL, McDonough WS, Savitch BA, Sawyer TF, Winkles JA,
Berens ME (2005) The tumor necrosis factor-like weak inducer of
apoptosis (TWEAK)-fibroblast growth factor-inducible 14 (Fn14)
signaling system regulates glioma cell survival via NFkappaB
pathway activation and BCL-XL/BCL-W expression. J Biol Chem
280:3483–3492

22. Locksley RM, Killeen N, Lenardo MJ (2001) The TNF and TNF
receptor superfamilies: integrating mammalian biology. Cell
104:487–501

23. Bossen C, Ingold K, Tardivel A, Bodmer JL, Gaide O, Hertig S,
Ambrose C, Tschopp J, Schneider P (2006) Interactions of tumor
necrosis factor (TNF) and TNF receptor family members in the
mouse and human. J Biol Chem 281:13964–13971

24. Feng SL, Guo Y, Factor VM, Thorgeirsson SS, Bell DW, Testa
JR, Peifley KA, Winkles JA (2000) The Fn14 immediate-early
response gene is induced during liver regeneration and highly
expressed in both human and murine hepatocellular carcinomas.
Am J Pathol 156:1253–1261

25. Xu H, Okamoto A, Ichikawa J, Ando T, Tasaka K, Masuyama K,
Ogawa H, Yagita H, Okumura K, Nakao A (2004) TWEAK/Fn14

interaction stimulates human bronchial epithelial cells to produce
IL-8 and GM-CSF. Biochem Biophys Res Commun 318:422–427

26. Campbell S, Burkly LC, Gao HX, Berman JW, Su L, Browning B,
Zheng T, Schiffer L, Michaelson JS, Putterman C (2006)
Proinflammatory effects of tweak/fn14 interactions in glomerular
mesangial cells. J Immunol 176:1889–1898

27. Tanabe K, Bonilla I, Winkles JA, Strittmatter SM (2003) Fibroblast
growth factor-inducible-14 is induced in axotomized neurons and
promotes neurite outgrowth. J Neurosci 23:9675–9686

28. Potrovita I, Zhang W, Burkly L, Hahm K, Lincecum J, Wang MZ,
Maurer MH, Rossner M, Schneider A, Schwaninger M (2004)
Tumor necrosis factor-like weak inducer of apoptosis-induced
neurodegeneration. J Neurosci 24:8237–8244

29. Yepes M, Brown SA, Moore EG, Smith EP, Lawrence DA,
Winkles JA (2005) A soluble Fn14-Fc decoy receptor reduces
infarct volume in a murine model of cerebral ischemia. Am J
Pathol 166:511–520

30. Tran NL, McDonough WS, Donohue PJ, Winkles JA, Berens TJ,
Ross KR, Hoelzinger DB, Beaudry C, Coons SW, Berens ME
(2003) The human Fn14 receptor gene is up-regulated in
migrating glioma cells in vitro and overexpressed in advanced
glial tumors. Am J Pathol 162:1313–1321

31. Michaelson JS, Cho S, Browning B, Zheng TS, Lincecum JM,
Wang MZ, Hsu YM, Burkly LC (2005) Tweak induces mammary
epithelial branching morphogenesis. Oncogene 24:2613–2624

32. Jakubowski A, Ambrose C, Parr M, Lincecum JM, Wang MZ,
Zheng TS, Browning B, Michaelson JS, Baetscher M, Wang B et al
(2005) TWEAK induces liver progenitor cell proliferation. J Clin
Invest 115:2330–2340

33. Han S, Yoon K, Lee K, Kim K, Jang H, Lee NK, Hwang K,
Young LS (2003) TNF-related weak inducer of apoptosis receptor,
a TNF receptor superfamily member, activates NF-kappa B
through TNF receptor-associated factors. Biochem Biophys Res
Commun 305:789–796

34. Inoue J, Ishida T, Tsukamoto N, Kobayashi N, Naito A, Azuma S,
Yamamoto T (2000) Tumor necrosis factor receptor-associated
factor (TRAF) family: adapter proteins that mediate cytokine
signaling. Exp Cell Res 254:14–24

35. Donohue PJ, Richards CM, Brown SA, Hanscom HN, Buschman
J, Thangada S, Hla T, Williams MS, Winkles JA (2003) TWEAK
is an endothelial cell growth and chemotactic factor that also
potentiates FGF-2 and VEGF-A mitogenic activity. Arterioscler
Thromb Vasc Biol 23:594–600

36. Jin L, Nakao A, Nakayama M, Yamaguchi N, Kojima Y, Nakano
N, Tsuboi R, Okumura K, Yagita H, Ogawa H (2004) Induction of
RANTES by TWEAK/Fn14 interaction in human keratinocytes. J
Invest Dermatol 122:1175–1179

37. Polek TC, Talpaz M, Darnay BG, Spivak-Kroizman T (2003)
TWEAK mediates signal transduction and differentiation of
RAW264.7 cells in the absence of Fn14/TweakR. Evidence for a
second TWEAK receptor. J Biol Chem 278:32317–32323

38. Saitoh T, Nakayama M, Nakano H, Yagita H, Yamamoto N,
Yamaoka S (2003) TWEAK induces NF-kappaB2 p100 process-
ing and long lasting NF-kappaB activation. J Biol Chem
278:36005–36012

39. Dogra C, Changotra H, Mohan S, Kumar A (2006). Tumor
necrosis factor-like weak inducer of apoptosis inhibits skeletal
myogenesis through sustained activation of nuclear factor-kappaB
and degradation of MyoD protein. J Biol Chem 281:10327–10336

40. Polavarapu R, Gongora MC, Winkles JA, Yepes M (2005) Tumor
necrosis factor-like weak inducer of apoptosis increases the
permeability of the neurovascular unit through nuclear factor-
kappaB pathway activation. J Neurosci 25:10094–10100

41. Zhang X, Winkles JA, Gongora MC, Polavarapu R, Michaelson
JS, Hahm K, Burkly L, Friedman M, Li XJ, Yepes M (2006)
TWEAK-Fn14 pathway inhibition protects the integrity of the

Mol Neurobiol (2007) 35:255–265 263263



neurovascular unit during cerebral ischemia. J Cereb Blood Flow
Metab 27:534–544

42. Vince JE, Silke J (2006) TWEAK shall inherit the earth. Cell
Death Differ 13:1842–1844

43. Nakayama M, Ishidoh K, Kayagaki N, Kojima Y, Yamaguchi N,
Nakano H, Kominami E, Okumura K, Yagita H (2002) Multiple
pathways of TWEAK-induced cell death. J Immunol 168:734–743

44. Schneider P, Schwenzer R, Haas E, Muhlenbeck F, Schubert G,
Scheurich P, Tschopp J, Wajant H (1999) TWEAK can induce cell
death via endogenous TNF and TNF receptor 1. Eur J Immunol
29:1785–1792

45. Nakayama M, Ishidoh K, Kojima Y, Harada N, Kominami E,
Okumura K, Yagita H (2003) Fibroblast growth factor-inducible
14 mediates multiple pathways of TWEAK-induced cell death. J
Immunol 170:341–348

46. Carmeliet P (2003) Angiogenesis in health and disease. Nat Med
9:653–660

47. Bergers G, Benjamin LE (2003) Tumorigenesis and the angio-
genic switch. Nat Rev Cancer 3:401–410

48. Lynch CN, Wang YC, Lund JK, Chen YW, Leal JA, Wiley SR
(1999) TWEAK induces angiogenesis and proliferation of
endothelial cells. J Biol Chem 274:8455–8459

49. Jakubowski A, Browning B, Lukashev M, Sizing I, Thompson JS,
Benjamin CD, Hsu YM, Ambrose C, Zheng TS, Burkly LC
(2002) Dual role for TWEAK in angiogenic regulation. J Cell Sci
115:267–274

50. Nathan C (2002) Points of control in inflammation. Nature
420:846–852

51. de Winther MP, Kanters E, Kraal G, Hofker MH (2005) Nuclear
factor kappaB signaling in atherogenesis. Arterioscler Thromb
Vasc Biol 25:904–914

52. Libby P (2002) Inflammation in atherosclerosis. Nature 420:868–
874

53. Chicheportiche Y, Fossati-Jimack L, Moll S, Ibnou-Zekri N, Izui
S (2000) Down-regulated expression of TWEAK mRNA in acute
and chronic inflammatory pathologies. Biochem Biophys Res
Commun 279:162–165

54. Saas P, Boucraut J, Walker PR, Quiquerez AL, Billot M, Desplat-
Jego S, ChicheporticheY, Dietrich PY (2000) TWEAK stimulation of
astrocytes and the proinflammatory consequences. Glia 32:102–107

55. Desplat-Jego S, Varriale S, Creidy R, Terra R, Bernard D,
Khrestchatisky M, Izui S, Chicheportiche Y, Boucraut J (2002)
TWEAK is expressed by glial cells, induces astrocyte prolifera-
tion and increases EAE severity. J Neuroimmunol 133:116–123

56. Campbell S, Michaelson J, Burkly L, Putterman C (2004) The
role of TWEAK/Fn14 IN the pathogenesis of inflammation and
systemic autoimmunity. Front Biosci 9:2273–2284

57. Desplat-Jego S, Creidy R, Varriale S, Allaire N, Luo Y, Bernard
D, Hahm K, Burkly L, Boucraut J (2005) Anti-TWEAK
monoclonal antibodies reduce immune cell infiltration in the
central nervous system and severity of experimental autoimmune
encephalomyelitis. Clin Immunol 117:15–23

58. Perper SJ, Browning B, Burkly LC, Weng S, Gao C, Giza K, Su
L, Tarilonte L, Crowell T, Rajman L et al (2006) TWEAK is a
novel arthritogenic mediator. J Immunol 177:2610–2620

59. Chen LF, Greene WC (2004) Shaping the nuclear action of NF-
kappaB. Nat Rev Mol Cell Biol 5:392–401

60. Shishodia S, Aggarwal BB (2004) Nuclear factor-kappaB activa-
tion mediates cellular transformation, proliferation, invasion
angiogenesis and metastasis of cancer. Cancer Treat Res
119:139–173

61. Pahl HL (1999) Activators and target genes of Rel/NF-kappaB
transcription factors. Oncogene 18:6853–6866

62. Thorvaldsen P, Asplund K, Kuulasmaa K, Rajakangas AM,
Schroll M (1995) Stroke incidence, case fatality, and mortality
in the WHO MONICA project. World health organization

monitoring trends and determinants in cardiovascular disease.
Stroke 26:361–367

63. World Health Organization (2002) World health report 2002:
reducing risks, promoting healthy life. WHO, Geneva

64. Hakim AM (1987) The cerebral ischemic penumbra. Can J Neurol
Sci 14:557–559

65. del Zoppo GJ, Mabuchi T (2003) Cerebral microvessel responses
to focal ischemia. J Cereb Blood Flow Metab 23:879–894

66. Garcia JH, Lossinsky AS, Kauffman FC, Conger KA (1978)
Neuronal ischemic injury: light microscopy, ultrastructure and
biochemistry. Acta Neuropathol (Berl) 43:85–95

67. Yepes M, Sandkvist M, Moore EG, Bugge TH, Strickland DK,
Lawrence DA (2003) Tissue-type plasminogen activator induces
opening of the blood–brain barrier via the LDL receptor-related
protein. J Clin Invest 112:1533–1540

68. Rieckmann P, Engelhardt B (2003) Building up the blood–brain
barrier. Nat Med 9:828–829

69. Blamire AM, Anthony DC, Rajagopalan B, Sibson NR, Perry VH,
Styles P (2000) Interleukin-1beta -induced changes in blood–brain
barrier permeability, apparent diffusion coefficient, and cerebral
blood volume in the rat brain: a magnetic resonance study. J
Neurosci 20:8153–8159

70. Schneider A, Martin-Villalba A, Weih F, Vogel J, Wirth T,
Schwaninger M (1999) NF-kappaB is activated and promotes cell
death in focal cerebral ischemia. Nat Med 5:554–559

71. Zhang W, Potrovita I, Tarabin V, Herrmann O, Beer V, Weih F,
Schneider A, Schwaninger M (2005) Neuronal activation of NF-
kappaB contributes to cell death in cerebral ischemia. J Cereb
Blood Flow Metab 25:30–40

72. Xu L, Zhan Y, Wang Y, Feuerstein GZ, Wang X (2002) Recom-
binant adenoviral expression of dominant negative IkappaBalpha
protects brain from cerebral ischemic injury. Biochem Biophys
Res Commun 299:14–17

73. Yu Z, Zhou D, Bruce-Keller AJ, Kindy MS, Mattson MP (1999)
Lack of the p50 subunit of nuclear factor-kappaB increases the
vulnerability of hippocampal neurons to excitotoxic injury. J
Neurosci 19:8856–8865

74. Cheng B, Christakos S, Mattson MP (1994) Tumor necrosis factors
protect neurons against metabolic-excitotoxic insults and promote
maintenance of calcium homeostasis. Neuron 12:139–153

75. Cunningham LA, Wetzel M, Rosenberg GA (2005) Multiple roles
for MMPs and TIMPs in cerebral ischemia. Glia 50:329–339

76. Rosenberg GA, Estrada EY, Dencoff JE, Stetler-Stevenson WG
(1995) Tumor necrosis factor-alpha-induced gelatinase B causes
delayed opening of the blood–brain barrier: an expanded
therapeutic window. Brain Res 703:151–155

77. Rosenberg GA, Navratil M, Barone F, Feuerstein G (1996)
Proteolytic cascade enzymes increase in focal cerebral ischemia
in rat. J Cereb Blood Flow Metab 16:360–366

78. Rosenberg GA, Estrada E, Kelley RO, Kornfeld M (1993)
Bacterial collagenase disrupts extracellular matrix and opens
blood–brain barrier in rat. Neurosci Lett 160:117–119

79. Rosenberg GA (2002) Matrix metalloproteinases in neuroinflam-
mation. Glia 39:279–291

80. Bond M, Fabunmi RP, Baker AH, Newby AC (1998) Synergistic
upregulation of metalloproteinase-9 by growth factors and
inflammatory cytokines: an absolute requirement for transcription
factor NF-kappa B. FEBS Lett 435:29–34

81. Asahi M, Asahi K, Jung JC, del Zoppo GJ, Fini ME, Lo EH
(2000) Role for matrix metalloproteinase 9 after focal cerebral
ischemia: effects of gene knockout and enzyme inhibition with
BB-94. J Cereb Blood Flow Metab 20:1681–1689

82. Asahi M, Wang X, Mori T, Sumii T, Jung JC, Moskowitz MA, Fini
ME, Lo EH (2001) Effects of matrix metalloproteinase-9 gene
knock-out on the proteolysis of blood–brain barrier and white matter
components after cerebral ischemia. J Neurosci 21:7724–7732

264 Mol Neurobiol (2007) 35:255–265



83. Risau W, Wolburg H (1990) Development of the blood–brain
barrier. Trends Neurosci 13:174–178

84. Wolburg H, Neuhaus J, Kniesel U, Krauss B, Schmid EM, Ocalan
M, Farrell C, Risau W (1994) Modulation of tight junction
structure in blood–brain barrier endothelial cells. Effects of tissue
culture, second messengers and cocultured astrocytes. J Cell Sci
107:1347–1357

85. Fukuda S, Fini CA, Mabuchi T, Koziol JA, Eggleston LL Jr, del
Zoppo GJ (2004) Focal cerebral ischemia induces active proteases
that degrade microvascular matrix. Stroke 35:998–1004

86. Yepes M, Sandkvist M, Wong MK, Coleman TA, Smith E, Cohan
SL, Lawrence DA (2000) Neuroserpin reduces cerebral infarct
volume and protects neurons from ischemia-induced apoptosis.
Blood 96:569–576

87. Gu Z, Cui J, Brown S, FridmanR,Mobashery S, Strongin AY, Lipton
SA (2005) A highly specific inhibitor of matrix metalloproteinase-9
rescues laminin from proteolysis and neurons from apoptosis in
transient focal cerebral ischemia. J Neurosci 25:6401–6408

88. St-Pierre Y, Couillard J, Van TC (2004) Regulation of MMP-9
gene expression for the development of novel molecular targets
against cancer and inflammatory diseases. Expert Opin Ther
Targets 8:473–489

89. Kurtzke JF (1994) Clinical definition for multiple sclerosis
treatment trials. Ann Neurol 36(Suppl):S73–S79

90. Hafler DA (2004) Multiple sclerosis. J Clin Invest 113:788–794
91. Lucchinetti CF, Bruck W, Rodriguez M, Lassmann H (1996)

Distinct patterns of multiple sclerosis pathology indicates hetero-
geneity on pathogenesis. Brain Pathol 6:259–274

92. Bernard CC, Johns TG, Slavin A, Ichikawa M, Ewing C, Liu J,
Bettadapura J (1997) Myelin oligodendrocyte glycoprotein: a
novel candidate autoantigen in multiple sclerosis. J Mol Med
75:77–88

93. Hofman FM, Hinton DR, Johnson K, Merrill JE (1989) Tumor
necrosis factor identified in multiple sclerosis brain. J Exp Med
170:607–612

94. Rieckmann P, Albrecht M, Kitze B, Weber T, Tumani H, Broocks
A, Luer W, Helwig A, Poser S (1995) Tumor necrosis factor-alpha
messenger RNA expression in patients with relapsing-remitting
multiple sclerosis is associated with disease activity. Ann Neurol
37:82–88

95. Mueller AM, Pedre X, Kleiter I, Hornberg M, Steinbrecher A,
Giegerich G (2005) Targeting fibroblast growth factor-inducible-14
signaling protects from chronic relapsing experimental autoim-
mune encephalomyelitis. J Neuroimmunol 159:55–65

Mol Neurobiol (2007) 35:255–265 265265


	TWEAK and the Central Nervous System
	Abstract
	Introduction
	TWEAK and Fn14 Structure and Expression
	TWEAK

	Fn14
	The TWEAK-Fn14 Signaling Pathway
	TWEAK Biological Activity
	Cell Death

	Angiogenesis
	Inflammation
	Immune Regulation
	Inhibition of TWEAK Activity
	TWEAK and FN14 in the Normal CNS
	TWEAK and Fn14 Expression in the Brain

	TWEAK and the NF-B Pathway
	TWEAK and Fn14 in CNS Disease
	Ischemic Stroke

	Cerebral Edema
	Multiple Sclerosis
	Conclusions
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


