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Tumor necrosis factor-like weak inducer of apoptosis (TWEAK) is a member of the tumor necrosis factor (TNF) family of cytokines. It has
proangiogenic and proinflammatory properties in vivo and induces cell death in tumor cell lines. TWEAK effects are mediated by the
membrane receptor Fn14. In a systematic search for genes regulated in a murine stroke model with the tag-sequencing technique
massively parallel signature sequencing, we have identified TWEAK as an induced gene. After 24 hr of focal cerebral ischemia in vivo or
oxygen glucose deprivation in primary cortical neurons, both TWEAK and its receptor Fn14 were significantly upregulated. TWEAK induced cell
death in primary neurons. Transfection of a nuclear factor (NF)-�B-luciferase fusion gene demonstrated that TWEAK stimulated transcrip-
tional activity of NF-�B through Fn14 and the I�B kinase. Inhibition of NF-�B reduced TWEAK-stimulated neuronal cell death, suggesting that
NF-�B mediates TWEAK-induced neurodegeneration at least in part. Intraperitoneal injection of a neutralizing anti-TWEAK antibody signifi-
cantly reduced the infarct size after 48 hr of permanent cerebral ischemia. In summary, our data show that TWEAK induces neuronal cell death
and is involved in neurodegeneration in vivo.
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Introduction
Stroke is a leading cause of death and disability worldwide. Initi-
ation of treatment is often delayed by several hours. The first steps
in the pathophysiology of ischemic neurodegeneration such as
anoxic depolarization and glutamate receptor activation proba-
bly occur before therapy can be initiated (Lee et al., 2000); how-
ever, the pathological cascade continues into the potential thera-
peutic time frame. Inflammation and delayed cell death are
events that may be amenable to therapy (Dirnagl et al., 1999).
Like other prolonged biological processes, apoptosis and inflam-
mation rely heavily on gene expression. Therefore, transcrip-
tomic technology offers a strategy to characterize the genes that
are involved and to find potential drug targets (Trendelenburg et
al., 2002; Schneider et al., 2004a,b). Here we describe the appli-
cation of massively parallel signature sequencing (MPSS) to the

study of gene expression in cerebral ischemia. MPSS is a tag-
sequencing method that was developed by Sydney Brenner and
coworkers in the late 1990s (Brenner et al., 2000). With MPSS, a
large number of signatures are obtained in parallel by cloning and
ligation-based sequencing of cDNA molecules that are fixed to
immobilized microbeads. One of the genes that was found to be
upregulated in our study was tumor necrosis factor-like weak
inducer of apoptosis (TWEAK), a cytokine of the tumor necrosis
factor (TNF)-� superfamily (Aggarwal, 2003; Ware, 2003).

TWEAK is expressed in many tissues, and expression was re-
ported in glial cells in the brain and in peripheral neurons (Chichep-
ortiche et al., 1997; Desplat-Jego et al., 2002; Tanabe et al., 2003).
Little is known, however, about its in vivo functions except that
TWEAK is an angiogenetic factor in the cornea assay (Lynch et al.,
1999; Wiley et al., 2001). In vitro, TWEAK stimulates cell death in
some tumor cells (Wiley and Winkles, 2003). Furthermore, it in-
duces the expression of the inflammatory mediators intercellular
adhesion molecule-1 (ICAM-1) and interleukin-6 (IL-6), both of
which are involved in cerebral ischemia (Saas et al., 2000; Harada et
al., 2002; Herrmann et al., 2003). The initial report that TWEAK is a
high-affinity ligand for the membrane receptor Apo3 was not con-
firmed by subsequent studies (Wiley and Winkles, 2003). Recently,
an expression cloning technique identified a receptor for TWEAK
(Wiley et al., 2001), which was previously cloned as an FGF-
inducible gene (Fn14) (Meighan-Mantha et al., 1999). Fn14 is a rel-
atively small transmembrane protein that belongs to the TNF recep-
tor superfamily. In vivo, the expression of Fn14 is upregulated with
injury (Tanabe et al., 2003). Although Fn14 does not contain a death
domain, it was shown to mediate TWEAK-induced cell death (Na-
kayama et al., 2003).
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Using in vivo and in vitro models of cerebral ischemia, we
found that TWEAK and Fn14 are upregulated. TWEAK induced
neuronal cell death, partly by activating the transcription factor
nuclear factor (NF)-�B through Fn14. Neutralizing TWEAK re-
duced neurodegeneration in vivo and in vitro, suggesting that
TWEAK is a drug target in acute neurodegeneration.

Materials and Methods
Materials. The production of recombinant soluble human TWEAK (rhT-
WEAK), containing amino-acid residues A106 –H249, has been de-
scribed previously (Jakubowski et al., 2002). For Fc-hTWEAK, a plasmid
was generated that contains the sequences corresponding to a human
IgG1 Fc fragment (aa 108 –338 of GenBank accession number AAC82527
excluding the stop codon), a linker sequence (RSPQPQPKPQPKPEP-
EGSLQVD), and the receptor-binding domain of TWEAK (aa 106 –249).
The construct was stably transfected into the 293T cell line. Fc-hTWEAK
was purified with protein A. Anti-Fn14 serum was generated by immu-
nizing Fn14 KO mice with purified recombinant murine Fn14 (aa 28 –
79) containing a myc–His tag at the C-terminal end. Anti-Fn14 mono-
clonal antibody 1.P1C12.1D8 was generated using the above immunized
Fn14 knock-out (KO) mice as described previously (Kennett et al., 1982).
SN50 was purchased from Biomol (Hamburg, Germany), murine
TNF-� from Sigma (Munich, Germany), and ITEM-4 from eBioscience
(San Diego, CA).

MPSS expression profiling. For expression profiling, the filament model
of middle cerebral artery occlusion (MCAO) was used. Mice (129X1/
SV J) were anesthetized using 70% N2O, 30% O2, and 1% halothane. A
5-0 nylon filament blunted at the tip was inserted into the common
carotid artery. The filament was advanced into the internal carotid artery
until the middle cerebral artery was reached. Successful occlusion was
monitored using laser Doppler flowmetry (Perimed, Stockholm, Swe-
den). The 90 min occlusion was followed by a 20 hr reperfusion. There-
after, animals were killed under deep anesthesia by transcardial perfusion
with HBSS. Hemispheric forebrains (cerebellum, olfactory bulb, and
brainstem removed) were further processed for RNA using acidic phenol
extraction. For expression profiling, RNA from hemispheres (ipsilateral
and contralateral) of six animals was pooled to reduce the influence of
interindividual variation in infarct severity. Results from two MPSS runs
per sample were pooled.

For MPSS, RNA was converted into cDNA and the most 3� DpnII
fragments were recovered. After in vitro cloning, the cDNA templates
were immobilized on separate glass beads of 5 �m diameter. Loaded
microbeads were placed into a flow cell forming a densely packed mono-
layer. Short sequences from the free template ends were obtained simul-
taneously by a fluorescence-based ligation-mediated sequencing
method. Obtained signatures (14 bases) were sufficiently long to allow
the identification of the vast majority (� 95%) (cf. Velculescu et al.,
1995) of the individual cDNAs. Signatures matching more than one gene
(taking into account only nonexpressed sequence tags or expressed se-
quence tag European Molecular Biology Laboratory database entries)
could be detected by clustering all matching sequences, excluding puta-
tive sequencing errors and sequence polymorphisms.

To prepare cDNA libraries for the MPSS analysis, 5 �g of oligo-dT-
cellulose (Peqlab, Erlangen, Germany) -enriched A� RNA was dena-
tured at 70°C with 50 pmol of BsmBI-oligo-dT18V primer (GGCCAGT
GAATTGTAATACGACTCACTATAGGGCTGCATTGAGACGATTCT-
TTTTTTTTTTTTTTTTTV), cooled on ice, and reverse-transcribed with
200 U of Superscript II at 42°C for 1 hr in 1� reaction buffer, 10 mM

dithiothreitol (all reagents from Invitrogen, Karlsruhe, Germany), and
0.5 mM each dNTP (Roche Diagnostics, Mannheim, Germany) in 25 �l.
Second-strand cDNA synthesis was performed by adding 40 U of DNA
polymerase I, 2 U of RNase H, 10 U of Escherichia coli DNA ligase, and 0.5
mM each dNTP in 1� second-strand buffer (Invitrogen) in a final vol-
ume of 100 �l for 2 hr at 16°C. RNA was hydrolyzed in the presence of
100 mM NaOH at 65°C for 20 min. The reaction product was phenol/
chloroform-purified and precipitated with ammonium acetate in the
presence of PelletPaint (Calbiochem, La Jolla, CA; Novabiochem, Bad
Soden, Germany).

Resuspended, double-stranded cDNA was digested with DpnII; 3�Dp-
nII fragments were isolated with streptavidin-coupled paramagnetic
beads (Dynal Biotech, Hamburg, Germany) and released from the beads
with a BsmBI digest. DpnII–BsmBI double-stranded cDNA fragments
were tagged by cloning the fragments into the TAG vector (pLCV), which
was digested with BbsI and BamHI. After electroporation of DH10B E.
coli (Invitrogen) for each sample, 10 6 independent clones were har-
vested, and the plasmid DNA containing the tagged cDNA was extracted.
Using PCR, the tagged cDNAs were amplified from the plasmid DNA
and mixed with microbeads (LYNX, Hayward, CA) carrying the comple-
mentary antitags. The tagged cDNA was loaded onto the microbeads by
hybridizing the tags to the antitags. The DNA-loaded beads were loaded
into a flow cell and further processed on an MPSS instrument (LYNX) as
described (Brenner et al., 2000).

Cell culture and transient transfection. Cortical neurons were prepared
from embryonic day 16 (E16) mice. For transfection, cells were plated on
24-well plates precoated with poly-D-lysine (50 �g/ml) at a density of
200,000 cells per well. For RNA preparation 2 million cells per well were
plated on six-well plates. Cells were incubated in Neurobasal medium
(Invitrogen) supplemented with B27 (Invitrogen), L-glutamine (0.5
mM), penicillin (100 IU/ml), and streptomycin (100 �g/ml). In these
cultures �95% of cells were positive for the neuronal marker NeuN.
After 10 d in vitro, cells were transfected using Lipofectamine 2000 (In-
vitrogen) and 1 �g per well of the NF-�B reporter plasmid pNF-�B-Luc,
which has five tandem repeats of an NF-�B binding site (Stratagene,
Amsterdam, The Netherlands), according to the manufacturer’s proto-
col. After 24 hr, cells were stimulated as indicated and harvested. Lucif-
erase activity was measured as described (Sallmann et al., 2000).

As indicated, cortical neurons were prepared from a transgenic mouse
line (NSE-I�B�-SR) that expressed the NF-�B super-repressor, a mutant
of I�B� (I�B�-SR), selectively in neurons. In this transgene, two serine
residues, which are phosphorylated by the I�B kinase (IKK), are ex-
changed to alanines. Neuronal expression is driven by a 1.8 kb fragment
of the rat neuron-specific enolase (NSE) promoter (Zhang et al., 2004).
The cell dissociation was performed individually from the brain of each
transgenic or wild-type embryo. To control for transfection efficiency,
cortical neurons of NSE-I�B�-SR mice and wild-type littermates were
cotransfected with 0.1 �g per well of phRL-TK (Promega, Mannheim,
Germany) in addition to pNF-�B-Luc.

Cell death assays. For terminal deoxynucleotidyl transferase-mediated
biotinylated UTP nick end labeling (TUNEL) staining, the cells were
fixed in 4% paraformaldehyde at room temperature for 30 min. Then,
cells were washed twice in PBS for 5 min and treated for 2 min with 200
�l of permeabilization solution (0.1% Triton X-100 and 0.1% sodium
citrate in PBS) at 4°C. After washing, sections were incubated with 50 �l
of TUNEL reaction mix (enzyme solution diluted 1:6 in labeling solu-
tion; In Situ Cell Detection Kit, Fluorescein; Roche, Mannheim, Ger-
many) for 1 hr at 37°C in the dark. Then, coverslips were mounted with
medium containing 4�,6-diamidino-2-phenylindole dihydrochloride
(DAPI; Vectashield; Vector Laboratories, Burlingame, CA). TUNEL and
DAPI-positive cells were detected under a fluorescent microscope. On
each coverslip five randomly selected fields were counted with a 40�
objective (corresponding to �800 cells per coverslip). Cell Death Detec-
tion ELISA Plus (Roche) was performed according to the manufacturer’s
instructions. Lactate dehydrogenase (LDH) activity in medium was
quantified with the Cytotoxicity Detection kit (LDH; Roche). LDH ac-
tivity in untreated sister cultures was subtracted, and the LDH activity
was expressed as percentage of the maximally releasable LDH pool in the
presence of 1 mM glutamate.

In situ hybridization and immunocytochemistry. Techniques for in situ
analysis have been described in detail previously (Sassoon et al., 1988;
Sassoon and Rosenthal, 1993). Fn14 riboprobe templates were generated
using specific PCR primers containing a T7 polymerase promoter bind-
ing site on either the forward or reverse primer to generate sense or
antisense templates, respectively. The 448 bp riboprobe template is spe-
cific for nucleotides 9 – 456 in the murine Fn14 coding domain (GenBank
accession number BC025860). High specific-activity probes were synthe-
sized using an Ambion T7 Maxiscript in vitro transcription kit and 33P-
radiolabeled UTP (� 3000 Ci/mmol; PerkinElmer Life Sciences, Welle-
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sley, MA), according to the manufacturer’s instructions. All probes were
used in a hybridization buffer containing 30,000 counts per minute per
milliliter final probe concentration. Microscopic analysis of the expres-
sion patterns was performed on a Leica DMR system modified for reflec-
tive dark-field microscopy. Images were captured using a CoolSnap RGB
camera, processed in Open Lab, and polished using Photoshop 7.0.

For immunohistochemistry, cells were fixed for 5 min in acetone at
room temperature. Then, cells were dried for 30 min and rehydrated for
5 min in PBS. After 1 hr of blocking with 5% horse serum, polyclonal
mouse anti-Fn14 or preimmune sera (1:300 dilution) and culture super-
natant containing anti-Fn14 monoclonal antibody (mAb) 1.P1C12.1D8
or DMEM media as control were added and left to stand overnight at 4°C.
After washing three times in PBS, biotinylated horse anti-mouse IgG
(diluted 1: 200; Vector) and FITC–avidin (1: 200 dilution; Vector) were
used for detection. Coverslips were mounted with medium containing
DAPI. Cells were analyzed under a fluorescent microscope.

Models of cerebral ischemia. As an in vivo model of permanent focal
cerebral ischemia, a distal MCAO was performed (see Figs. 2, 6). At an
age of 3– 4 months, male C57BL/6 mice were anesthetized by intraperi-
toneal injection of 150 �l of 2.5% avertin (tribromoethanol) per 10 gm of
body weight. A skin incision was made between the ear and the orbit on
the left side. The parotid gland and the temporal muscle were removed by
electrical coagulation. The stem of the MCA was exposed through a burr
hole and occluded by microbipolar coagulation (Erbe, Tübingen, Ger-
many). Surgery was performed under a microscope (Hund, Wetzlar,
Germany). Mice were kept at a body temperature of 37°C on a heating
pad. The anti-TWEAK antibody AB.G11 (Jakubowski et al., 2002) (200
�g) or the same amount of an unspecific hamster Ig (Jakubowski et al.,
2002) was injected intraperitoneally 10 min before MCAO. After 48 hr
mice were deeply reanesthetized with Avertin and perfused intracardially
with Ringer’s solution. The procedure for infarct measurement on cryo-
sections and correction for cerebral edema has been described previously
(Herrmann et al., 2003). Surgery was performed and infarcts measured
without knowledge of the treatment group. In a separate cohort of ani-
mals, the femoral artery was cannulated for measurement of arterial
blood gases and mean arterial blood pressure. Arterial blood gases, glu-
cose, and hemoglobin were measured immediately before and 15 min
into MCAO in a blood sample of 100 �l. For laser Doppler measure-
ments, the probe (P415–205; Perimed) was placed 3 mm lateral and 6
mm posterior to the bregma. Relative perfusion units were determined
(Periflux 4001; Perimed).

Oxygen glucose deprivation (OGD) was used as an in vitro model of
ischemia. For OGD experiments, primary cortical neurons, which had
been in culture for 10 d, were transferred into serum-free medium con-
taining 5 mM 2-deoxy-D-glucose (Merck, Darmstadt, Germany) for 1 hr.
Then, the cells were placed in an anaerobic chamber that was flushed for
10 min with a mix of 95% N2 and 5% CO2. After incubation for the
indicated times, cells were removed from the anaerobic chamber and
incubated under normal conditions for another 24 hr. The control group
was cultured in parallel but did not receive 2-deoxy-D-glucose and was
not flushed with N2/CO2. Then, RNA was extracted.

Real-time RT-PCR. Mice were reanesthetized and perfused with Ring-
er’s solution 24 hr after MCAO. The ischemic and contralateral cortices
were quickly dissected and frozen on dry ice. Tissues were stored at
�80°C. RNA from cortex or cultured cells was extracted with peqGOLD
RNAPure (PEQLAB, Erlangen, Germany), according to the manufactur-
er’s instructions. RNA (10 �g, cortex; 7.5 �g, cells) was transcribed with
Moloney murine leukemia virus reverse transcriptase and random hex-
amers. The following primers were used for PCR amplification: twk-1,
5�-CGAGCTATTGCAGCCCATTA; twk-2, 5�-CCTGCTTGTGCTCCA-
TCCT (TWEAK, PCR product 62 bp); fn14 –1, 5�-GACCTCGACAAGT-
GCATGGA; fn14 –2, 5�-CGCATCCCAGGCAGAAGT (Fn14, PCR
product 70 bp); mcycm-1, AGGTCCTGGCATCTTGTCCAT; mcycm-2,
GAACCGTTTGTGTTTGGTCCA (cyclophilin, PCR product 51 bp).
PCR was performed according to the following protocol: 10 min at 95°C,
15 sec at 95°C, and 1 min at 60°C (40 cycles). Amplification was quanti-
fied with the Gene Amp 5700 sequence detector and the SYBR Green kit
(PE Diagnostik, Weiterstadt, Germany). A linear concentration–ampli-
fication curve was established by diluting pooled samples. Quantified

results for individual cDNAs were normalized to cyclophilin. This pro-
cedure allows us to quantify results relative to a control group. The purity
of the amplified products was checked by the dissociation curve.

Statistical analysis. Data are presented as mean � SE. Statistical compari-
sons of three or more groups were made by ANOVA followed post hoc by
Fisher’s protected least-squares difference (LSD). Two groups were com-
pared by a two-sided t test or by two-sided Mann–Whitney U test in the case
of counted data (see Figs. 3A, 5C). Values were considered significant at p �
0.05. In MPSS, the statistical significance of the observed signature frequency
distributions was calculated according to Equation 2 of Audic and Claverie
(1997). p � 0.001 was considered significant.

Results
Results of two MPSS runs performed with RNA from the ipsilat-
eral forebrain of mice subjected to MCAO versus contralateral
forebrain (after 90 min occlusion and 20 hr reperfusion) yielded
a total of 174,812 tag sequences for the contralateral and 161,809
tag sequences for the ischemic hemispheres. Identical sequences
were clustered to display the expression levels of the correspond-
ing genes, resulting in 58,315 different clusters and including
sequences with ambiguities (one or more nucleotides not fully
determined). Subsequently, the number of occurrences of indi-
vidual signatures (pool of two replicate runs) as a direct measure
of expression level was compared between the two experimental
samples. One of the signatures identified as being induced was
GATCCCTGTGGATTTTG, with a tag frequency of 41 in the
ipsilateral versus 0 in the contralateral hemisphere ( p � 10�12).
A database search identified this sequence as mouse TWEAK
mRNA (GenBank accession number AF030100). Figure 1 illus-
trates the distribution of signatures as a scatter plot.

Induction of TWEAK mRNA by cerebral ischemia was veri-
fied by RT–real-time PCR. TWEAK was upregulated more than
threefold in the ischemic as compared with the contralateral
hemisphere (data not shown). In another stroke model, distal
MCAO, there was a 2.0-fold increase in TWEAK mRNA in the
ischemic as compared with the contralateral hemisphere 24 hr
after occlusion onset (Fig. 2A, left) ( p � 0.02). Induction of the
TWEAK receptor Fn14, however, was more pronounced. Quan-
tification of Fn14 mRNA by RT–real-time PCR revealed a 22.3-
fold upregulation after 24 hr of MCAO compared with the con-
tralateral cortex (Fig. 2A, right). By in situ hybridization, elevated

Figure 1. Result of the MPSS experiment on the comparison of the left (ischemic; y-axis)
with the right (nonischemic; x-axis) hemisphere. Each point of the scatter plot represents one partic-
ular signature. The absolute counts of the identified signatures are given. The total number of signa-
tures sequenced were 174,812 for the left hemisphere and 161,809 for the right hemisphere. A sig-
nature for TWEAK (GATCCCTGTGGATTTTG) was counted 41 times in the ischemic hemisphere and
never in the contralateral, nonischemic hemisphere (arrow; p 	 1.12 � 10 �12).
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levels of Fn14 transcripts were found in the periphery of the
cortical ischemia, the putative penumbra (Fig. 2B).

Fn14 has been shown to be expressed by peripheral neurons
(Tanabe et al., 2003), and the in situ hybridization signals were

compatible with a predominantly neuronal origin of the Fn14
upregulation in cerebral ischemia. Accordingly, cortical neurons
expressed Fn14 in vitro, as demonstrated by immunocytochem-
istry with anti-Fn14 serum and an Fn14-specific mAb (Fig. 2C).
Furthermore, the mRNA could be detected by RT–real-time PCR
(Fig. 2D, right). In cortical neurons, OGD, an in vitro model of
cerebral ischemia, induced a marked upregulation of Fn14 after
4.5 and 6 hr (Fig. 2D, right). TWEAK mRNA in neurons was also
upregulated by OGD, but the induction occurred already at 3 hr
and was less pronounced (Fig. 2D, left).

To explore the functional effect of TWEAK upregulation after
OGD, we used a neutralizing monoclonal hamster anti-TWEAK
antibody, AB.G11 (Jakubowski et al., 2002), and quantified neuronal
apoptosis by counting TUNEL-positive cells 24 hr after OGD. In-
duction of apoptosis by 4.5 hr of OGD was clearly ameliorated by
inhibition of TWEAK (Fig. 3A). After 4.5 hr of OGD, the percentage
of TUNEL-positive cells of �30% represented only a part of neuro-
nal cell death. In the same experiments, LDH release as a measure of
necrotic cell death increased to 69.2 � 6.9% of the maximally releas-
able LDH pool (n 	 18). The anti-TWEAK antibody had only a
slight, insignificant effect on LDH release (data not shown). To in-
vestigate whether exogenous TWEAK is able to induce neuronal cell
death, we used rhTWEAK or the fusion protein Fc-hTWEAK. Hu-
man TWEAK has been shown to bind to murine cells (Jakubowski et
al., 2002). Fc-hTWEAK or rhTWEAK exposure for 24 hr induced
nuclear condensation as shown by a DAPI stain. In addition, the
number of cortical neurons that were TUNEL positive increased
significantly after exposure to rhTWEAK or Fc-hTWEAK (Fig.
3B,C). An ELISA measuring DNA-histone complexes specific to
apoptotic DNA fragmentation supported the notion of pro-
grammed cell death being induced by rhTWEAK and Fc-hTWEAK
(Fig. 3D). The effect size was comparable with the one with 10 �M

camptothecin, a classic inducer of apoptosis by DNA damage (Fig.
3C,D).

Fn14 does not contain a death domain but binds TNF
receptor-associated factors (Wiley et al., 2001; Brown et al., 2003)
that are known to link receptors of the TNF receptor superfamily
to several signal transduction pathways. Indeed, TWEAK acti-
vates the transcription factor NF-�B via Fn14 (Brown et al.,
2003). Because NF-�B has important functions in determining
neuronal death or survival (Mattson and Camandola, 2001), we
wanted to address the question of whether TWEAK also activates
NF-�B in cortical neurons. Primary cortical neurons were trans-
fected with a luciferase fusion gene that is under transcriptional
control of five NF-�B binding sites. Fc-hTWEAK and rhTWEAK
stimulated NF-�B activity in a concentration-dependent manner
(Fig. 4A). The effect size varied between experimental series, and
there was no consistent difference between Fc-hTWEAK and
rhTWEAK (Fig. 4A,B). The neutralizing anti-TWEAK antibody
AB.G11 abrogated NF-�B stimulation by Fc-hTWEAK and rhT-
WEAK in cortical neurons but had no effect on the stimulation by
TNF-�, demonstrating that the effect of TWEAK cytokine stim-
ulation was specific (Fig. 4C,D). Fn14 mediates many effects of
TWEAK, but there is evidence for a second, still unknown
TWEAK receptor (Polek et al., 2003). To test whether Fn14 is
responsible for NF-�B stimulation in cortical neurons, we used
the anti-Fn14 antibody ITEM-4, which functions as a competi-
tive TWEAK antagonist at the Fn14 receptor and possesses only a
low intrinsic agonist activity (Nakayama et al., 2003). When ad-
ministered alone, ITEM-4 stimulated NF-�B activity slightly, but
it inhibited the stimulation of TWEAK in accordance with its
function as an antagonist of Fn14 (Fig. 4E). In the classic signal-
ing cascade of NF-�B activation, the IKK plays a pivotal role (Li

Figure 2. TWEAK and Fn14 expression are induced by cerebral ischemia and OGD. A, Twenty-four
hours after onset of cerebral ischemia, mRNA accumulation of TWEAK and Fn14 in the ischemic or
contralateral cortex was determined by RT–real-time PCR. Values are means � SE (n 	 12) ex-
pressed as percentage of the right hemisphere. *p�0.02; �p�0.0003 (t test). B, In situ hybridiza-
tion demonstrated upregulation of Fn14 mRNA 24 hr after onset of MCAO in the cortex adjacent to the
infarct. There was no staining in the contralateral cortex. Similar results were obtained after 48 hr of
MCAO. Scale bar, 200 �m. C, Immunocytochemistry with an Fn14-specific polyclonal serum or pre-
immuneserumandananti-Fn14mAborcontrol(DMEMculturemedium)revealedexpressionofFn14
in cortical neurons. D, mRNA accumulation of TWEAK (left) and Fn14 (right) in cortical neurons was
stimulated by OGD. After OGD for the times indicated, cells were incubated under normal conditions
for 24 hr. Values are means � SE (n 	 6) measured in duplicate and expressed as percentage of
control cells. �p � 0.006; *p � 0.0001 (t test).
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and Verma, 2002). To test for the involvement of IKK in NF-�B
activation by TWEAK, we used BMS-345541, a highly specific
inhibitor of the I�B kinase (Burke et al., 2003). BMS-345541 (25
�M) blocked NF-�B activation by rhTWEAK and Fc-hTWEAK,
showing that TWEAK stimulates NF-�B via the classic, IKK-
dependent pathway in neuronal cells (Fig. 4F).

To examine the role of NF-�B in TWEAK-induced neuronal cell
death, its activation was inhibited by SN50. In a concentration of 10
�g/ml, SN50 partially inhibited NF-�B activated by rhTWEAK
(data not shown). SN50 itself had toxic effects on neurons; however,
it significantly reduced the pro-apoptotic effect of rhTWEAK and
Fc-hTWEAK (Fig. 5A). A mouse line that expresses the NF-�B
super-repressor selectively in neurons offers the possibility of testing
the role of NF-�B with another approach (Zhang et al., 2004).
rhTWEAK stimulated NF-�B significantly less in cortical neurons of
NSE-I�B�-SR mice than in those of wild-type littermates (Fig. 5B).
In parallel to the reduced NF-�B stimulation, TWEAK-induced
neuronal cell death was also significantly reduced in neurons of
NSE-I�B�-SR mice compared with wild-type littermates (Fig. 5C).

To investigate whether TWEAK-induced neurodegeneration is
relevant in vivo, we injected mice intraperitoneally with the neutral-
izing anti-TWEAK antibody AB.G11 or an unspecific hamster Ig
(200 �g per mouse) and subjected them to distal MCAO. Intraperi-
toneal injection is an effective administration mode for neutralizing
antibodies in cerebral ischemia (van Bruggen et al., 1999; Martin-
Villalba et al., 2001). The anti-TWEAK antibody had no effect on the
various physiological parameters measured (Table 1); however, it
significantly reduced the infarct size after 2 d (Fig. 6). This suggests
that TWEAK also induces neurodegeneration in vivo.

Discussion
Using MPSS, a tag-sequencing technique for digital transcrip-
tional profiling, we have identified TWEAK as one of a number of
genes upregulated by cerebral ischemia. TWEAK is a cytokine of
the TNF superfamily that has angiogenic, pro-apoptotic, and in-
flammatory properties. The effects of TWEAK are partly medi-
ated by the membrane receptor Fn14 (Wiley and Winkles, 2003).
Given the fact that membrane receptors are the most successful
drug targets, we focused on the function of TWEAK and its re-
ceptor. Indeed, Fn14 expression was markedly upregulated by
cerebral ischemia as judged by RT–real-time PCR, although our
MPSS analysis did not detect its induction. Interestingly, induc-
tion of Fn14 in cerebral ischemia has been suggested previously
using serial analysis of gene expression (Trendelenburg et al.,
2002). This illustrates that individual attempts of transcriptional
profiling, regardless of the technique that is used, will not detect
all induced genes because of technical and statistical limitations.
The number of �170,000 tags that we have obtained per experi-

4

monoclonal hamster anti-TWEAK antibody AB.G11 (10 �g/ml). Values are means � SE of six
experiments, each counted in quintuplicate, and are expressed relative to the control group
treated with control hamster antibody. *p � 0.0001 (Mann–Whitney U test). B, After exposure
of neurons to rhTWEAK (100 ng/ml) or Fc-hTWEAK (100 ng/ml) for 24 hr, cells were stained by
DAPI and by the TUNEL reaction. Both forms of TWEAK increased the number of cells with
condensed nuclei that were TUNEL positive. C, Quantification of cells with condensed nuclei
after DAPI staining (gray columns) or of TUNEL-positive cells (black columns). Values are
means � SE of three experiments, each counted in quintuplicate, and are expressed as per-
centage of total cell number. CA, Camptothecin (10 �M). *p � 0.005 (ANOVA; LSD post hoc)
applying to both methods of apoptosis detection. D, Quantification of histone-associated DNA
fragments in cytosolic extracts of cortical neurons after rhTWEAK (100 ng/ml) and Fc-hTWEAK
(100 ng/ml) treatment for 24 hr. Values are means � SE (n 	 4) and expressed relative to the
untreated control group. *p � 0.03 (ANOVA; LSD post hoc).

Figure 3. TWEAK induces cell death in primary cortical neurons of the mouse. A, Cortical
neurons at 10 d in vitro were exposed to OGD for 4.5 hr and then incubated under standard
conditions for 24 hr and stained by the TUNEL reaction. Neuronal cell death was reduced by the
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mental group in our MPSS study is rather low for the reliable
detection of transcripts encoding for rare gene products, such as
membrane receptors. If resources were not limiting, one would
have to sequence �1 million tags to achieve a comprehensive
detection of low-abundance transcripts in a complex transcrip-
tome (Trendelenburg et al., 2002). This may explain why we have
missed Fn14 induction in the MPSS experiment. Although Fn14
was discovered as an inducible gene and upregulation has been
reported in other experimental paradigms in vivo (Meighan-
Mantha et al., 1999; Feng et al., 2000; Tanabe et al., 2003), regu-
lation of TWEAK gene expression has fewer precedents. There is
only a single report showing TWEAK mRNAdownregulation in
acute and chronic inflammation (Chicheportiche et al., 2000).

Our data are consistent with neurons expressing Fn14 at both the
protein and mRNA levels. The neuronal expression is strongly stim-
ulated by oxygen glucose deprivation, an in vitro model of cerebral

ischemia. This argues for an upregulation of neuronal Fn14 in cere-
bral ischemia. We show here that TWEAK triggers cell death in cor-
tical neurons as demonstrated by chromatin condensation and in-
crease of DNA strand breaks. Pro-apoptotic effects of TWEAK have
only been observed in tumor cell lines so far (Wiley and Winkles,
2003). Concerning the intracellular mechanism of cell death induc-
tion, it is interesting that TWEAK activated the transcription factor
NF-�B through Fn14 and the I�B� kinase in neurons. It has been
reported recently that in fibroblasts TWEAK induces an early acti-
vation of NF-�B p50/p65 dimers by the classic IKK2–NEMO path-
way, and a long-lasting NF-�B activation via a noncanonical signal-
ing mechanism, involving IKK1 activation and p100 processing
(Saitoh et al., 2003). Because the IKK inhibitor BMS-345541 does
not discriminate between the two catalytic subunits IKK1 and IKK2
(Burke et al., 2003), both pathways may be triggered by the TWEAK
stimulation of cortical neurons for 24 hr. Because the noncanonical

Figure 4. TWEAK activates NF-�B through Fn14 and IKK in cortical neurons. Cortical neurons
were transfected with pNF-�B-Luc, a luciferase fusion gene that contains five binding sites for
NF-�B, and were stimulated by TWEAK for 24 hr. A, B, Fc-hTWEAK ( A) and rhTWEAK ( B) stim-
ulated NF-�B activity in a concentration-dependent manner. C, D, The stimulation of NF-�B by
Fc-hTWEAK ( C) or rhTWEAK ( D) in a concentration of 10 and 100 ng/ml was abrogated by the
neutralizing anti-TWEAK antibody AB.G11 (10 �g/ml added 30 min before stimulation); how-
ever, stimulation by TNF-� (10 ng/ml) was not affected by AB.G11. Controls received an unspe-
cific hamster Ig. *p � 0.05; **p � 0.0001 (ANOVA; LSD post hoc test). E, ITEM-4 (1 �g/ml), an
anti-Fn14 mAb that blocks TWEAK–Fn14 interaction, was added to the medium 20 min before
TWEAK. It partially blocked NF-�B stimulation by rhTWEAK (100 ng/ml). Controls received
unspecific mouse Ig (1 �g/ml). �p � 0.005 (ANOVA; LSD post hoc test). F, NF-�B stimulation
by rhTWEAK or Fc-hTWEAK was inhibited by the IKK inhibitor BMS-345541 (25 �M). *p � 0.04;
**p � 0.0001 (ANOVA; LSD post hoc test). Values are means � SE (n 	 9) of the luciferase
activity expressed in percentage of untreated controls.

Figure 5. TWEAK-induced neuronal cell death is mediated by NF-�B. A, Cortical neurons
were stimulated by drugs for 24 hr and then stained by the TUNEL reaction. The NF-�B inhibitor
SN50 (10 �g/ml) increased the basal rate of TUNEL-positive cells but reduced the proapoptotic
effect of rhTWEAK (100 ng/ml) and Fc-hTWEAK (100 ng/ml) significantly. Values are means �
SE (n 	 3), each performed in duplicate, and are expressed relative to the untreated control.
*p � 0.0001 (ANOVA; LSD post hoc test). B, Cortical neurons from mice expressing the NF-�B
super-repressor (I�B�-SR) or from wild-type littermates were transfected with the luciferase
fusion gene pNF-�B-Luc and the renilla luciferase control plasmid phRL-TK. rhTWEAK (100
ng/ml) stimulated NF-�B less in neurons from I�B�-SR mice than in neurons from wild-type
littermates. Values are means � SE of luciferase activity expressed as percentage of the un-
stimulated control of the same genotype (n 	 18 –22). �p � 0.001 (ANOVA; post hoc test). C,
I�B�-SR-expressing neurons were protected from cell death induced by rhTWEAK (100 ng/ml).
After 24 hr of treatment, apoptotic cells were determined by the TUNEL reaction. Values are
means � SE of four experiments, each counted in quintuplicate, and are expressed relative to
the untreated wild-type group. *p � 0.0001 (Mann–Whitney U test).
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pathway of NF-�B activation is independent from I�B�, this addi-
tional mechanism could explain why NF-�B activation by TWEAK
was only partly inhibited in neurons from NSE-I�B�-SR mice (Fig.
5B). Our data show that NF-�B mediates TWEAK-triggered neuro-
nal cell death, at least in part. Although well known for its anti-
apoptotic action in many cell types, NF-�B actually exerts both pro-
apoptotic and anti-apoptotic effects in neurons, depending on the
stimulus (Pizzi et al., 2002; de Erausquin et al., 2003; Fridmacher et
al., 2003). Potential target genes that could mediate the pro-
apoptotic effect of NF-�B are death receptors (e.g., DR1, DR2),
death receptor ligands such as CD95L or c-myc, and p53 (Aggarwal,
2003). In cell lines there is evidence for multiple pathways of cell
death induced by TWEAK (P. Schneider et al., 1999; Nakayama et
al., 2002, 2003). This suggests that NF-�B may act in conjunction
with other, still unknown signaling pathways to mediate TWEAK-
induced neuronal cell death.

Excessive neuronal NF-�B stimulation contributes to cell

death in cerebral ischemia (A. Schneider et al., 1999). Indeed, a
neutralizing anti-TWEAK antibody reduced the infarct size in a
model of permanent cerebral ischemia. Compared with transient
cerebral ischemia, models of permanent cerebral ischemia pro-
vide a more stringent test of neuroprotection (Chan et al., 1993;
Lou et al., 2004). Even at the center of the ischemic region there is
residual blood flow (Love, 2003). Thus, the antibody can access
the ischemic brain through a permeable blood– brain barrier. In
vivo neutralization of TWEAK may protect against ischemic
brain damage not only by preventing neuronal cell death, but also
by reducing neuroinflammation. In astrocytes, TWEAK stimu-
lates IL-6 and ICAM-1 expression (Saas et al., 2000). Although
protective and detrimental effects of IL-6 are apparently balanced
in cerebral ischemia (Herrmann et al., 2003), ICAM-1 expression
clearly promotes ischemic brain damage (Connolly et al., 1996).

It is intriguing that Tanabe and colleagues (2003) showed that
Fn14 stimulates neurite outgrowth in peripheral neurons. A dual
function of neuronal membrane receptors in regeneration and
neuronal apoptosis is not without precedents. The p75 neurotro-
phin receptor and the receptor for advanced glycation end prod-
ucts are involved in neurite outgrowth and induce neuronal ap-
optosis (Huttunen et al., 2000; Gentry et al., 2004). Notably, both
receptors also stimulate NF-�B activation. In the case of Fn14, the
ligand TWEAK could represent the switch from neurotrophic to
neurotoxic effects because the neurotrophic role of Fn14 is inde-
pendent of TWEAK binding (Tanabe et al., 2003). The differen-
tial expression of TWEAK and Fn14 might function as an auto-
crine or paracrine mechanism regulating neuron survival in
cerebral ischemia and other conditions.
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