
y 194 (2008) 97–106
www.elsevier.com/locate/jneuroim
Journal of Neuroimmunolog
TNF superfamily member TWEAK exacerbates inflammation and
demyelination in the cuprizone-induced model
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Abstract

Inflammatory cytokines have been implicated in the pathology of multiple neurologic diseases, including multiple sclerosis. We examined the
role of the TNF family member TWEAK in neuroinflammation. Cuprizone-fed mice undergo neuroinflammation and demyelination in the brain,
but upon removal of cuprizone from the diet, inflammation is resolved and remyelination occurs. Using this model, we demonstrate that mice
lacking TWEAK exhibit a significant delay in demyelination and microglial infiltration. During remyelination, mice lacking the TWEAK gene
demonstrate only a marginal delay in remyelination. Thus, this study identifies a primary role of TWEAK in promoting neuroinflammation and
exacerbating demyelination during cuprizone-induced damage.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Central nervous system (CNS) inflammation is an important
component of demyelinating disease. The most common
demyelinating disorder, multiple sclerosis (MS), is mediated
by both immune cell infiltration and inflammatory cytokine
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production. Although inflammatory cytokines have tradition-
ally been thought to contribute to the destruction of myelin in
the CNS, recent evidence suggests that inflammation and
inflammatory mediators may also be important contributors to
CNS repair (Liu et al., 1998; Arnett et al., 2001; Kassiotis and
Kollias, 2001). The inflammatory process is an attractive target
for potential therapy but care must be taken to ensure that such
targets do not adversely affect repair processes.

The cuprizone model provides an ideal system to study the
processes of neuroinflammation, demyelination and remyelina-
tion (Suzuki and Kikkawa, 1969; Blakemore, 1972, 1973a,b;
Arnett et al., 2001; Plant et al., 2005, 2006). Cuprizone, a
copper chelating agent, results in a predictable course of
oligodendrocyte cell death and microglial infiltration at the site
of damage in the murine CNS, particularly the midline corpus
callosum. In contrast to the experimental autoimmune ence-
phalomyelitis (EAE) model, where demyelination is dependent
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on CD4+ T cells, demyelination in the cuprizone model is
mediated primarily by resident microglia with a small
contribution from peripheral macrophages (McMahon et al.,
2002). Although considerable attention has been paid in the
literature to the role of CD4+ T cells in MS, evidence exists to
suggest that some inflammatory lesions occur in the absence of
T cell involvement (Lucchinetti et al., 2000). The lesions
observed during cuprizone treatment mimic the type III and type
IV lesions observed in the brains of MS patients (Lucchinetti
et al., 2000). Thus, understanding the inflammatory response in
the cuprizone model may contribute to the elucidation of the
role of the inflammatory response in disease progression and
thereby address CNS pathology caused by this mechanism.
Another major attribute of this model is that cuprizone treatment
results in a predictable time course and pattern of demyelination
and remyelination enabling the study of both phases of disease.

The tumor necrosis factor (TNF) superfamily comprises
greater than 40 signaling molecules and receptors (Hehlgans
and Pfeffer, 2005). Despite structural similarities, each molecule
within the TNF superfamily exhibits distinct, pleiotrophic,
context-dependent effects. The prototypical TNF family
member, TNFα, has been successfully targeted for treatment
of autoimmune and inflammatory diseases, most notably
inhibition of TNFα for the treatment of rheumatoid arthritis
and Crohn's disease (Knight et al., 1993; Mohler et al., 1993;
Targan et al., 1997; D'Haens et al., 2001). TNFα exists in both
membrane bound (memTNF) and soluble forms. Cleavage of
memTNF by TNFα-converting enzyme (TACE) results in
release of the soluble molecule (Black et al., 1997). TNFα
signals through two cell surface receptors, TNF receptors 1
(TNFR1) and 2 (TNFR2) (Brockhaus et al., 1990). TNFR1
contains an intracellular death domain and is expressed by most
cell types; TNFR2 lacks a death domain and is expressed by a
restricted subpopulation. Increasing evidence suggests that
TNFR2 may function in reparative processes (Akerman et al.,
1992; Streit et al., 1998; Ruuls et al., 2001). TNFR2 is
implicated as the major receptor for memTNF signaling (Grell
et al., 1999).

TNF-like weak inducer of apoptosis (TWEAK) (TNFSF12,
Apo3L) is a relatively recently identified member of the TNF
superfamily (Chicheportiche et al., 1997). Similar to many
other members, TWEAK is synthesized as a 30 kDa type II
transmembrane protein, is cleaved to its soluble 19 kDa form
and signals as a trimerized molecule (Chicheportiche et al.,
1997). TWEAK signaling occurs through its only known cell
surface receptor Fn14 (TNFRSF12A, CD266) (Nakayama
et al., 2003; Wiley and Winkles, 2003; Brown et al., 2006)
which lacks a death domain and binds TNF receptor associated
factors (TRAFs) 1, 2, 3, and 5 (Brown et al., 2003). Like other
family members, TWEAK/Fn14 signaling also mediates
context-dependent pleiotropic effects, with potential results
including cell death (Chicheportiche et al., 1997; Nakayama
et al., 2002; Nakayama et al., 2003), cell proliferation
(Desplat-Jego et al., 2002; Jakubowski et al., 2005; Michael-
son et al., 2005; Perper et al., 2006), pro-angiogenic and/or
pro-inflammatory activity via NFκB-driven cytokine and
chemokine secretion and upregulation of ICAM (Campbell
et al., 2004; Campbell et al., 2006). Significant evidence exists
for a role for TWEAK in autoimmune disorders (Chichepor-
tiche et al., 2000). TWEAK is encoded on human chromosome
17p13 (Chicheportiche et al., 1997), which corresponds to a
syntenic region in mice that contains candidate genes for the
lupus-like autoimmune diseases. Furthermore, lupus patients
and mice with lupus-like autoimmune diseases exhibit aberrant
TWEAK expression (Chicheportiche et al., 2000; Kaplan
et al., 2002). TWEAK is dramatically upregulated in a murine
collagen-induced arthritis model and anti-TWEAK neutralizing
monoclonal antibodies significantly reduce disease severity
(Perper et al., 2006). Studies of TWEAK expression in the
CNS have indicated that TWEAK is expressed primarily by
astrocytes and microglia (Desplat-Jego et al., 2002) and is
significantly upregulated in the CNS in EAE (Desplat-Jego
et al., 2005). Furthermore, when subjected to EAE, TWEAK-
overexpressing transgenic mice exhibit exacerbation and
higher mean clinical scores than wildtype animals (Desplat-
Jego et al., 2002). Conversely, anti-TWEAK neutralizing
monoclonal antibodies reduce the clinical severity of EAE
(Desplat-Jego et al., 2005).

Several members of the TNF superfamily have been
implicated in the pathology of MS. TNFα and TNF family
members including lymphotoxin α (Ltα) are increased in EAE
mice and MS plaques (Ruddle et al., 1990; Woodroofe and
Cuzner, 1993; Matusevicius et al., 1996; Navikas et al., 1996;
Korner et al., 1997; Liu et al., 1998; Probert et al., 2000; Arnett
et al., 2001; Kassiotis and Kollias, 2001). Studies in EAE
suggest an exacerbatory role for TNFα in inflammation and
disease progression (Ruddle et al., 1990; Baker et al., 1994;
Klinkert et al., 1997; Probert et al., 2000). However, a clinical
trial designed to inhibit TNFα signaling in patients was halted
due to exacerbation of symptoms (van Oosten et al., 1996;
Lenercept, 1999; Robinson et al., 2001; Sicotte and Voskuhl,
2001). It was subsequently demonstrated in murine MS models
that TNFα may promote repair and immunosuppression as well
as damage (Liu et al., 1998; Arnett et al., 2001; Kassiotis and
Kollias, 2001). In our study of the cuprizone model, we found
that TNFα has a modest exacerbatory effect on demyelination,
but dramatically enhances remyelination via its interaction with
TNFR2 to increase the proliferation of oligodendrocyte
precursors (Arnett et al., 2001). We have further demonstrated
that Ltα exacerbates inflammation and demyelination, as Ltα−/−

mice exhibit delayed demyelination but normal remyelination
(Plant et al., 2005). Similar effects on demyelination were
observed for mice lacking LtβR, which functions as a receptor
for Ltα/β heterodimers (Plant et al., 2007). The latter
experiments suggest that while blockade of TNFα might
produce opposing beneficial and damaging effects on the
myelination process, disrupting Ltα and/or LtβR might only
reduce demyelination without impairing remyelination. Thus
far, studies exploring the role of TWEAK in neuroinflammation
have employed CD4+ T cell-dependent EAE (Desplat-Jego
et al., 2002, 2005) and the role of TWEAK in remyelination has
not been investigated. In the current study, we addressed these
issues using the cuprizone model of demyelination and
remyelination in TWEAK−/− mice.
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2. Materials and methods

2.1. Cuprizone treatment of animals

Male TWEAK−/− (backcrossed 7 generations onto C57Bl/6)
and corresponding wildtype control mice were bred at Biogen
Idec (Cambridge, MA) under an Institutional Animal Care and
Use Committee (IACUC) approved protocol. Animals were
maintained in the UNC animal facilities in accordance with NIH
guidelines. Protocols were approved by IACUC at UNC, Chapel
Hill. All animals were 8–10 weeks of age at the start of cuprizone
treatment. At this time, male wildtype and TWEAK−/− mice were
fed 0.2% cuprizone [oxalic bis(cyclohexylindenehydrazide)]
(Sigma, St. Louis, MO) in ground chow ad libitum. For
demyelination studies mice were treated with cuprizone for 3,
3.5, 4 or 5 weeks. For remyelination studies, mice were treated
with cuprizone for 6 weeks and subsequently returned to normal
chow for an additional 1, 2, 4, 6 or 8 weeks (7, 8, 10, 12 or
14weeks of total treatment). Untreatedmiceweremaintained on a
diet of normal chow for the duration of the study. A minimum of
10 and maximum of 12 mice were examined for each time point.

2.2. Quantitative realtime PCR

Total RNA was isolated from a region of dissected brain
containing the corpus callosum of wildtype mice at 0, 3, 4, 5, 7, 8,
or 10 weeks of cuprizone treatment using the Qiagen RNeasy kit
(Qiagen, Valencia, CA). SybrGreen quantitative realtime PCR
was performed using an ABI Prism 7900 sequence-detection
system (PE Applied Biosystems, Foster City, CA). A 10 μL
reaction containing 10 nM target primers and Marsh Universal
Quantitative PCR Master Mix was used. Intron spanning
TWEAK and Fn14 primers were as follows: TWEAK forward
5'-CGA GCTATT GCA GCC CAT TA-3', TWEAK reverse 5'-
CCT GCT TGT GCT CCA TCC T-3', Fn14 forward 5'-GAC
CTC GAC AAG TGC ATG GA-3', Fn14 reverse 5'-CGC ATC
CCA GGC AGA AGT-3'. Primers for cyclophilin expression
were as follows: forward 5'-AGG TCC TGG CAT CTT GTC
CAT-3', reverse 5'-GAA CCG TTT GTG TTT GGT CCA-3'.
Reactions for cyclophilin were performed in parallel with
TWEAK and Fn14 reactions to control for equal cDNA input.
Thermal cycle parameters were 95 °C for 10 min, 95 °C for 15 s,
60 °C for 1 min for 40 cycles. p-values were obtained for
individual experiments using Student's t tests. A minimum of 4
experiments were performed and representative results are shown.

2.3. Tissue preparation and histological analysis

Mice were deeply anesthetized and perfused sequentially via
intra-cardial puncture with phosphate buffered saline (PBS) and
4% paraformaldehyde (PFA). Brains were removed, post-fixed in
4% PFA overnight at 4 °C and paraffin embedded. 5 μM coronal
brain sections were cut from the fornix region of the corpus
callosum as previously described (Arnett et al., 2001). Subsequent
histological analyses were limited to the midline corpus callosum.
To examine the extent of demyelination and remyelination in the
brains of cuprizone treated mice, paraffin sections were rehydrated
through graded alcohols and stained with Luxol Fast Blue–
Periodic Acid Schiff (LFB–PAS, Sigma, St. Louis, MO). Sections
were scored on a scale of 0 (complete myelination) to 3 (complete
demyelination) by three double-blinded readers as previously
described (Arnett et al., 2001; Plant et al., 2005). p-values were
obtained with Mann–Whitney non-parametric statistical analysis.

2.4. Immunohistochemistry

Sections were deparaffinized and rehydrated through graded
alcohols to PBS. Detection of microglia/macrophages, astro-
cytes, and mature oligodendrocytes was performed using
immunohistochemistry as previously described (Plant et al.,
2005). To detect microglia, sections were stained with
biotinylated RCA-1 (Vector Laboratories, Burlingame, CA)
(1:500) and subsequently stained with AlexaFlor 594— Avidin
D (Molecular Probes, Carlsbad, CA) (1:500). RCA-1 immuno-
positive cells with a DAPI-stained nucleus were quantified
within a 0.033 mm2 area of the midline corpus callosum. Cell
counts represent the average number of positive cells for a
minimum of 10 and a maximum of 12 mice per time point.
Astrogliosis was observed throughout the corpus callosum/
fornix region of treated mice. Sections were stained for glial
fibrillary acidic protein (GFAP) (Dako, Carpinteria, CA) (1:100)
followed by incubation with fluorescein-conjugated goat anti-
rabbit secondary antibody (Vector Laboratories) (1:100). Due to
challenges quantifying this population, stained sections were
scored for degree of astrogliosis on a scale of 0 (normal astrocyte
number) to 3 (severe astrogliosis). MBPwas detected using anti-
MBP antibody (1:1000) (Sternberger Monoclonals Inc, Luther-
ville, MD) followed by fluorescein-conjugated anti-mouse IgG
(Invitrogen) (1:1000). MBP positive area was quantitated using
MetaMorph v5.0 (Universal Imaging, Sunnyvale, CA) and
expressed as percent positive for MBP staining relative to total
image size. To detect mature oligodendrocytes, sections were
incubated with anti-GSTπ (Stressgen) (1:500) overnight at 4 °C.
Sections were subsequently incubated with biotinylated goat
anti-rabbit (1:100, Vector Labs) and Texas red conjugated avidin
D (1:500, Vector Labs). All staining was visualized using
standard florescence microscopy techniques.

2.5. Statistical analyses

Unpaired Student's t tests were used to evaluate data for
statistically significant changes between experimental groups
unless otherwise indicated. For analysis of demyelination and
remyelination by LFB, scores of 3 double-blinded readers were
analyzed using Mann–Whitney non-parametric tests. Data are
expressed as mean+/−S.E.M. unless otherwise noted.

3. Results

3.1. TWEAK and Fn14 RNA expression are increased during the
demyelination and remyelination phases of the cuprizone model

Previous reports indicate that TWEAK and/or Fn14 are
upregulated during inflammatory processes. However, the
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expression patterns of TWEAK and Fn14 in cuprizone-induced
neuroinflammation remain uncharacterized. To determine the
expression patterns of TWEAK and Fn14 during cuprizone
treatment, RNA was isolated from the brains of wildtype mice
after 0, 3, 4, or 5 weeks of cuprizone and analyzed by
quantitative realtime PCR. To control for equal cDNA input,
results were normalized to cyclophilin expression and expressed
as fold induction relative to RNA isolated from untreated
control animals. TWEAK expression remained relatively stable
with a statistically significant but modest increase observed
only at the 5 week (pb0.05) time point (Fig. 1A). A statistically
significant increase in Fn14 expression was observed at 3, 4,
and 5 weeks of cuprizone treatment (pb0.05) with a maximal
induction of nearly 2-fold (Fig. 1B).

To determine if TWEAKmRNA expression is altered during
remyelination, wildtype mice were treated with cuprizone for
6 weeks and then returned to normal chow for 1, 2, or 4 weeks
(7, 8 or 10 weeks total treatment). RNAwas isolated from brain
and analyzed by quantitative realtime PCR. All samples were
normalized to cyclophilin expression. Expression of TWEAK
remained elevated relative to untreated control mice at the
7 week time point (p=0.013) and returned to levels not
significantly different from untreated control animals thereafter.
Fn14 levels were reduced to levels not significantly elevated
Fig. 1. TWEAK and Fn14 mRNA expression in cuprizone treated mice. RNA
was isolated from brains of mice treated with cuprizone for 0, 3, 4 or 5 weeks or
mice treated with cuprizone for 6 weeks and allowed to recover for 1, 2 or
4 weeks (7, 8 or 10 weeks total treatment). RNAwas analyzed by realtime PCR
using gene specific primers against TWEAK (A) or Fn14 (B). TWEAK
expression was significantly increased at 5 and 7 weeks (pb0.05) before
returning to levels not significantly increased relative to baseline. Fn14
expression was significantly increased relative to control (pb0.05) at 3, 4, and
5 weeks. To control for equal RNA input, results were normalized to cyclophilin
expression. Data is expressed as fold induction in TWEAK or Fn14 expression
relative to control. Graphs indicate representative results of a minimum of 4
experiments.
above baseline during all remyelination time points. Thus,
modest upregulation of Fn14 and TWEAK occurs during the
demyelination phase of cuprizone treatment. It is unclear
whether the statistically significant increase in mRNA expres-
sion translates to an increase in protein expression and is
biologically significant. However, due to the soluble nature
of TWEAK and the lack of good reagents for the detection of
murine Fn14 by immunohistochemistry, protein expression of
these molecules was not assessed. Reagents for the detection of
Fn14 by flow cytometry do exist. However, flow cytometry
of the adult brain is exceedingly difficult and we were unable to
detect Fn14 expression using this technique.

3.2. TWEAK exerts effects on demyelination and remyelination
rates in the cuprizone model

To elucidate the role of TWEAK in neuroinflammatory
processes and demyelination, wildtype and TWEAK−/− mice
were treated with 0.2% cuprizone in ground chow for 0, 3, 3.5,
4, or 5 weeks. TWEAK−/− mice exhibited a marked delay in
demyelination of the midline corpus callosum relative to
wildtype animals as determined by LFB–PAS staining at 3.5
and 4 weeks of treatment (Fig. 2A). This delay was significant
at 4 weeks (p=0.044) (Fig. 2B). Thus, these results demonstrate
that TWEAK exacerbates demyelination. Similar effects on
demyelination have been observed for the TNF family members
TNFα, Ltα and LtβR (Arnett et al., 2001; Plant et al., 2005,
2007). As described for other TNF family members, both
wildtype and TWEAK−/− mice were fully demyelinated by the
5 week time point in the face of persistent cuprizone insult.

One of the advantages of the cuprizone model of neuroin-
flammation is that it enables the study of remyelination as well
as demyelination. Following the withdrawal of cuprizone from
the diet, mice remyelinate over a predictable time course. To
assess the role of TWEAK in remyelination, TWEAK−/− and
wildtype mice were treated with 0.2% cuprizone in ground
chow for 6 weeks and then returned to normal chow for an
additional 1, 2, 4, 6 or 8 weeks to allow remyelination of the
CNS (7, 8, 10, 12 or 14 weeks of total treatment) (Fig. 2).
TWEAK−/− mice remyelinated comparably to wildtype mice
through 10 weeks of total treatment (6 weeks of treatment,
4 weeks of recovery) as measured by LFB–PAS staining. A
modest but significant delay in remyelination of TWEAK−/−

mice was observed at the 12 week time point (6 weeks of
treatment, 6 weeks of recovery) (p=0.019). However, it is
important to note that by 14 weeks, the extent of remyelination
in TWEAK−/− and wildtype mice is not significantly different.
Thus, although TWEAK−/− mice exhibit a transient delay in
remyelination, it is insufficient to result in prolonged or severe
remyelination deficiencies in the CNS. This effect is very
different from that observed in TNFα null mice in which there is
a dramatic and prolonged defect in remyelination (Arnett et al.,
2001).

In order to provide a quantitative measurement for the loss of
myelin fibers and to confirm LFB data indicating that TWEAK
exerts an exacerbatory role in demyelination immunohisto-
chemical staining for myelin basic protein (MBP) was



Fig. 2. Time course of demyelination and remyelination in wildtype and TWEAK−/− mice. (A) LFB–PAS stained paraffin sections were graded at the midline corpus
callosum on a scale of 0 (normal) to 3 (fully demyelinated) by 3 double-blinded readers. Dashed box denotes the region of interest. Representative images for 0, 3.5, 4,
5, 10 and 12 weeks of treatment are shown. (B) Graphical representation of demyelination and remyelination in wildtype and TWEAK−/− mice. Each circle represents
the average of 3 scores for one mouse. Wildtype mice are denoted by open circles, TWEAK−/− mice are denoted by filled circles. Horizontal lines denote the median
LFB score for each treatment group. Significant differences in extent of myelination were observed between wildtype and TWEAK−/− mice at 4 weeks (p=0.04431)
and 12 weeks (0.01924). (C, D) Quantitation of myelin basic protein expression in wildtype and TWEAK−/− mice. Paraffin sections of wildtype and TWEAK−/− mice
were stained with antibody to myelin basic protein. MBP positive area was quantitated using MetaMorph v5.0 and expressed as percent positive for MBP staining
relative to total image size. (C) Representative image of MBP stained paraffin sections at 0 and 4 weeks of cuprizone treatment. (D) Percentage of image positive for
MBP relative to total image size. ⁎ denotes conditions in which a significant difference exists between wildtype and TWEAK−/− mice (p=0.01).
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performed. MBP staining revealed a loss of myelin fibers at
4 week time point in wildtype mice (Fig. 2C). Images of MBP
immunohistochemistry at midline corpus callosum were
obtained, MBP positive area quantitated using MetaMorph
v5.0 and results expressed as percentage positive for MBP
relative to total image size (Fig. 2D). Overall levels of MBP
declined over time out to 5 weeks as described in LFB–PAS
studies (compare Fig. 2B and D). A significant difference in
mean relative fluorescence intensity was observed between
wildtype and TWEAK−/− mice after 4 weeks of cuprizone
treatment (p=0.01) demonstrating a delay in loss of myelin
fibers in the TWEAK−/− mice. Thus, immunohistochemistry for



Fig. 4. Astrogliosis in wildtype and TWEAK−/− mice. Paraffin sections of
wildtype and TWEAK−/−mice were stained with antibody against glial fibrillary
acidic protein and counterstained with DAPI. Sections were graded on a scale of
0 (normal) to 3 (extensive astrogliosis) and the results represented graphically.
No significant differences in astrogliosis were observed between wildtype and
TWEAK−/− mice.
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MBP supports the data previously obtained using LFB–PAS
staining.

3.3. TWEAK affects the microglial accumulation but not
astrogliosis during demyelination

The cuprizone model induces neuroinflammation mediated
primarily by microglia and macrophage infiltration at the site of
CNS injury. To determine the role of TWEAK in microglia/
macrophage infiltration, paraffin sections of wildtype and
TWEAK−/− mice were stained with the lectin RCA-1 (10–12
mice/time point) (Suppl. Fig. 1). The number of infiltrating cells
in the midline corpus callosum was calculated and represented
graphically (Fig. 3A). A statistically significant although
moderate reduction in the number of infiltrating microglia and
macrophages in TWEAK−/− mice was observed after 4 weeks
of cuprizone treatment (p=0.02). These data suggest that
TWEAK enhances the accumulation of microglia/macrophages
at the site of inflammation. This difference disappeared by
5 weeks of cuprizone treatment, indicating that this difference
represents a delay in, not a loss of, macrophage/microglia
accumulation. In addition to the use of RCA-1 to detect
microglia and macrophages infiltrating the CNS, PAS scores
were obtained for each LFB–PAS stained section. PAS staining
indicates the extent of infiltrating cells in the corpus callosum,
although this cellularity is not specifically limited to microglia
Fig. 3. Altered microglia/macrophage recruitment in TWEAK−/− mice. Paraffin
sections of wildtype and TWEAK−/− mice were stained with the lectin RCA-1
and counterstained with DAPI. (A) Number of RCA-1+ cells per mm2 were
calculated and represented graphically. ⁎ denotes conditions in which a
significant difference exists between wildtype and TWEAK−/− mice (p=0.02).
(B) LFB–PAS stained paraffin sections were analyzed for cellularity by 3
double-blinded readers. Scores were averaged and the results represented
graphically. ⁎ denotes conditions in which a significant difference exists
between wildtype and TWEAK−/− mice (p=0.002).
and macrophages. PAS scores indicate a statistically significant
reduction in cellularity in TWEAK−/− mice relative to wildtype
animals at the 4 week time point (p=0.002) (Fig. 3B). This data
supports the conclusions obtained from RCA-1 staining of these
animals. There was no significant difference between
TWEAK−/− and wildtype microglia/macrophage accumulation
or cellularity during the remyelination phase (Fig. 3). Taken
together, these data indicate a role for TWEAK in enhancing
neuroinflammation in the demyelination phase during cupri-
zone insult.

Cuprizone treatment results in astrogliosis appearing at
approximately 3 weeks of treatment and sustained through
10 weeks. Evidence in the literature suggests that both TWEAK
and its receptor may be expressed by astrocytes in vivo. In order
to determine the role of TWEAK in astrogliosis, paraffin
sections of wildtype and TWEAK−/− mice were stained for the
presence of the astrocyte marker GFAP by immunohistochem-
istry. The extent of astrogliosis was scored on a scale of 0
(normal astrocyte number) to 3 (extensive astrogliosis). No
statistically significant difference in the extent of astrogliosis
was observed for any of the time points examined (Fig. 4).
These data indicate that TWEAK does not function in
development of astrogliosis in cuprizone treated mice.

3.4. Effects of TWEAK on mature oligodendrocytes during
demyelination

Mature oligodendrocytes are responsible for myelination of
axon fibers, thus oligodendrocyte loss frequently correlates with
increased demyelination in the corpus callosum. However,
because each oligodendrocyte may wrap more than one axon,
these numbers need not correlate directly. To determine whether
reduced or delayed oligodendrocyte loss from the corpus
callosum might be responsible for the observed delay in
demyelination in TWEAK−/− mice, paraffin sections of wild-
type and TWEAK−/− mice were stained for the presence of the
mature oligodendrocyte marker GSTπ by immunohistochem-
istry (Fig. 5A). The number of mature oligodendrocytes in the
midline corpus callosum was calculated and represented



Fig. 5. Loss of mature myelinating oligodendrocytes from the corpus callosum
of wildtype and TWEAK−/− mice. Paraffin sections of wildtype and TWEAK−/−

mice were stained with antibody against glutathione-S-transferase (GSTπ).
(A) Representative pictures of GSTπ stained paraffin sections at 0 and 5 weeks
of cuprizone treatment. (B) Number of GSTπ+ cells per mm2 were calculated
and represented graphically.
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graphically (Fig. 5B). There was a trend towards retention of
greater numbers of oligodendrocytes in the corpus callosum of
TWEAK−/− mice corresponding with reduced demyelination at
the 4 week time point (pb0.06). It is possible that maintaining
higher numbers of processes on each oligodendrocyte con-
tributes to the retention of myelination in TWEAK−/− mice
during cuprizone treatment.

4. Discussion

It is important to study neuroinflammation in diverse animal
models, particularly since the findings from no single model
adequately recapitulate the human disease state of multiple
sclerosis. The copper chelating agent cuprizone results in a
predictable course of demyelination due to oligodendrocyte
death and microglial infiltration, followed by remyelination
after cuprizone exposure is suspended. The pathology involves
areas of demyelination, large numbers of reactive astrocytes,
and activated infiltrating microglia/macrophages such as is
highly similar to that of type III and type IV lesions in the brains
of MS patients (Lucchinetti et al., 2000). Unlike EAE, T cell
infiltration in this model is rare. In further contrast to EAE, the
integrity of the blood brain barrier is maintained during
cuprizone treatment. Previous studies examining the role of
TWEAK in EAE have demonstrated reduced clinical severity
associated with reduced leukocyte infiltration in animals treated
with blocking monoclonal antibodies to TWEAK (Desplat-Jego
et al., 2005). However, a potential role of TWEAK within the
CNS could not be ruled out. In the current study we demonstrate
that a significant delay in demyelination is apparent in
TWEAK−/− mice in a model system in which the blood brain
barrier is not compromised and leukocyte trafficking into the
CNS does not appear to be involved. Therefore, these data
suggest a novel role for TWEAK in exacerbating inflammation
that is operative within the CNS, and is not limited to
enhancement of leukocyte recruitment to the demyelinating
lesion. Pertinent to this intra-CNS function, we further show a
TWEAK-dependent increase in microglia/macrophage accu-
mulation at the site of injury, but no effect on astrogliosis during
the demyelination phase. Taken together, our data support the
notion that TWEAK deficiency can limit the occurrence of
demyelinating lesions by limiting microglial/macrophage
accumulation.

Small discrepancies exist between demyelination data
obtained by LFB staining and MBP immunohistochemistry
although the overall trend remains the same. There are several
possible reasons for these differences. LFB stains myelin,
whereas immunohistochemistry for MBP stains only one
component of the myelin sheath. Furthermore, more than 14
splice forms of MBP exist and detection of all forms requires
numerous antibodies. Due to the exceedingly complex nature of
MBP regulation and the specificity of the antibodies used in
these studies, it is not surprising that the results obtained from
MBP and LFB staining differ slightly. The exacerbatory nature
of TWEAK during demyelination is further supported by the
trend towards the retention of greater numbers of mature
oligodendrocytes in the corpus callosum of TWEAK−/− mice.

The mechanism underlying decreased microglia/macro-
phage accumulation in TWEAK null mice remains to be
elucidated. This could be attributed to a number of mechan-
isms including more efficient recruitment of microglia/
macrophages, prolonged survival and/or more proliferation in
the presence of TWEAK. In agreement with our findings, it
was recently reported that blocking TWEAK decreased
ischemia-induced microglial activation in the CNS (Yepes
et al., 2005). TWEAK can be expressed by both astrocytes and
microglia. TWEAK receptor, Fn14, is expressed by astrocytes
(Saas et al., 2000), monocytes (Kaplan et al., 2002) and
macrophages (Kim et al., 2004), though microglial expression
of Fn14 has not been reported. These expression patterns
suggest two possibilities that are not mutually exclusive. Toxic
insult induces TWEAK production by microglia and astrocytes
that directly impacts microglia/macrophages, or induces
astrocyte production of cytokines, including IL-6 (Saas et al.,
2000), thereby indirectly impacting microglia. Regardless of
the underlying mechanism, the ability to limit lesions with
pathology similar to the types III and IV lesions of MS patients
suggests a promising application for TWEAK inhibition in
MS.



Fig. 6. Comparison of roles of TNFα, Ltα and TWEAK during demyelination
and remyelination. Differences between median LFB scores of wildtype and
TWEAK−/− mice were calculated as score of wildtype mice minus score of
TWEAK−/− mice (grey line, triangles). For comparison to previously studied
members of the TNF superfamily median differences between wildtype and
TNFα−/− mice (black line, squares) and wildtype and Ltα−/− mice (dashed grey
line, diamonds) are also shown. Ltα exhibits a dramatic exacerbatory effect on
demyelination and has no effect on remyelination. TNFα exhibits a modest
effect on demyelination and a dramatically enhances remyelination. TWEAK
exerts an intermediate response on demyelination, and a small transient effect on
the remyelination phase.
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The time course of cuprizone treatment allows the study of
both demyelination and remyelination. This is of particular
importance in assessing the role of molecules that may be
suitable targets for drug therapy. As an illustration, increased
TNFα production is observed in MS, EAE and cuprizone
treatment (Liu et al., 1998; Arnett et al., 2001; Kassiotis and
Kollias, 2001). Thus, it would appear that TNFα may represent
a viable therapeutic target for the treatment of demyelinating
disease. However, TNFα inhibition in MS patients resulted in
exacerbation of patient symptoms (van Oosten et al., 1996;
Lenercept, 1999; Robinson et al., 2001; Sicotte and Voskuhl,
2001). Later studies examining the role of TNFα in remyelina-
tion revealed that TNFα is an essential factor in efficient repair
of the CNS (Liu et al., 1998; Arnett et al., 2001; Kassiotis and
Kollias, 2001). In order to directly compare the relative
contributions of TNFα and other family members we have
studied to date, we compiled LFB difference scores from studies
of TNFα, Ltα and TWEAK. Data are expressed as the
difference in median LFB scores between cuprizone-fed
knockout and wildtype mice (calculated as median LFB score
of wildtype mice minus the median LFB score of knockout
mice) for each study (Fig. 6). The fact that mice in the current
study remyelinated somewhat more slowly than in previous
studies (Arnett et al., 2001; Plant et al., 2005) indicates standard
experimental variability and is the reason wildtype animals are
included for direct comparison in all experiments. TNFα exerts
a modest exacerbatory effect on demyelination. Ltα exerts the
greatest exacerbatory effect on demyelination. TWEAK exerts a
moderate exacerbatory effect on demyelination, but does so at a
later time point than either TNFα or Ltα, thus possibly
suggesting a different mechanism may be responsible. Only
TNFα markedly contributes to the remyelination process in
cuprizone treated mice. Further studies are warranted to
investigate whether the marginal delay in remyelination in
TWEAK−/− mice is of any significant biological consequence.

In conclusion, this study represents the first report of the role
of TWEAK in a microglia/macrophage-mediated model of
demyelination where the blood brain barrier remains intact and
the first examination of the role of TWEAK in remyelination.
The delay in demyelination in TWEAK−/− mice is concomitant
with a delay in microglia/macrophage infiltration and an
increase in oligodendrocytes in the corpus callosum. Oligoden-
drocyte loss and astrogliosis proceed normally in the absence of
TWEAK, and there is only a transient marginal delay in
remyelination. Thus, we believe that inhibition of TWEAKmay
represent a promising therapeutic approach to treat MS.
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