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Cuprizone inhibits mitochondrial function and induces demyelination in the corpus callosum, which resembles pattern III lesions in
multiple sclerosis patients. However, the molecular and cellular mechanism by which cuprizone induces demyelination remains unclear.
Interleukin-17 (IL-17) secreted by T helper 17 cells and ��T cells are essential in the development of experimental autoimmune enceph-
alomyelitis. In this study, we examined the importance of IL-17 signaling in cuprizone-induced demyelination. We found that mice
deficient in IL-17A, IL-17 receptor C (IL-17RC), and adaptor protein Act1 (of IL-17R) all had reduced demyelination accompanied by
lessened microglial and polydendrocyte cellular reactivity compared with that in wild-type mice in response to cuprizone feeding,
demonstrating the essential role of IL-17-induced Act1-mediated signaling in cuprizone-induced demyelination. Importantly, specific
deletion of Act1 in astrocytes reduced the severity of tissue injury in this model, indicating the critical role of CNS resident cells in the
pathogenesis of cuprizone-induced demyelination. In cuprizone-fed mice, IL-17 was produced by CNS CD3 � T cells, suggesting a source
of IL-17 in CNS upon cuprizone treatment.

Introduction
Multiple sclerosis (MS) is a chronic disease of the CNS with path-
ological characteristics including inflammation, demyelination,
gliosis, and axonal injury (Steinman, 2001; Sospedra and Martin,
2005). The pathology of the actively demyelinating lesions was
analyzed and categorized into distinct patterns (Lucchinetti et al.,
1999, 2000). While experimental autoimmune encephalomyelitis
(EAE) can effectively model the pattern I and pattern II lesions
(Storch et al., 1998), cuprizone-induced demyelination resembles
pattern III lesions. Cuprizone inhibits mitochondrial function, re-
sulting in oligodendrocyte apoptosis and demyelination, which can
yield mechanistic insights into the pathogenesis of pattern III lesions
(Matsushima and Morell, 2001; Kipp et al., 2009).

Interleukin-17A (IL-17A), also called IL-17, is produced by
the T helper 17 (Th17) subsets of CD4� T cells and also secreted
by natural killer (NK) T cells, CD8� T cells, and �� T cells
(Iwakura et al., 2011). IL-17 is the index member of the IL-17
cytokine family, which includes IL-17A to IL-17F (Gaffen, 2011).
IL-17 is involved in the pathogenesis of human and animal auto-

immune diseases as well as allergen-specific immune responses
(Cua et al., 2003; Aujla et al., 2008; Ishigame et al., 2009; Lin et al.,
2009; Cua and Tato, 2010). IL-17 levels are elevated in CNS dis-
eases such as motor neuron disease (Fiala et al., 2010), neurobor-
reliosis (Nordberg et al., 2011), and MS (Brucklacher-Waldert et
al., 2009). EAE is markedly suppressed in mice lacking IL-17 or
IL-17 receptor (IL-17R) (Komiyama et al., 2006; Ho et al., 2010).
Additionally, IL-17 has been implicated in other nonimmune
neuroinflammatory processes including stroke, ischemia–reperfu-
sion and oxygen–glucose deprivation, peripheral nerve injury or
spinal cord contusion injury as well as both viral and bacterial cere-
bral infection (Bai et al., 2008; Lees et al., 2008; Reboldi et al., 2009;
Shichita et al., 2009; Sutton et al., 2009; van Leeuwen et al., 2009;
Wang et al., 2009; Lee et al., 2010). In summary, IL-17 is expressed in
CNS innate as well as adaptive immune processes and appears to
constitute an intrinsic neuroinflammatory cytokine.

Both receptor subunits of IL-17 (IL-17 RA and IL-17RC) be-
long to a newly defined protein family with a conserved cytoplas-
mic termed SEF/IL-17R (SEFIR) domain (Novatchkova et al.,
2003). We previously reported that Act1 is a key component in
IL-17 signaling (Leonardi et al., 2000; Li et al., 2000; Qian et al.,
2002, 2007). Act1 contains a SEFIR domain at the C terminus and
is therefore a member of the SEFIR protein family (Novatchkova
et al., 2003). Upon IL-17 stimulation, Act1 is recruited to IL-17R
through the SEFIR domain, followed by recruitment of the kinase
TAK1 and E3 ubiquitin ligase TRAF6 that mediate downstream
nuclear factor-�B activation. Act1 deficiency results in reduced
EAE severity (Kang et al., 2010). Remarkably, mice lacking Act1
in myeloid or endothelial cells were EAE susceptible, while those
deficient for Act1 in neuroepithelial (derived from Nestin-
positive) cells were resistant to disease induced by Th17 cells
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(Kang et al., 2010). These results suggested that direct signaling
by IL-17 to resident CNS cells was neurotoxic in the context of
EAE. In this study, we aimed to determine the role of IL-17-
induced Act1-mediated signaling for cuprizone-induced demy-
elination, which mimics the pattern III lesions of MS.

Materials and Methods
Mice and cuprizone treatment. Act1-deficient C57BL/6 mice were generated
as described previously (Qian et al., 2004). C57BL/6J mice (B6 mice) were
purchased from The Jackson Laboratory. IL-17RC-deficient mice were pro-
vided by Dr. Wenjun Ouyang (Genentech ) (Zheng et al., 2008). IL-17-
deficient mice were provided by Dr. Yoichiro Iwakura (The Institute of
Medical Science, The University of Tokyo, Japan) (Nakae et al., 2002). All the
strains are C57BL/6 background (by backcrossing with C57BL/6 mice for at
least 12 generations) and were housed under specific pathogen-free condi-
tions. For all experimental groups, age- and sex- matched mice were used
(8–10 weeks old). Unless specified, female mice were used for the experi-
ments. Experimental protocols were approved by the Institutional Animal
Care and Use Committee of the Cleveland Clinic. Eight- to 10-week-old
mice were fed cuprizone (0.2%, w/w; TD.06172; Harlan) to induce demyeli-
nation for 1–4 weeks while matched mice fed regular food were included as
controls (Liu et al., 2010).

Myelin staining and quantification. Black-gold staining was performed
according to a protocol adapted from the manufacturer (Millipore Bio-
science Research Reagents). Briefly, three free-floating sections from
each mouse were stained in Eppendorf tubes with 300 �l of 0.2% black-
gold solution at 65°C for 10 min. After staining with black-gold, sections
were carefully matched and imaged by a three-charge-coupled device
video camera interfaced with an Image-Pro Plus Analysis System (ver-
sion 4.1.0.0; Media Cybernetics) and analyzed with NIH Image J1.34 s.
The threshold was set to black-gold staining within each gated corpus
callosum and held constant for images obtained at equal objectives and
light intensities from slides that were processed in one session. Data
represent demyelinated tissue areas (void of black-gold staining) ex-
pressed as percentages of total corpus callosum areas.

Electron microscopy. For electron microscopy, mice were anesthetized
and perfused with 1� Sorenson’s buffer followed by solution containing
4% paraformaldehyde (PFA) and 2.5% glutaraldehyde. Brains were
sliced into 1 to 2 mm sections, the sections containing the hippocampus
area were trimmed, and cross sections of the corpus callosum were ob-
tained. Sections were postfixed in the same solution overnight at 4°C,
then sections were embedded in Araldite resin. Semithin sections were
stained with 1% toluidine blue staining at 65°C for a few seconds, washed
several times with water, and then dehydrated and mounted with Per-
mount (Fisher Scientific). Thin sections were cut and stained with uranyl
acetate and lead citrate. G-ratios, defined as the diameter of the axon
divided by the diameter of the axon and myelin, were calculated by
ImageJ. Ten pictures were randomly chosen for each mouse, and 50 –100
fibers per picture were calculated. At least three mice per strain per time
point were analyzed. The data are shown as G-ratio and total number of
myelinated fibers.

TUNEL assay. Sections were processed for TUNEL staining using a kit
from the manufacturer (Roche). Briefly, free-floating tissue sections from
controls or cuprizone-treated mice were incubated with Target Retrieval
Solution, pH 6.0 (DAKO) for 30 min in an 85°C water bath and then stained
with the TUNEL kit following the manufacturer’s instruction. Then sections
were counterstained with 4�,6�-diamidino-2-phenylindole dihydrochloride
(DAPI). Data are representative of at least three mice per group.

ELISA. IL-17 levels were assayed by a mouse IL-17A ELISA kit (Bio-
Legend). All procedures followed the manufacturer’s instruction.
Intracellular staining and flow cytometry. Fluorescence-conjugated CD4
[fluorescein isothiocyanate (FITC; RM4-5)], CD8 (PE,53.6.7), T-cell
receptor-�� [phycoerythrin (PE), GL3)], CD45 (allophycocyanin, 30-
F11), Ly6G (PE, 1A8), IL-17 (PE, TC11-18H10.1), and CD3 (FITC, 145–
2C11) monoclonal antibodies and isotype controls were all purchased
from BD Biosciences or eBiosciences. F4/80 (FITC, A3-1) was obtained
from Serotec. For cell surface staining, cells were blocked with 1% BSA
plus 2 �g/ml CD16/32 FcR blocker (BD Biosciences) for 30 min on ice.

Then cells were incubated with antibodies for 30 min on ice. Cells were
then washed three times and fixed by 1% PFA. For intracellular staining,
cells were restimulated with 30 ng/ml phorbol 12-myristate 13-acetate
(PMA) (Sigma) and 1 �g/ml ionomycin (Sigma) for 5 h with the addition
of 1 �M monensin (BD Biosciences) for the last 2 h. Then cells were fixed
with Cytofix/Cytoperm buffer (BD Biosciences) before incubation with
anti-IL-17, anti-CD4, and anti-� chain for 30 min on ice. Cells were then
washed three times and analyzed on a FACSCalibur flow cytometer (Bec-
ton Dickinson). Data were analyzed by FlowJo software (Tree Star).

Histological staining and analysis. For histological and immunohisto-
chemical analysis of CNS tissues, mice were transcardially perfused with
ice-cold PBS, followed by 4% PFA solution, under anesthesia. Thirty-
micrometer-thick coronal sections of the brain were cut on a sliding
microtome (Leica Microsystems ). For immunostaining, sections were
pretreated as necessary in a water bath (90°C) for 20 min in sodium
citrate antigen retrieval buffer (Dako), pH 6.0, and then cooled for 30
min. Next, sections were incubated overnight with primary antibod-
ies at 4°C. Rat anti-mouse CD45 monoclonal antibody (Serotec) and
rabbit anti-mouse PDGF receptor � (PDGFR-�; gift from Dr. William
Stallcup, Burnham Institute for Medical Research, La Jolla, CA) were
used as primary antibodies. Antigens were visualized following incuba-
tion with horseradish peroxidase (HRP)-conjugated secondary antibod-
ies (Molecular Probes). HRP-conjugated antibodies were visualized by
the addition of DAB (3,3�-diaminobenzidine, SK-4100; Vector Laborato-
ries) as substrate. Quantification of the percentage of area occupied by im-
munoreactivity, the number of cells in lesions (number per unit area), or the
percentage of immunoreactive cells among total cells was performed as pre-
viously described (Liu et al., 2006).

Real-time PCR. Total RNA was extracted from corpus callosum with TRI-
zol (Invitrogen) according to the manufacturer’s instructions. The Super-
Script First-Strand Synthesis System (Invitrogen) was used to synthesize
cDNA from 2 �g of total RNA. The cDNA was resuspended in 200 �l of
H2O, and 5 �l of cDNA samples were used for real-time PCR in a total
volume of 25 �l of SYBR Green Reagent (Invitrogen) and specific primers.
All gene expression results are expressed as arbitrary units relative to ex-
pression of the gene encoding �-actin. Fold induction of gene expression
in the corpus callosum after cuprizone treatment was determined by divid-
ing the relative gene expression of the experimental samples by the mean
relative gene expression of the control samples from naive mice.

Statistical analysis. p Values were determined by Student’s t tests. Un-
less otherwise specified, all results are shown as mean � SEM; p � 0.05
was considered significant.

Results
Cuprizone-induced demyelination was reduced in
Act1-deficient mice
To determine the impact of Act1 deficiency on cuprizone-
induced demyelination, we fed age- and sex-matched wild-type
and Act1-deficient mice cuprizone-containing food and killed
the mice at different time points (2– 4 weeks). Histochemical
staining of myelin with aurohalophosphate complexes (black-
gold staining) detected extensive demyelination in corpus callo-
sum of wild-type mice, especially following 4 weeks of cuprizone
feeding (Fig. 1A). Cuprizone-induced demyelination was much
reduced in Act1-deficient mice compared with that in wild-type
mice. Demyelination is often accompanied by remyelination in
MS and cuprizone-induced lesions. The dynamic demyelina-
tion–remyelination process is also observed during the develop-
ment of cuprizone-induced lesions. In particular, cuprizone
treatment for more than 3 weeks causes the appearance of large
numbers of apoptotic cells. Repair of myelin damage in the adult
CNS requires oligodendrocyte progenitor cell (OPC) prolifera-
tion and subsequent differentiation into remyelinating oligoden-
drocytes (Rivers et al., 2008). PDGFR-�� cells in CNS represent
a population of OPCs. OPC proliferation and oligodendrocyte
regeneration are impaired in PDGFR-� heterozygotes after cu-
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prizone treatment (Murtie et al., 2005). We
thus analyzed PDGFR-�� OPCs 4 weeks af-
ter cuprizone treatment in both groups.
PDGFR-�� OPCs (also termed polydendro-
cytes) dramatically increased in the corpus
callosum of wild-type mice 3– 4 weeks after
beginning cuprizone feeding (Fig. 1B). It was
reported that cuprizone induced cell death of
mature oligodendrocytes in corpus callosum
(Jha et al., 2010). By in situ TUNEL assay, we
found that cuprizone-induced cell death in
corpus callosum was much reduced in Act1-
deficient mice compared with that in control
mice (Fig. 1C). Electron microscopic analysis
showed more healthy-appearing myelinated
axons in the corpus callosum of Act1-
deficient mice than in wild-type controls
(Fig. 1D). Collectively, these results demon-
strated that cuprizone-induced demyelina-
tion was much more severe in wild-type mice
than in Act1-deficient mice.

Cuprizone-induced damage of
oligodendrocytes was transient in
Act1-deficient mice
We next examined the direct toxic impact of
cuprizone feeding on the differentiated func-
tions of oligodendrocytes, as monitored by
levels of myelin protein messages, encoding
myelin basic protein (MBP) and 2�,3�-cyclic
nucleotide 3�-phosphodiesterase (CNPase)
in the corpus callosum of the wild-type and
Act1-deficient mice. As shown in Figure 1E,
cuprizone treatment led to similar rapid loss
of MBP and CNPase in the corpus callosum
of wild-type and Act1-deficient mice during
the first week of treatment, indicating equiv-
alent direct toxicity of cuprizone for oligo-
dendrocytes in both groups of animals.
However, myelin protein mRNAs showed a
substantial and dramatic rebound in the cor-
pus callosum of Act-deficient mice but not in
wild-type control mice, despite continuous
cuprizone feeding of both groups. These data
suggested that cuprizone-induced damage to
oligodendrocytes in wild-type mice was se-
vere and prolonged, whereas the toxicity of
cuprizone was transient and reversible in
Act1-deficient mice.

Cuprizone-induced microglial accumulation and leukocyte
infiltration are reduced in Act1-deficient mice
Cuprizone-induced demyelination is accompanied by robust
myeloid-cell accumulation mainly derived from proliferation
of resident microglia (Remington et al., 2007). As shown in
Figure 2 A, abundant CD45 � cell accumulation was observed
in the corpus callosum of wild-type mice, especially following
3– 4 weeks of cuprizone treatment, whereas only a mild in-
crease of CD45 � cells was detected in Act1-deficient mice
(Fig. 2 B). To determine whether these CD45 � cells included
infiltrated leukocytes, we performed flow cytometric analysis
of mononuclear cells from the brain 4 weeks after cuprizone
feeding. As shown in Figure 2C, we detected infiltrating leu-

kocytes (CD45 hi cells) in the brain after cuprizone feeding,
including macrophages, neutrophils, conventional T cells, and
�� T cells. Infiltrated leukocytes were substantially more nu-
merous in wild-type mice than in Act1-deficient mice (Fig.
2 D). More than 60% of CD45 � cells were microglia cells in
both groups by flow cytometric analysis, as previously re-
ported (Remington et al., 2007). Together with our previous
report (Liu et al., 2010), these data implicate leukocyte infil-
tration in the pathogenesis of cuprizone-induced demyelina-
tion, and it is also plausible that Act1 signaling is critical for
leukocyte infiltration after cuprizone feeding. Consistent with
this hypothesis, we detected inflammatory gene expression in
the corpus callosum of wild-type mice, including tumor ne-

Figure 1. Act1-deficient (Act1 �/�) mice are less susceptible to cuprizone-induced demyelination. A, Act1 �/� or
Act1 �/� mice were fed 0.2% cuprizone food for 2, 3, or 4 weeks. Black-gold staining shows demyelination after cuprizone
treatment (left). Percentage of myelinated corpus callosum at different time points is shown (right). B, Corpus callosum from
cuprizone-treated mice was stained with anti-PDGFR-� antibodies (left). Quantification of PDGFR-�-positive cells is shown
(right). C, Cell death in the corpus callosum of Act1 �/� or Act1 �/� mice (fed cuprizone for 4 weeks) was measured by TUNEL
assay. Green indicates dead cells, and blue indicates DAPI staining. D, Electron microscopy of corpus callosum of Act1 �/� or
Act1 �/� mice after 4 weeks of cuprizone feeding. E, Act1 �/� or Act1 �/� mice were fed 0.2% cuprizone food for 0 – 4
weeks. Corpus callosum was dissected under a dissecting microscope, and the expressions of MBP and CNPase were analyzed
by real-time PCR. Quantification of myelinated axons is shown. The experiment was repeated three times, and the data are
shown as mean � SEM; n � 5/group. *p � 0.05, **p � 0.005.
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crosis factor-� (TNF-�), IL-1�, IL-18, NLRP3, and CCL2, the
last of which may play a critical role in promoting the infiltra-
tion of inflammatory monocytes after cuprizone treatment.
Importantly, cuprizone-induced inflammatory gene expres-
sion in the corpus callosum was substantially reduced in Act1-
deficient mice compared with that in wild-type mice as shown
in Figure 2, E and F.

IL-17A-Act1 axis is important for
cuprizone-induced demyelination
Receptor subunits for IL-17A and IL-17F (IL-17 RA and IL-
17RC) belong to the IL-17R family, including three additional
members: IL-17RB, IL-17RD, and IL-17RE. While IL-17E and IL-

17B bind IL-17RB (Chang and Dong, 2011; Swaidani et al., 2011), to
induce Th2 cytokines, IL-17C is the ligand for IL-17RE (Chang et al.,
2011; Ramirez-Carrozzi et al., 2011; Song et al., 2011). Importantly,
it has now been well documented that Act1 is the adaptor protein for
signaling mediated by the different members of IL-17 and IL-17R
family. To determine the role of the IL-17A–Act1 axis in cuprizone-
induced demyelination, we fed age- and sex-matched wild-
type, IL-17A-, and IL-17RC-deficient mice cuprizone-
containing food. Cuprizone-induced demyelination was much
reduced in IL-17A- and IL-17RC-deficient mice compared with that
in wild-type mice (Fig. 3A,D). The response of the OPCs to cupri-
zone (PDGFR-�� cell accumulation) (Fig. 3B,E) and cuprizone-
induced microglial activation were much reduced in IL-17A- and

Figure 2. Decreased inflammatory reaction in the CNS of Act1-deficient mice. A, Act1 �/� or Act1 �/� mice were fed 0.2% cuprizone food for 2, 3, or 4 weeks. Corpus callosum was stained with
anti-CD45 antibody. B, Quantification of CD45 immunoreactivity is shown (right). C, MNCs were isolated from Act1 �/� or Act1 �/� mice after 4 weeks of cuprizone feeding and analyzed by flow
cytometry. Cells were gated on the CD45 hi population, and the frequency of cell subsets is shown. Data are representative of five mice for each group. D, Absolute number of different cell subsets from
one brain is shown. E, Gene expression in corpus callosum from each group was measured by real-time PCR after 4 weeks of cuprizone feeding. The experiment was repeated three times, and the
data are shown as mean � SEM, except when specified; n � 5/group. *p � 0.05, **p � 0.005.
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IL-17RC-deficient mice compared with
that in wild-type mice (Fig. 3C,F ). To-
gether, these data demonstrate that IL-
17A-induced Act1-mediated signaling
via IL-17RC is critical for cuprizone-
induced demyelination.

Specific deletion of Act1 in astrocytes
reduced the severity of
cuprizone-induced demyelination
These studies left unresolved which cells
were direct targets for IL-17 action during
cuprizone-induced demyelination. Our
previous data indicated that IL-17-induced
Act1-mediated signals to neuroepithelial
cells derived from Nestin� progenitors
were critical for the pathogenesis of EAE
(Kang et al., 2010). Of neuroepithelial cells,
astrocytes constitute the most cytokine-
reactive elements. In our previous study
(Kang et al., 2010), we demonstrated that
astrocytes are highly responsive to IL-17.
Upon IL-17 stimulation, astrocytes produce
high levels of inflammatory cytokines (IL-6,
TNF, and granulocyte macrophage-colony
stimulating factor) and chemokines (CCL2,
CXCL1, and CXCL2), which might mediate
the recruitment of leukocytes as well as neu-
rotoxicity. To determine the role of Act1 sig-
naling to astrocytes in cuprizone-induced
demyelination, we fed wild-type and
astrocyte-specific Act1-deficient mice cu-
prizone chow for 4 weeks and analyzed the
severity of demyelination by histochemical
black-gold staining. Astrocyte-specific
Act1-deficient mice showed less demy-
elination in corpus callosum (Fig. 4 A)
than wild-type controls. Cuprizone-
induced PDGFR-� � cell accumulation
(Fig. 4 B) and microgliosis (Fig. 4C)
were not observed in astrocyte-specific
Act1-deficient mice. These results indicate
that specific deletion of Act1 in astrocytes
reduced the severity of cuprizone-induced
demyelination.

CD3 � T cells are a source of IL-17 in
response to cuprizone treatment
Since IL-17-induced Act1-mediated signal-
ing is crucial for cuprizone-induced demy-
elination, it was of interest to define the CNS
cellular source of IL-17 in response to cupri-
zone. We performed flow cytometry on the
mononuclear cells (MNCs) isolated from
the brains of cuprizone-treated wild-type
mice. As shown in Figure 5A, only 0.1%
CD45intSSClow cells produced IL-17, while
4.4% CD45hiSSClow cells secreted IL-17,
suggesting that IL-17 was mainly derived
from infiltrating lymphocytes. Impor-
tantly, whereas 12.4% CD45 hiCD3 �

cells in the brain produced IL-17, only
0.9% CD45hiCD3� cells in the spleen were

Figure 3. IL-17RC-mediated signaling is critical for cuprizone-induced demyelination. IL-17RC �/� or IL-17RC �/� mice were fed
0.2% cuprizone food or regular food for 4 weeks. A, Black-gold staining shows demyelination after cuprizone treatment (left). The percent-
age of myelinated corpus callosum at different time points is shown (right). B, Corpus callosum from cuprizone-treated mice was stained
with anti-PDGFR-� antibody (left). Quantification of PDGFR-� positive cells is shown (right). C, Corpus callosum was stained with anti-
CD45 antibody (left). Quantification of CD45 immunoreactivity is shown (right). D, IL-17 �/� or IL-17 �/� mice were fed 0.2% cuprizone
food for 4 weeks, and mice fed regular food were included as controls. Black-gold staining shows demyelination after cuprizone treatment
(left). Percentage of myelinated corpus callosum at different time points is shown (right). E, Corpus callosum from cuprizone-treated mice
was stained with anti-PDGFR� antibody (left). Quantification of PDGFR-� positive cells is shown (right). F, Corpus callosum was stained
with anti-CD45 antibody (left). Quantification of CD45 immunoreactivity is shown (right). The data are shown as mean � SEM; n �
5/group. *p � 0.05, **p � 0.005.
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IL-17 positive, suggesting that IL-17 was induced in CNS CD3� T
cells rather than in the periphery in response to cuprizone (Fig. 5B).
In support of this hypothesis, we detected high levels of IL-17 (�100
pg/ml) in the supernatant of brain MNCs restimulated with PMA
and ionomycin compared with 20 pg/ml from peripheral
MNCs. Together, these data suggest that IL-17 produced by
CNS CD3 � T cells is one of the sources of IL-17 upon cupri-
zone treatment.

Discussion
Previous studies have clearly demonstrated the indispensable role
of IL-17 in the induction and pathogenesis of EAE, which resem-
bles the pattern I and II MS lesions driven by T cell-mediated
autoimmune inflammatory response. In this study, we show for
the first time that IL-17-mediated signaling plays a critical role in
cuprizone-induced demyelination, which shares similarities with
pattern III MS lesions associated with apoptosis of myelin-
forming oligodendrocytes and pronounced loss of oligodendro-
cytes. Interestingly, mice deficient in IL-17A, IL-17RC, and
adaptor protein Act1 (of IL-17R) displayed diminished demyelina-
tion, microglial accumulation, and leukocyte infiltration compared
with that in wild-type mice in response to cuprizone. Importantly,
astrocytes are highly responsive to IL-17 in vitro, and selective dele-
tion of Act1 in astrocytes ameliorated cuprizone-induced demyeli-
nation. Together, these results suggest that IL-17-mediated signaling
in astrocytes contributes to the pathogenesis of cuprizone-induced
demyelination.

IL-17 is an inflammatory cytokine that upregulates the ex-
pression of stimulus-responsive genes in various tissue cells, in-

cluding astrocytes. Cuprizone-induced
inflammatory cytokines (including
TNF-�, IL-1�, and IL-18) in the corpus
callosum were substantially reduced in
vivo in Act1-deficient mice compared
with wild-type mice. Previous studies
showed delayed demyelination and oligo-
dendrocyte loss in IL-18�/� (Mason et al.,
2001) and TNF-��/� (Arnett et al., 2001)
mice during cuprizone-induced demyeli-
nation and lack of IL-1� signaling re-
duced remyelination in this disease model
(Mason et al., 2001). Therefore, it is pos-
sible that IL-17-mediated signaling im-
pacts cuprizone-induced demyelination
at the level of induction of inflammatory
cytokines such as TNF-�, IL-1�, and IL-
18. It has indeed been shown that astro-
cytes can produce both TNF-� and IL-1�
in response to IL-17 stimulation, which
may be partially responsible for the im-
pact of astrocyte-specific IL-17 signaling
on cuprizone-induced demyelination.

IL-17 derived from CD4� Th17 lym-
phocytes plays an important role in hu-
man and mouse autoimmune and
inflammatory diseases, including MS and
EAE. IL-17 is produced by varied cell
types, including CD8� T cells, ��T, and
NK cells as well as CD4� Th17 cells. In-
terestingly, we found that IL-17 was pro-
duced by CNS CD3� T cells (including
CD4, CD8, and �� T cells) in response to
cuprizone. It is worthwhile to consider
how cuprizone feeding leads to accumula-

tion of IL-17-producing T cells. Cuprizone (bis-cyclohexanone-
oxaldihydrazone) is a copper chelator that inhibits
mitochondrial function. Recent studies showed that the inflam-
masome sensor NLRP3 plays an important role in cuprizone-
induced demyelination (Jha et al., 2010). Nlrp3�/�, casp1�/�,
and IL-18�/� mice all showed reduced demyelination in re-
sponse to cuprizone feeding compared with that in wild-type
control mice. These results suggest that the inflammasome sensor
NLRP3 probably promotes CNS inflammation and demyelina-
tion via caspase-1 and IL-18, implicating NLRP3 as a sensor,
directly or indirectly, for cuprizone-induced cellular stress. In-
deed, IL-18 (lying downstream of NLRP3) induces IL-17 produc-
tion by T cells, promoting CNS inflammation and demyelination
(Lalor et al., 2011). Whereas CD3� cells were shown as a source
of IL-17 upon cuprizone treatment, it does not rule out other
possible sources of IL-17 in this model, as suggested by previous
studies (Tzartos et al., 2008). An important question is whether
the neurotoxic effects of cuprizone are sufficient to mediate de-
myelination without additional stressors for oligodendrocytes. It
was previously reported that oligodendrocytes could be incu-
bated in vitro with cuprizone without undergoing apoptosis, but
that addition of inflammatory cytokines induced oligodendro-
cyte cell death (Pasquini et al., 2007), strongly suggesting that
cuprizone was not sufficient to mediate demyelination and also
that the apoptotic event was not entirely cell autonomous (since
the inflammatory cytokines came from microglia-conditioned
media). Furthermore, NOS�/� mice are resistant to cuprizone-
induced demyelination (Liñares et al., 2006), showing that demy-

Figure 4. Specific deletion of Act1 in astrocytes reduced the severity of cuprizone-induced demyelination. Astrocyte-specific
Act1-deficient mice or wild-type control mice were fed 0.2% cuprizone food for 4 weeks and mice fed regular food were included
as controls. A, Black-gold staining shows demyelination after cuprizone treatment (left). The percentage of myelinated corpus
callosum at different time points is shown (right). B, Corpus callosum from cuprizone-treated mice was stained with anti-PDGFR�
antibody (left). Quantification of PDGFR-� positive cell is shown (right). C, Corpus callosum was stained with anti-CD45 antibody
(left). Quantification of CD45 immunoreactivity is shown (right). The experiment was repeated three times, and the data are shown
as mean � SEM; *p � 0.05.
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elination in vivo is not mediated entirely by the toxic effects of
cuprizone. Further, these data imply that cuprizone induces de-
myelination by a neurotoxic process that is not cell autonomous
with respect to oligodendrocytes since NOS1 is expressed by neu-
rons. As we previously published, the direct neurotoxic effects of

cuprizone can be assayed by the drastic reduction of myelin pro-
tein message expression within corpus callosum at weeks 1–2 of
cuprizone feeding, consistent with literature reports of this
model (Matsushima and Morell, 2001; Liu et al., 2010). However,
our present finding that these neurotoxic changes are reversible

Figure 5. CNS CD3 � cells are a source of IL-17 upon cuprizone treatment. C57BL/6 mice were fed 0.2% cuprizone food for 4 weeks, and mononuclear cells were isolated from the brain. Spleen
cells were also collected. Cells were restimulated with PMA and ionomycin for 6 h. Golgi inhibitors were added in the last 2 hours. Cells were then stained with the indicated surface markers and
anti-IL-17. A, Flow cytometric analysis shows the frequency of IL-17-producing leukocytes (CD45 hi) and microglia cells (CD45 int). Data are representative of 10 mice per group. B, The frequency of
IL-17-producing CD45 hi CD3 � cells in the CNS and in the splenocytes is shown. Data are representative of 10 mice per group.

Figure 6. “Two-hit ” model for cuprizone-induced demyelination. First hit: Upon cuprizone treatment, most of the oligodendrocytes lose differentiated function and partially undergo apoptosis,
leading to the release of intracellular substances such as heat shock proteins (HSPs), ATP, reactive oxygen species (ROS), and nucleic acids. While HSPs and nucleic acids activate TLR signaling in
microglia to upregulate the expression of pro-IL-1� and pro-IL-18, ATP and ROS activate inflammasomes in microglia to promote the release of IL-18 and IL-1�, which then in turn act on T cells to
polarize them to IL-17-producing cells. Second hits: IL-17 targets CNS resident cells such as astrocytes to produce chemokines, TNF-�, and ROS. While chemokines lead to the recruitment of
neutrophils and monocytes, TNF and ROS can promote cell death in the CNS and enhance cuprizone-induced demyelination.
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in cuprizone astrocyte-specific Act1-deficient mice indicates that
a “second hit” is required, in addition to cuprizone-induced mi-
tochondrial dysfunction, to bring about oligodendrocyte cell
death and demyelination. Our data in the present study indicate
that this second hit must involve signaling of IL-17 to astrocytes.
An intriguing observation in the cuprizone model is that oligo-
dendrocytes do survive the initial loss of differentiated function
(reflected by myelin protein gene expression). However, the
mechanism by which they survive and recover full differentiated
function remains under investigation. Empirically, however, it is
clear that in an environment in which oligodendrocytes do not
undergo apoptosis [as in Cxcr2�/� mice (Liu et al., 2010)] or in
NOS1�/� mice (Liñares et al., 2006)], the oligodendrocytes do
recover. Here we report that oligodendrocytes recover in Act1-
deficient mice despite continued exposure to cuprizone, suggest-
ing IL-17 signaling through its receptor and the adaptor Act1 are
implicated in the induction of oligodendrocyte apoptosis in
cuprizone-fed mice.

Our data suggested that specific deletion of Act1 in astrocytes
reduced the severity of cuprizone-induced demyelination. How-
ever, this does not exclude the possibility that Act1 in other CNS
resident cell types (such as oligodendrocyte lineages) may also be
important for cuprizone-induced demyelination. Future studies
are required to clarify this issue by generating oligodendrocyte-
specific Act1-deficient mice.

In summary, we propose that cuprizone treatment, directly or
indirectly, activates the NLRP3 inflammasome, resulting in the
release IL-18 and IL-1, which elicit IL-17 production by CNS
infiltrating T cells, etc. In turn, IL-17 acts on CNS resident cells
such as astrocytes to amplify the inflammatory cascade, contrib-
uting to cuprizone-induced oligodendrocyte cell death and de-
myelination as shown in Figure 6.
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