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Apoptosis signal-regulating kinase 1 (ASK1) is an evolutionarily conserved

mitogen-activated protein kinase (MAPK) kinase kinase which plays important

roles in stress and immune responses. Here, we show that ASK1 deficiency

attenuates neuroinflammation in experimental autoimmune encephalomyelitis

(EAE), without affecting the proliferation capability of T cells. Moreover, we found

that EAE upregulates expression of Toll-like receptors (TLRs) in activated

astrocytes and microglia, and that TLRs can synergize with ASK1-p38 MAPK

signalling in the release of key chemokines from astrocytes. Consequently, oral

treatment with a specific small molecular weight inhibitor of ASK1 suppressed

EAE-induced autoimmune inflammation in both spinal cords and optic nerves.

These results suggest that the TLR-ASK1-p38 pathway in glial cells may serve as a

valid therapeutic target for autoimmune demyelinating disorders including

multiple sclerosis.
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INTRODUCTION

Apoptosis signal-regulating kinase 1 (ASK1) is one of a growing

number of mitogen-activated protein kinase (MAPK) kinase

kinases identified in the c-Jun N-terminal kinase (JNK) and p38

MAPK pathways (Ichijo et al, 1997). ASK1 is activated by

various cytotoxic stressors as well as receptor-mediated

inflammatory signals, such as lipopolysaccharide (LPS) and

tumour necrosis factor (TNF), and mediates diverse biological

signals leading to cell death, differentiation and senescence

(Chiang et al, 2006; Saitoh et al, 1998; Tobiume et al, 2001).

Recent studies have shown that ASK1 is an evolutionarily

conserved signalling intermediate for innate immunity (Kim et

al, 2002; Matsuzawa et al, 2005). In mammals, Toll-like

receptors (TLRs) activate p38, JNK and NF-kB cascades, leading

to the induction of many key cytokine genes (Akira & Takeda,

2004; Beutler, 2004). Among them, ASK1 specifically mediates

LPS-induced TLR4 signalling to p38 through a reactive oxygen

species (ROS)-dependent pathway in dendritic cells and

splenocytes (Matsuzawa et al, 2005). This finding provided a
EMBO Mol Med 2, 504–515 www.embomolmed.org
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unique link between cellular stress responses and innate

immunity. On the other hand, several lines of evidence suggest

that ASK1 plays key roles in human diseases that are closely

related to dysfunction of cellular responses to oxidative stress

and endoplasmic reticulum (ER) stressors (Harada et al, 2006;

Kadowaki et al, 2005; Nishitoh et al, 2002, 2008; Takeda et al,

2007). However, these studies focused only on the mechanisms

of neural cell death and the detailed function of ASK1 signalling

in other cell types in the central nervous system (CNS) is still

unknown.

Multiple sclerosis (MS) is an inflammatory disease of the CNS

characterized by progressive immune-mediated destruction of

the myelin sheath (Sospedra &Martin, 2005). The inflammatory

process is thought to be mediated in part by T lymphocytes and

microglia/macrophage that are recruited to the CNS in response

to chemotactic signals. Recent studies have shown that

astrocyte-derived chemokines such as monocyte chemoattrac-

tant protein (MCP-1), regulated on activation normal T-cell

expressed and secreted proteins (RANTES) and macrophage

inflammatory protein-1a (MIP-1a), may play a role in the

migration of inflammatory cells into the CNS (Nair et al, 2008;

Tanuma et al, 2006; Van Der Voorn et al, 1999). We previously

demonstrated that a specific inhibitor of glial cell activation

suppressed the release of these key chemokines from astrocytes,

thereby ameliorated the severity of experimental autoimmune

encephalomyelitis (EAE), an animal model of MS (Guo et al,

2007). Astrocytes are the most abundant cell type in the

mammalian CNS and, as well as microglial cells, they are

thought to have the potential to affect the immune response by

serving as antigen-presenting cells in the target organ (Con-

stantinescu et al, 2005; Girvin et al, 2002). On the other hand,

TLR activation in astrocytes may promote an anti-inflammatory

and neuroprotective response in human MS (Bsibsi et al, 2006).

Several studies have reported that TLR4 and TLR9 may regulate

disease severity of EAE, but the detailed functions of TLRs

during MS/EAE are still controversial (Kerfoot et al, 2004; Marta

et al, 2008; Prinz et al, 2006). In the present study, we attempted

to elucidate the potential role of TLRs-ASK1 signalling in glial

cells. Our data revealed that ASK1-p38 axis is required for

chemokine productions in astrocytes through multiple TLRs. In

addition, ASK1 deficiency or inhibition of ASK1 using a

pharmacological tool attenuated the severity of EAE, suggesting

that TLR-ASK1-p38 pathway in glial cells is a potential

therapeutic target for the treatment of MS.
RESULTS

Role of ASK1 on the severity of CNS inflammation, optic

neuritis and visual function

In order to elucidate the role of ASK1 and its downstream

effector pathway(s) during neuroinflammation, we first exam-

ined myelin oligodendrocyte glycoprotein (MOG)-induced EAE

susceptibility in ASK1�/� and wild-type (WT) mice. The disease

incidence of EAE was not different between WT and ASK1�/�

mice, but the severity of the paralytic symptoms was much

lower in the ASK1�/� mice than WTmice (Fig 1A). Since EAE is
www.embomolmed.org EMBO Mol Med 2, 504–515
a T-cell-mediated autoimmune disease, we assessed the effect of

ASK1 deficiency on T-cell proliferation capability and cytokine

profiles. Freshly isolated lymph node cells fromWTand ASK1�/�

MOG-immunized mice were stimulated with MOG or Con-

canavalin A (ConA). No significant differences in the T-cell

proliferation responses were found between the T cells of WT

and ASK1�/� mice (Fig 1B and Fig S1A of Supporting

Information). Furthermore, analyses of both in vitro T-cell-

derived cytokine release and intracellular cytokine profiles

revealed no difference between the two genotypes (Fig S1B–D of

Supporting Information), indicating ASK1 deficiency has no

effect on the polarization of naive T-cell.

Histopathological investigation of the spinal cords of EAE

mice revealed that, in ASK1�/� mice, the number of infiltrating

cells in the white matter was drastically reduced (Fig S2A of

Supporting Information) and the extent of demyelination was

milder relative to WTmice (upper panels in Fig 1C). In addition,

the increase in the number of glial fibrillary acidic protein

(GFAP)-positive astrocytes and iba1-positive microglial cells

upon EAE induction was considerably lower in ASK1�/� mice

(middle and lower panels in Fig 1C; Fig S2B and C of Supporting

Information).

As MS often induces visual disturbance, we next examined

the effect of ASK1 deficiency on the severity of optic neuritis.

EAE-induced inflammation and demyelination in the optic nerve

were milder in ASK1�/� mice than WT mice (upper panels in

Fig 1D and Fig S3A of Supporting Information). In addition, the

number of degenerating axons was reduced in ASK1�/� EAE

mice (middle and lower panels in Fig 1D; Fig S3B of Supporting

Information). We next investigated the visual functions of EAE

mice using multifocal electroretinograms (mfERG), an estab-

lished non-invasive method for effectively measuring visual

function (Harada et al, 2007). The response topography

demonstrated that the visual function of WT EAE mice was

impaired in all visual fields, but it was clearly unaffected in

ASK1�/� EAE mice (Fig 1E and Fig S4 of Supporting

Information). Taken together, these data demonstrate that

ASK1 deficiency attenuates both the histological and functional

aspects of EAE-induced CNS inflammation and demyelination.

TLR-ASK1 activation in glial cells in EAE

Since the accumulation of activated astrocytes was reduced in

the lesion sites of ASK1�/� EAE mice, we next examined the

expression levels of MCP-1, RANTES and MIP-1a, which are the

key chemokines implicated in the pathogenesis of EAE, in the

spinal cord at 12 and 40 days after disease induction (d12 and

d40, respectively). The expression of all three chemokines was

increased significantly in WT EAE mice, and this chemokine

induction was considerably reduced in ASK1�/� mice at d40

(Fig 2A) but not at d12 when ASK1�/� EAE disease reached its

peak (Fig S5 of Supporting Information). In addition, activated

microglial cells may secrete proinflammatory molecules such as

tumour necrosis factor a (TNFa) and nitric oxide, which

accelerate the progress of demyelination (Selmaj et al, 1991;

Steinman et al, 2002). LPS-induced TNFa release and the

production of inducible nitric oxide synthase (iNOS) were

significantly reduced in ASK1-deficient cells when compared
� 2010 EMBO Molecular Medicine 505
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Figure 1. ASK1 deficiency attenuates EAE-induced

CNS inflammation, demyelination and glial

activation.

A. Clinical evaluation of EAE in wild-type (WT)

(n¼ 13) and ASK1�/� (n¼15) mice during a period

of 40 days after MOG immunization.

B. Proliferative responses of MOG-specific T cells

isolated from WT and ASK1�/� mice (n¼ 4).

C. Representative histology of the spinal cords in EAE

mice. Lumbar spinal cords were stained with LFB

and HE (upper panels) and either an anti-GFAP

(middle panels) or anti-iba1 antibody (lower

panels). Scale bar: 40mm for the upper panel and

220mm for the middle and lower panels.

D. Representative histology of the optic nerves in EAE

mice. Optic nerves were stained with LFB and HE

(upper panels) or toluidine blue for the semithin

transverse sections (middle panels). The arrows

point to the degenerating axons, which were

observed further with a transmission electron

microscope (TEM; lower panels). Scale bar:

100mm for the upper panel, 50mm for the middle

panel and 15mm for the lower panel.

E. The averaged visual responses from six mice in

each group were examined by multifocal elec-

troretinograms. The visual stimulus was applied to

seven different areas in the retina. The seven

individual traces demonstrate the average

responses to the visual stimulus at the corre-

sponding stimulus area (upper panels). Three-

dimensional plots show the amplitude variation

across the arrays (lower panels). Values are given

in nV per square degree (nV/deg2).
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withWT cells (Fig 2B).We next examined TLR expression levels

in EAE mice. Real-time PCR (RT-PCR) analysis of messenger

RNA (mRNA) extracted from spinal cord revealed that TLR4 and

TLR9 expression levels were significantly upregulated at d40 in

WT EAE mice (Fig 2C). Consequently, immunohistochemical
� 2010 EMBO Molecular Medicine
analysis demonstrated a significant increase in both TLR4 and

TLR9 protein levels in activated astrocytes (Fig 3A and B) and

microglia (Fig 3C and D). These results suggest potential roles

for TLR-ASK1 signalling in astrocytes and microglia in the

pathogenesis and disease progression of EAE.
EMBO Mol Med 2, 504–515 www.embomolmed.org
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Figure 2. Activation of TLR-ASK1 signalling in glial cells during neuroinflammation.

A. Impaired chemokine production in the spinal cords of ASK1�/� EAE mice (n¼ 4). mRNA expression levels of MCP-1, RANTES and MIP-1a at d40 after MOG

immunization were determined using quantitative real-time PCR. GAPDH was used as an internal control. ��p<0.01; �p< 0.05.

B. Reduced production of TNFa and iNOS in ASK1-deficient microglial cells (n¼4). Cells were stimulated for 16 h with LPS (1mg/ml) or left unstimulated (NS).

TNFa concentrations in the supernatants were determined by ELISA, and iNOSmRNA expression levels weremeasured by quantitative real-time PCR. �p<0.05.

C. TLR3, TLR4 and TLR9 mRNA expression levels in the spinal cord were determined by quantitative real-time PCR analysis (n¼ 6). ���p< 0.001; ��p<0.01.
Effect of TLR-ASK1 signalling on chemokine productions in

astrocytes

Toll-like receptors activate the p38, JNK and NF-kB cascades,

leading to the induction of many key cytokine genes (Akira &

Takeda, 2004). Since there was a decrease in the accumulation

of activated astrocytes in the lesion sites of ASK1�/� EAE mice,

we investigated the effect of ASK1 deficiency on TLR signalling

pathways in cultured mouse astrocytes. To this aim, we

examined whether TLR ligands activate p38 and JNK using

antibodies against phosphorylated proteins. Stimulation with

LPS (a ligand for TLR4) or unmethylated cytosine phosphate

guanine (CpG) deoxyribonucleic acid (DNA) (a ligand for TLR9)

induced strong phosphorylation of p38 in a time-dependent

manner and only slight activation of JNK in WT astrocytes

(Fig S6A of Supporting Information). Western blotting analysis

demonstrated that TLR-induced p38 activity was significantly

reduced in ASK1-deficient astrocytes (Fig 4A), while the

phosphorylation of JNK was unaffected (Fig S6B of Supporting

Information). In contrast, the TLR-induced NF-kB activation
www.embomolmed.org EMBO Mol Med 2, 504–515
pattern in ASK1-deficient astrocytes was indistinguishable from

WT astrocytes (Fig S6B of Supporting Information). To explore

the biological functions of TLR-ASK1-p38 signalling, we next

measured the release of key chemokines from WT and ASK1-

deficient astrocytes using an enzyme-linked immunosorbent

assay (ELISA). TLR-induced secretion of MCP-1, RANTES and

MIP-1a in ASK1-deficient astrocytes was significantly lower

than in WT astrocytes (Fig 4B). In order to confirm that TLR-

ASK1-p38 pathway is responsible for the changes in chemokine

production, we have pre-treated the WT astrocytes with a p38

inhibitor. The production of the aforementioned chemokines was

significantly inhibited by the p38 inhibitor (Fig S7 of Supporting

Information), demonstrating that in astrocytes, the ASK1-p38

pathway contributes to TLR-mediated chemokine production.

ASK1-specific inhibitor ameliorates the severity of EAE and

optic neuritis

The previous experiments using ASK1�/� mice suggest that the

pharmacological inhibition of ASK1 activity might be beneficial
� 2010 EMBO Molecular Medicine 507



Research Article
Role of ASK1 signalling during neuroinflammation

Figure 3. TLR upregulation in glial cells in EAE.

A. Representative double-labelling immunohistochemistry for TLR4 or TLR9 with GFAP in the white matter of the spinal cord. Scale bar: 30mm.

B. Quantification of the double-stained areas per unit area (0.048mm2) in (A). The results are expressed as percentages of the wild-type non-EAE (WT) mice

(n¼ 4). ��p< 0.001; �p< 0.01.

C. Representative double-labelling immunohistochemistry for TLR4 or TLR9 with iba1 in the white matter of the spinal cord. Scale bar: 30mm.

D. Quantification of the double-stained areas per unit area (0.048mm2) in (C). The results are expressed as percentages of the wild-type non-EAE (WT) mice

(n¼ 4). ��p< 0.001; �p< 0.01.
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for the treatment of EAE and optic neuritis. To this aim, we have

performed a high-throughput screening with purified ASK1 and

have identified one small molecule inhibitor Hit Series. The

most potent compound from the Series, MSC1946002A, showed

a moderate inhibition of the enzymatic activity of ASK1 (IC50 of

3000� 320 nM). Medicinal chemistry optimization efforts to

improve the potency and the in vitro absorption, distribution,

metabolism and excretion (ADME) properties have led to the

identification of the lead compound MSC2032964A (Fig 5A).

This compound showed not only a high potency on ASK1 (IC50

of 93� 16 nM), but also an excellent selectivity profile.
� 2010 EMBO Molecular Medicine
MSC2032964A was tested against a panel of 210 kinases

(Table S1 of Supporting Information). The kinases were initially

screened at a single concentration of 10mMMSC2032964A, and

any kinases whose activity was inhibited by over 70% were

selected for determination of IC50 values. An IC50 value of less

than 10mMwas only found for two kinases: ASK1 at 93 nM and

CK1d at 4800 nM (Fig 5B). In addition, the profiling of

MSC2032964A revealed an excellent overall in vitro ADME

profile. In particular, it showed a very good metabolic stability

(<4ml/min/mg, as measured by intrinsic human and rat

microsomal clearance), a good apparent permeability (Papp:
EMBO Mol Med 2, 504–515 www.embomolmed.org
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Figure 4. ASK1 is required for TLR ligand-induced

p38 activation and chemokine production in

astrocytes.

A. Effect of ASK1 on TLR ligand-induced p38 acti-

vation. Astrocytes derived from WT or ASK1�/�

(KO) mice were stimulated with the indicated

concentration of the specific TLR ligand for

30min, followed by immunoblot analysis of total

and phosphorylated p38 in cell lysates.

B. Impaired chemokine production in ASK1-deficient

astrocytes (n¼ 4). Cells were stimulated for 16 h

with LPS (10mg/ml), unmethylated CpG DNA

(1mM) or left unstimulated (NS). Concentrations

of MCP-1, RANTES and MIP-1a in culture medium

were measured by ELISA. ���p<0.001; ��p<0.01;
�p< 0.05.

Figure 5. Chemistry optimization and IC50s of

ASK1 inhibitor.

A. Medicinal chemistry optimization led to the

identification of the compound MSC2032964A.

B. MSC2032964A showed IC50 values below 10mM

for only two kinases: ASK1 and CK1d, at 93 and

4800 nM, respectively.
51� 10�6 cm/s, measured in Caco-2 cells) and a moderate

tendency to be bound to plasma protein (5–7% unbound

fraction for both human and rat serum). In vivo rat

pharmacokinetics of MSC2032964A confirmed these findings

and showed an excellent oral bioavailability of 82% (5mg/kg,

administered as a suspension), a moderate clearance (1.1 L/kg/

h), a long half-life (5.2 h) and a high volume of distribution (Vss:

1.0 L/kg), indicating widespread distribution above total body

water and accumulation in some peripheral compartments

(Fig 6 and Table S2–4 of Supporting Information). Interestingly,

MSC2032964A was exposed in brain (ratio of the exposure

in brain over the exposure in plasma is 0.55, after dosing

0.6mg/kg, iv). Pharmacokinetics in mice showed very similar

results (data not shown).

Since MSC2032964A showed outstanding overall in vitro and

in vivo profiles, and has a very good exposure in brain, we
www.embomolmed.org EMBO Mol Med 2, 504–515
proceeded for further validation of this compound as a

therapeutically effective ASK1 inhibitor. First, we tested

MSC2032964A in in vivo inflammation models and found that

it blocked LPS-induced ASK1 and p38 phosphorylation in

cultured mouse astrocytes (Fig 7A). Next, we examined the

effect of pharmacological inhibition of ASK1 enzymatic activity

during EAE using MSC2032964A. The disease incidence of EAE

was not different between vehicle- and 30mg/kg

MSC2032964A-treated groups, but MSC2032964A induced a

significantly attenuated disease course after d18, nearly

reproducing the phenotype observed in ASK1�/� mice

(Fig 7B). Consistent with these results, histopathological

analysis of the spinal cord demonstrated reduced demyelination

(upper panels in Fig 7C) and decreased astrocyte and microglia

activation (middle panels in Fig 7C) in the MSC2032964A-

treated EAE group. In addition, MSC2032964A partially
� 2010 EMBO Molecular Medicine 509
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Figure 6. In vivo pharmacokinetics study of MSC2032964A in rats.

Concentrations in plasma and brain were measured at different time points.

The average for each group was expressed as mean� SEM (n¼3 for each

group).
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prevented optic nerve demyelination (lower panels in Fig 7C).

Consequently, the average visual responses were significantly

preserved in the MSC2032964A-treated EAE group (Fig 7D),

further suggesting the strong potential of ASK1 inhibition as a

treatment of MS and optic neuritis.

To elucidate whether MSC2032964A has targets other than

ASK1, we also investigated the effect of MSC2032964A on the

chemokine production in ASK1�/� EAE mice. Spinal cords from

WT EAE, ASK1�/� EAE treated with MSC2032964A or vehicle

were sampled on d20 after MOG immunization. Quantitative

RT-PCR analysis revealed significantly reduced chemokine

production in ASK1�/� EAEmice compared with WT EAE mice.

However, no difference was found between ASK1�/� EAE mice

treated with MSC2032964A or vehicle (Fig 8). These results

demonstrate a high selectivity of MSC2032964A for ASK1 during

EAE, and thus introducing this compound to mice that lack

ASK1 has no additional effects on the suppression of cytokine

production.
DISCUSSION

Our present results suggest that TLR-ASK1-p38 signalling in

astrocytes regulates chemokine production and recruitment of

activated microglia into the lesion site. In addition, the same

signalling pathway in microglial cells seems to modulate the

progress of demyelination by altering the release of proinflam-

matory components such as TNFa and iNOS. With dramatically

increased glial TLR4 and TLR9 expression in EAE mice, our

findings are consistent with previous reports showing that TLR4-

or TLR9-mediated innate immunity contributes to the pathogen-

esis of EAE (Kerfoot et al, 2004; Prinz et al, 2006). In addition,

mice deficient in the TLR adaptor protein Myeloid differentiation

factor 88 (MyD88) were completely resistant to MOG-induced

EAE (Prinz et al, 2006). Since TRAF6-ASK1-p38 axis is a part of
� 2010 EMBO Molecular Medicine
MyD88-dependent pathway (Akira & Takeda, 2004; Beutler,

2004) and ASK1 had no effect on T-cell proliferation capability

(Fig 1B), it seems to be reasonable that all ASK1�/� mice

developed EAE with decreased severity.

In ASK1-deficient astrocytes, LPS-induced activation of p38

was attenuated, but neither JNK activation nor the signalling

pathway leading to the activation of NF-kB was affected (Fig S4

of Supporting Information). Although the reason for the lack of

impairment of JNK and NF-kB activation in ASK1-deficient cells

is unclear, activation of ASK1-p38 axis might be more tightly

regulated than pathways involving other MAP3Ks such as TAK1

and MEKK3 (Akira & Takeda, 2004; Beutler, 2004; Wang et al,

2001). ASK1 is required for ROS-dependent p38 activation

through TLR4 in dendritic cells, but either LPS or unmethylated

CpG DNA could activate this pathway in astrocytes. One

plausible explanation for this discrepancy is that expression

level and the upregulation pattern of TLRs vary between species,

cell types or culture conditions, in response to different stimuli

(Bsibsi et al, 2006; Carpentier et al, 2005; Jack et al, 2005;

McKimmie & Fazakerley, 2005). Moreover, a recent study

showed that ROS is also produced downstream of TLR9

signalling in macrophages (Lee et al, 2008). TLR9 is known

to recruit multiple Toll-interleukin 1 receptor domain-contain-

ing adaptors such as MyD88, TRAF6, TIRAP/Mal and the

kinases RICK/RIP2 and IRAK, which eventually activates p38

(Akira & Takeda, 2004; Beutler, 2004). Thus, it seems to be

reasonable that both TLR4- and TLR9-dependent signalling

pathways could activate the ASK1 pathway in astrocytes. In

addition, LPS-induced TNFa production was partially sup-

pressed in ASK1-deficient microglial cells, suggesting a possible

role of ASK1 deficiency in TNFa signalling (Fig 2B). Although

our data strongly indicate that TLRs-ASK1-p38 pathways play

important roles in the severity of EAE (Figs 4 and 7 and Fig S6 of

Supporting Information), we cannot exclude the possibility that

a deficient TNF-ASK1-p38 MAPK pathway might partly account

for the alleviated severity of EAE in ASK1�/� mice. Another

important point is that glial TLRsmay induce the production of a

variety of neurotrophic factors, which lead to the protection of

surrounding CNS cells (Bsibsi et al, 2006). Since glia–glia and

glia–neuron networks utilizing neurotrophic factors play

important roles in the CNS (Harada et al, 2000, 2002), more

detailed functions of the TLR-ASK1 pathway in resident glial

cells, especially its beneficial and adverse roles during CNS

inflammation, should be elucidated.

A recent study demonstrated that ASK2, a new ASK1 family

member, formed a heteromeric complex with ASK1, and ASK2

in this complex exhibited sufficient basal activity toward the

JNK and p38 pathways as a MAP3K (Takeda et al, 2007). Since

ASK2 also activates ASK1 by direct phosphorylation, endogen-

ous ASK2 expression level may modulate the capacity and

sensitivity of downstream signalling pathways including p38.

Thus, detailed ASK2 gene expression profiles in various cell

types and functional analysis using ASK2�/� and ASK1�/�/

ASK2�/� mice will be required in future investigations. In our

study, the phosphorylation of ASK1, which is required for

ASK1 activation, was inhibited by MSC2032964A in cultured

astrocytes (Fig 7A). This finding might be explained by two
EMBO Mol Med 2, 504–515 www.embomolmed.org
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Figure 7. Effect of MSC2032964A on LPS-induced

ASK1 activation in vitro and the severity of EAE

in vivo.

A. Effect of MSC2032964A on LPS-induced ASK1

activation, as assessed by the phosphorylation of

ASK1, p38 and JNK in cultured mouse astrocytes.

Confluent astrocytes seeded in 12-well plates

were pre-treated with MSC2032964A (10mM) for

90min and then treated with LPS (10mg/ml) for

30min. Cell lysates were subjected to immuno-

blotting with the indicated antibodies.

B. Clinical evaluation of EAE mice treated with

vehicle (n¼ 7) or MSC2032964A (n¼ 7) for a

period of 40 days after MOG immunization.

C. Representative histology of the spinal cords and

optic nerves of EAE mice treated with vehicle or

MSC2032964A. Lumbar spinal cords were stained

with LFB and HE (upper panels) and either an anti-

GFAP or anti-iba1 antibody (middle panels), and

optic nerves were stained with LFB and HE (lower

panels). Scale bar: 150mm for the upper three

panels and 20mm for the lower panel.

D. Averaged visual response amplitudes from each

mouse group (n¼7) were examined by multifocal

electroretinograms. �p<0.05. Values are given in

nV per square degree (nV/deg2).
mechanisms: the compound inhibited an upstream component

required for the activation of ASK1, or the compound inhibited

ASK1 phosphorylation by directly binding to it. Thus, it is

possible that ASK2, which acts upstream of ASK1, could also be

a target of MSC2032964A. However, ASK2 contributes little in

ROS-induced p38 activation (Iriyama et al, 2009). Combined with

the findings that MSC2032964A demonstrated almost no inhibi-
www.embomolmed.org EMBO Mol Med 2, 504–515
tion on other upstreamkinases such asGCK (Table S1), it seems to

be more likely for MSC2032964A to act directly on ASK1.

Optic neuritis is an acute inflammatory demyelinating

syndrome of the CNS that often occurs in MS, and even a past

history of idiopathic optic neuritis is a risk factor for developing

MS (Optic Neuritis Study Group, 2008). Here, we assessed the

effect of ASK1 deficiency on the severity of optic neuritis, and
� 2010 EMBO Molecular Medicine 511
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The paper explained

PROBLEM:

Multiple sclerosis is an autoimmune and inflammatory disease of

the CNS that causes neurological disability in young adults. To

date, there is no cure for this debilitating disease. We previously

demonstrated that a specific inhibitor of glial cell activation

suppressed the release of some key chemokines from astrocytes,

thereby ameliorating the severity of EAE, an animal model of MS.

In the present study, we attempted to elucidate a potential role

of TLRs–ASK1 signalling in glial cells during MS.

RESULTS:

By using ASK1 knockout mice, we demonstrated that ASK1

deficiency attenuates neuroinflammation in EAE, without

affecting the proliferation capability of T cells. Moreover, we

found that EAE upregulates expression of TLRs in activated

astrocytes andmicroglia, and that TLRs can synergize with ASK1-

p38 MAPK signalling in the release of key chemokines from

astrocytes. Furthermore, oral treatment with a specific small

molecular weight inhibitor of ASK1 suppressed EAE-induced

autoimmune inflammation in both spinal cords and optic nerves.

IMPACT:

These findings suggest that the TLR-ASK1-p38 pathway in glial

cells may serve as a valid therapeutic target for autoimmune

demyelinating disorders including MS.

512
demonstrated reduced optic nerve inflammation and axonal loss

in ASK1�/� mice. In addition, we measured visual function of

EAEmice in vivo, and showedmild visual disturbance inASK1�/�

mice. These results suggest a possibility that ASK1 is a potential

therapeutic target for optic neuritis that may occur independent

of, or as a complication of MS. Although the detailed etiology of

irreversible optic neuritis is yet unknown, several studies reported

that glutamate neurotoxicity may play a role in the pathogenesis

of CNS inflammation (Bal-Price & Brown, 2001;Maier et al, 2007).

Interestingly, stimulation of astrocytes with TLR ligands inhibits

expression of GLAST, a major glial glutamate transporter, and

reduces glutamate uptake activity (Scumpia et al, 2005). We

recently found that GLAST-deficient mice show glaucomatous
Figure 8. Selective inhibition of ASK1 by MSC2032964A during EAE. ASK1�/�

EAE mice were administrated with vehicle or MSC2032964A (30mg/kg), and

mRNA expression levels of MCP-1, RANTES and MIP-1a at day 20 after MOG

immunization were detected using quantitative real-time PCR. GAPDH was

used as an internal control. �p< 0.05.
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optic nerve degeneration due to increased glutamate neurotoxi-

city and oxidative stress (Harada et al, 2007). These observations

suggest that TLR-mediated innate immunity may be involved in

the pathogenesis of various neurodegenerative diseases (Boivin

et al, 2007; Kilic et al, 2008) including glaucoma (Shibuya et al,

2008). We are currently investigating the severity of optic nerve

degeneration in GLAST�/� EAE mice as well as GLAST�/�/

ASK1�/� mice (Harada et al, 2010).

In conclusion, we demonstrated that ASK1-p38 pathway is

required for multiple TLRs-mediated innate immunity in

resident glial cells, such as the production of chemokines in

astrocytes and of toxic factors in microglia. Consistently,

ASK1�/� EAE mice showed attenuated neurological symptoms

in both spinal cord and optic nerve lesions. Thus, with careful

attention to the potential side effects, ASK1-selective inhibitors,

such as MSC2032964A, may be useful in future treatments of

neuroinflammatory diseases including MS.
MATERIALS AND METHODS

Mice

Female C57BL/6J and ASK1�/� mice (Harada et al, 2006) were 6–8

weeks of age at the time of immunization. Animal treatments were

performed in accordance with the Tokyo Metropolitan Institute for

Neuroscience Guidelines for the Care and Use of Animals.

EAE induction, ASK1 inhibitor administration and clinical

scoring

EAE was induced with MOG35–55 peptide (MEVGWYRSPFSRVVHLYRNGK)

as previously reported (Mendel et al, 1995). To evaluate the effect of

MSC2032964A, MOG-immunized mice were treated with either

MSC2032964A (30mg/kg) or vehicle (0.5% carboxymethylcellulose/

0.25% Tween 20 in distilled water) once daily by oral gavage throughout

the whole experimental period. Clinical signs were scored daily as follows:

0, no clinical signs; 1, loss of tail tonicity; 2, flaccid tail; 3, impairment of

righting reflex; 4, partial hind limb paralysis; 5, complete hind limb
EMBO Mol Med 2, 504–515 www.embomolmed.org
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paralysis; 6, partial body paralysis; 7, partial forelimb paralysis; 8,

complete forelimb paralysis or moribund; 9, death.

Histopathology and immunohistochemistry

Optic nerves and spinal cords were examined by hematoxylin and

eosin (HE) and luxol fast blue (LFB) staining as previously reported

(Guo et al, 2007). Immunohistochemistry was performed using the

following primary antibodies: rabbit anti-iba1 (1.0mg/ml) (Harada et

al, 2002), mouse anti-GFAP (50mg/ml; Progen), rabbit anti-GFAP (1:1;

Abcam), goat anti-TLR4 (2.0mg/ml; Santa Cruz Biotechnology) and

mouse anti-TLR9 (1.0mg/ml; Santa Cruz Biotechnology). Quantitative

analysis of the immunopositive cell number or stained region was

carried out using NIH Image (ImageJ 1.38).

Cell culture

Primary astrocytes and microglial cells were obtained as previously

reported (Guo et al, 2007). Astrocytes were treated with LPS or

unmethylated CpG DNA at various concentrations and for different

amounts of time. To investigate the effects of a p38 inhibitor on

chemokine productions, astrocytes were pre-treated with SB203580

(2mM) for 30min followed by LPS stimulation (0.1mg/ml) for 16 h.

Microglial cells were treated for 16 h with LPS (1mg/ml). Concentra-

tions of chemokines (MCP-1, RANTES, MIP-1a) and TNFa in the cell

culture media were determined by ELISA (Guo et al, 2007).

Immunoblot analysis

Immunoblotting was performed as previously reported (Namekata

et al, 2008, 2010). Membranes were incubated with an antibody

against ASK1, phospho-ASK1, p38 (1:1000; BD Biosciences), phospho-

p38 (1:1000; BD Biosciences), JNK (1:1000; Santa Cruz Biotechnology),

phospho-JNK (1:1000; Santa Cruz Biotechnology) or IkB (1:1000; BD

Biosciences).

Quantitative real-time PCR

Quantitative RT-PCR was performed using the ABI 7500 fast RT-PCR

system (Applied Biosystems) with SYBR Green PCR Master Mix (Applied

Biosystems) as previously reported (Guo et al, 2007). Primer probe

pairs used are listed in Table S5 of Supporting Information.

Proliferation assay and T-cell-derived cytokine analysis

Proliferative responses of lymph node cells from WTand ASK1�/� mice

9 days after MOG immunization were assayed in microtiter wells by

the uptake of [3H]thymidine as previously reported (Guo et al, 2007).

T-cell culture media were collected and concentrations of cytokines in

the media were determined by ELISA.

Multifocal electroretinograms (mfERGs)

The second-order kernel of the mfERGs was measured using a VERIS

6.0 system (Electro-Diagnostic Imaging) as previously reported

(Harada et al, 2007).

Selectivity profile

The selectivity profile of the compound MSC2032964A over the 210

kinases was determined at Millipore (KinaseProfiler). The inhibition of

the kinases by the compound was tested at concentrations of Km for

ATP and at 10mM for the compound. The protocols for testing can be

found at www.millipore.com.
www.embomolmed.org EMBO Mol Med 2, 504–515
In vivo pharmacokinetics study in rats

Eight-week-old male Sprague–Dawley rats received the test com-

pound (MSC2032964A) by oral (5mg/kg by gavage) or by intravenous

(0.6mg/kg into the tail vein) routes. Serial blood samples were

collected from the sublingual vein up to 24 h after dosing. Plasma

samples were analyzed by LC/MS/MS (Sciex API 4000). Pharmacoki-

netic parameters were determined using non-compartmental analysis.

Statistics

Data are presented as means� SEM. When statistical analyses were

performed, the Student’s t-test was used to estimate the significance

of the results.
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