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Experimental autoimmune encephalomyelitis (EAE) is an animal model of the human demyelinating disorder multiple sclerosis (MS).
The immune cytokine interferon-gamma (IFN-v) is believed to participate in disease pathogenesis in both EAE and MS. In the present
study, we examined the significance of IFN-y-oligodendrocyte interactions in the course of EAE. For the purpose of our study, we used the
previously described [proteolipid protein/suppressor of cytokine signaling 1 (PLP/SOCSI)] transgenic mouse line that displays sup-
pressed oligodendrocyte responsiveness to IFN-vy. PLP/SOCSI mice developed EAE with an accelerated onset associated with enhanced
early inflammation and markedly increased oligodendrocyte apoptosis. Moreover, we found that IFN-+y pretreatment of mature oligo-
dendrocytes in vitro had a protective effect against oxidative stress and the inhibition of proteasome activity and resulted in upregulation
in expression of a number of chemokines, including CXCL10 (IP10), CCL2 (MCP-1), CCL3 (MCP-1a), and CCL5 (RANTES). These results
suggest that IFN-y-oligodendrocyte interactions are of significance to the clinical and pathological aspects of EAE. In addition, the
present study suggests that oligodendrocytes are not simply targets of inflammatory injury but active participants of the neuroimmune

network operating during the course of EAE.
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Introduction
Experimental autoimmune encephalomyelitis (EAE) is an ani-
mal model of the human demyelinating disorder multiple sclero-
sis (MS) (Lassmann and Werkele, 1998). The inflammatory reac-
tion in the CNS is driven by self-reactive CD4 (+) cells and is
associated with complex interactions between inflammatory and
local cellular elements, ultimately leading to demyelination and
oligodendrocyte apoptosis (Ercolini and Miller, 2006).
Interferon-gamma (IFN-v) is an inflammatory cytokine that
is critically involved in the pathogenesis of EAE. IFN-vy is exclu-
sively produced by activated self-reactive CD4 " and natural
killer cells, and its levels have been positively correlated with dis-
ease activity (Renno et al., 1998; Tanuma et al., 1999; Wensky et
al., 2005). Peripheral administration of IFN-vy to animals with
EAE, however, ameliorated the disease, whereas antibodies
against IFN-y worsened disease severity, suggesting that there isa
protective role of the cytokine as well (Voorthuis et al., 1990;
Hermans et al., 1996; Furlan et al., 2001). EAE experiments with
mice that lack IFN-vy or its receptor further revealed that IFN-y
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exerts disease-ameliorating effects (Ferber et al., 1996; Krakowski
and Owens, 1996; Willenborg et al., 1999; Glabinski et al., 1999).

A number of studies have demonstrated that IFN-vy affects
oligodendrocyte function and survival. In the presence of I[FN-vy,
oligodendrocytes upregulate the expression of a number of sur-
face receptors that facilitate cell-mediated cytotoxicity (Agresti et
al., 1998; Pouly et al., 2000). Overexpression of [IFN-vyin the CNS
results in oligodendrocyte apoptosis and inhibition of myelin
formation both during development and after a demyelinating
insult (Corbin et al., 1996; Horwitz et al., 1997; Lin et al., 2005,
2006; Balabanov et al., 2006). Paradoxically, low levels of IFN-y
expression, insufficient to cause detectable developmental de-
fects, provide protection to mature oligodendrocytes against
toxic (cuprizone) injury and demyelination (Gao et al., 2000).
Potential protective effects of IEN-y on oligodendrocytes are also
suggested in models of viral demyelination (Rodriguez et al.,
1995; Murray et al., 2002; Gonzalez et al., 2006).

The significance of IFN-y-oligodendrocyte interactions dur-
ing the course of EAE is unknown. The goal of the present study
was to directly examine these interactions using a transgenic
model of suppressed oligodendrocyte responsiveness to IFN-vy.
We used for our experiments a previously described transgenic
mouse line [proteolipid protein/suppressor of cytokine signaling
1 (PLP/SOCS1)] that expresses the suppressor of cytokine signal-
ing 1 (SOCS1) molecule under the transcriptional control of the
proteolipid protein (PLP) promoter (Balabanov et al., 2006).
SOCSI1 is a competitive inhibitor of IFN-y receptor-induced Jak/
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Statl signaling and regulates the cellular responsiveness to IFN-y
(Starr et al., 1997). Endogenous levels of SOCS1 in oligodendro-
cytes under normal and inflammatory conditions are extremely
low (Polizzotto et al., 2000; Maier et al., 2002). The regulatory
effect of SOCS1 in oligodendrocytes appears to be of differential
significance to IFN-vy signaling, because its upregulation has little
effect on Statl activation by leukemia inhibitory factor (Emery et
al., 2006).

In the present study, we report that the suppression of oligo-
dendrocyte responsiveness to IFN-vy resulted in accelerated EAE
onset, enhanced inflammation, and oligodendrocyte apoptosis.
Our results suggest that IFN-vy-oligodendrocyte interactions are
important in the regulation of EAE.

Materials and Methods

PLP/SOCS] transgenic mice. The PLP/SOCSI mouse line was generated
in our laboratory, and its functional characteristics were previously de-
scribed in detail (Balabanov et al., 2006). Briefly, suppressor of SOCS1
was transgenically expressed in oligodendrocytes under the transcrip-
tional control region of the PLP gene. PLP/SOCSI mice were hemizy-
gotes for the transgene and displayed no phenotypic or morphological
abnormalities. For the purpose of the EAE experiments, the PLP/SOCSI
mice, originally generated on a mixed background (C57BL/6] X DBA/
2J), were backcrossed to C57BL/6] mice for six generations. Offspring
positive for the transgene were identified by PCR using tail DNA and
transgene-specific primers.

Induction of EAE. Six- to 8-week-old female, wild-type, and PLP/
SOCSI mice were selected for the EAE experiments. Wild-type and PLP/
SOCSI mice that belonged to identical F6 generation litters were ran-
domly separated into immunized and control subgroups. Each
immunized mouse received 200 ug of MOG;5_ss (MEVGWYRSPESRV-
VHLY RNGK) (Genemed Synthesis, San Francisco, CA) emulsified in
complete Freund’s adjuvant (CFA) containing 600 ug of Microbacterium
tuberculosum H37Ra (Difco, Detroit, MI) intradermally at several flank
areas. Control mice were injected with the same amount of emulsion
containing CFA only. All mice received 100 ng of Pertussis toxin (List
Biological Laboratories, Campbell, CA) intraperitoneally, 24 h postim-
munization (PI). The severity of clinical signs was quantitated using a
five-point scoring scale: 0, normal; 1, flaccid tail; 2, ataxia; 3, paraparesis/
paraplegia; 4, quadriparesis/quadriplegia; 5, death (McMahon et al.,
2005). The clinical data were presented as mean % SD of the daily clinical
score of a given treatment group. All animal procedures were conducted
in compliance with the National Institutes of Health Guide for Care and
Use of Laboratory Animals and were approved by the Institutional Animal
Care and Use Committee at The University of Chicago.

Histochemistry. Mice selected for histological analysis were anesthe-
tized with 0.01 ml/g 2.5% Avertin (Sigma-Aldrich, St. Louis, MO) ad-
ministered intraperitoneally and perfused with saline followed by 2%
paraformaldehyde for 10 min. The brains and spinal cords were har-
vested and processed as paraffin blocks using Leica EC1160 (Leica, Wet-
zlar, Germany). The tissue samples were sectioned longitudinally at 7 um
thickness and were stained with Hematoxylin and Eosin (H&E) or Luxol
Fast Blue and Neutral Red (LFB&NR) using standard protocols.

The tissue samples were examined using digital Axoplan microscope
(Zeiss, Thornwood, NY), and the degree of inflammation was assessed by
counting the inflammatory foci throughout the spinal cord. Inflamma-
tory focus was defined as presence of >20 mononuclear cells in the
perivascular space of a given blood vessel (Swanborg, 1988). The total
area of measurement was obtained by using the morphometric option of
the Axiovision software, and the results were presented as mean = SD
inflammatory foci per area (mm?) with n = 3 animals per study group.

Immunohistochemistry. Indirect immunostaining of mouse CNS was
performed as described previously (Balabanov et al., 2006). After para-
formaldehyde perfusion, the spinal cords were harvested, postfixed for
1 h with 2% paraformaldehyde, cryopreserved with 30% sucrose for 48 h,
prepared as frozen blocks (OCT compound; Sacura, Torrance, CA), and
sectioned at a thickness of 7 um at —20°C (Leica CM1800 cryostat).
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Before immunostaining, the sections were treated with 0.1% Triton
X-100 (Sigma-Aldrich) for 10 min and incubated with 10% bovine se-
rum albumin (Sigma-Aldrich) or goat serum (Invitrogen, Carlsbad, CA)
for 30 min. Indirect immunostaining was performed by sequential incu-
bation with primary antibodies (for 2 h at room temperature or over-
night at 4°C) and FITC-conjugated or cyanine 3 (Cy3)-conjugated sec-
ondary antibodies for 30 min. All of the following primary and secondary
antibodies used in the study were commercially available: mouse anti-
adenomatous polyposis coli protein (CC1) antibody (dilution, 1:20; On-
cogene Research Products, San Diego, CA), anti-mouse CD3 antibody
(dilution, 1:100; BD PharMingen, San Diego, CA), anti-mouse F4/80
antibody (dilution, 1:100; eBioscience, San Diego, CA), anti-major his-
tocompatibility complex (MHC) class I molecule and myelin basic pro-
tein (MBP) antibodies (dilution, 1:100; Chemicon, Temecula, CA), anti-
mouse or anti-rabbit FITC-conjugated secondary antibody (dilution,
1:100; Jackson ImmunoResearch, West Grove, PA), and anti-mouse or
anti-rabbit Cy3-congugated antibody (dilution, 1:500; Jackson Immu-
noResearch). Terminal deoxynucleotidyl transferase-mediated dUTP-
biotin nick end labeling (TUNEL) staining for apoptotic cells was per-
formed using the Apoptag kit (Serological, Norcross, GA) according to
the protocol provided. The immunostained sections were mounted us-
ing Vectorshield mounting medium containing 4’, 6'-diamidino-2-
phenyldole (DAPI) nuclear stain (Vector Laboratories, Burlingame, CA)
and examined using a fluorescent microscope (Axoplan; Zeiss).

The number of cells of interest in the spinal cords was assessed by
manual cell counting of positive cells, and the total area of measurement
was digitally calculated using the morphometric option of the fluorescent
microscope. The results were presented as mean * SD of (+) cells/mm?
with n = 3 animals per study group.

PCR and quantitative PCR. All experimental animals were genotyped
using isolated tail DNA (Bio-Tek 2000 automatic system; Beckman-
Coulter, Fullerton, CA) (Balabanov et al., 2006). PCR (Qiagen PCR kit;
Qiagen, Valencia, CA) for transgene detection was performed using the
following transgene-specific screening primers: Flag-SOCSI sense
primer 5'-CCAGGACGACGATGACAAGA-3" and Flag-SOCS1 anti-
sense primer 5'-TCAGGGGTCCCCA ATAGAAG-3'.

Total RNA was isolated from the spinal cords of experimental animals
with TRIzol reagent (Invitrogen). Quantitative PCR (Q-PCR; or real-
time PCR) was performed by first reverse transcribing 1 ug of DNAasel-
treated total RNA using oligo(dT),,_,5 and SuperScript II reverse tran-
scriptase (Invitrogen reverse transcription PCR kit). Q-PCR was
performed using 20 ng of the cDNA in a reaction containing iQSuper-
mix, and the following primers and probes for IFN-vy, IP10, and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH): IFN-vy sense
primer 5-GATATCTCGAGGAACTGGCAAAA-3', IFN-vy antisense
primer 5'-CTACAAAGAGTCTGAGGTAGAAAGAGATAAT-3’, and
IFN-y probe 5'-FAM-TGGTGACATGAAAATCCTGCAGAGCCA-
BHQI1-3'; IP10 sense primer 5'-CTGAGTGGGACTCAAGGGAT-3',
IP10 antisense primer 5'-CAGCGTCTGTTCATGGAAGT-3’, and IP10
probe 5-FAM-TCTCGCAAGAACGGTGCGCT-BHQI1-3'; GAPDH
sense primer 5'-CTCAACTACATGGTCTACATGTTCCA-3'; GAPDH
antisense primer 5'-CCATTCTCGGCCTTGACTGT-3'; and
GAPDH probe 5'-5TxRd-XN/TGACTCCACTCACGGCAAATTCA-
ACG-3BHQ-2-3" (Integrated DNA Technologies, Coralville, IA). The
reactions were performed using a Bio-Rad (Hercules, CA) I-cycler Real-
Time PCR unit, under the following conditions: one cycle at 95°C for 3
min, 40 cycles at 95°C for 30 s and 60°C for 30 s (Bio-Rad). IFN-y and
IP10 expression levels were normalized to the expression levels of
GAPDH based on threshold cycles (IFN-y/GAPDH and IP10/GAPDH
ratios) (Balabanov et al., 2006).

In vitro proliferation assay. The in vitro proliferation assay was per-
formed using spleens and draining lymph nodes from antigen-primed
and CFA-injected wild-type and transgenic mice at day 8 PI. The cells
were isolated by compressing the tissue against a metallic mesh, filtering
through a 30 um filter, and plating in 96-well plates at a density of 5 X
107 cells/well in a total volume of 200 ul of HL-1 medium (BioWhittaker,
Walkersville, MD) and 1% ampicillin/streptomycin (Invitrogen) (Mc-
Mahon et al., 2005). MOG;5_s5, or ovum albumin (OVA);,; 539 were
added at various concentrations in triplicates for 4872 h. The cultures
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were then pulsed with 1 uCi/well [*H] TdR (PerkinElmer, Wellesley,
MA) for the last 20 h of the incubation. The [*H] TdR uptake was
detected and measured as counts per minute (cpm) using Topcount
microplate scintillation counter (Global Medical Instrumentation, Ram-
sey, MN), and the results were presented as mean = SD cpm with n = 3
animals per study group (McMahon et al., 2005).

LiquiChip assay. Levels of chemokine and cytokine production were
assessed using LiquiChip assay (Carpenter et al., 2005). Conditioned
media of lymphocyte and oligodendrocyte cultures were collected, and
levels of IFN-v, interleukin-18 (IL-1B), IL-2, IL-4, IL-5, IL-6, tumor
necrosis factor-a (TNF-«), CCL2 (MCP-1), CCL3 (MIP-1«), CCL5
(RANTES), and CXCLI10 (IP10) were measured using LiquiChip mouse
cytokine assay kit 7-plex (Qiagen). Approximately 50 ul of conditioned
media was used for analysis per cytokine/chemokine following the kit
instructions. The cytokine/chemokine levels were assessed as picograms
per milliliter using LiquiChip reader (Quagen) and presented as mean *+
SD pg/ml with #n = 3 independent measurements.

Enzyme-linked immunosorbent spot assay. Enzyme-linked immu-
nosorbent spot (ELISPOT) assay was performed using the same lymph
node preparations described above at day 8 PI (McMahon et al., 2005).
The cells were cultured in the presence or absence of antigens (MOG;5_s5
or OVA;,;_55,) for 36 h in 96-well plates precoated with 100 ul of anti-
IFN-vy antibody (BD PharMingen). After the incubation, the plates were
washed three times and incubated with biotinylated anti-IFN-y antibody
(2 pg/well, diluted in 100 ul of PBS/0.05% Tween 20/1% BSA) overnight
at4°Cin a humidified chamber. After incubating, the plates were washed
and 100 wl of anti-biotin alkaline phosphatase antibody, diluted 1:1000
in the same solution, was added for 2 h at room temperature. Finally, the
plates were washed and developed using nitroblue tetrazolium-5-
bromo-4-chloro-3-idonyl phosphate substrate solution for 30 min
(Pierce, Rockford, IL). The developing reaction was quenched using dis-
tilled water, and the IFN-vy spots/well were counted using ImmunoSpot
series analyzer (Resolution Technology, Bridgewater, NJ). The data were
presented as mean * SD spots/well with # = 3 animals per group.

ELISA assay for anti-MOGj;;_s5 antibodies. Anti-MOG;5_ 55 antibody
titers were examined in the sera of the same animal groups as described
above at day 8 PI. Blood from these animals was obtained by heart punc-
ture. Sera were collected and applied to MOG;5_s5-coated maxisorb 96-
well ELISA plates (Nalge Nunc International, Rochester, NY) in serial
dilutions. The plates were incubated for 1 h at room temperature, washed
three times, and 100 ul of 1:5000 diluted horseradish peroxidase-
conjugated goat anti-IgG and IgM antibodies (BD PharMingen) were
applied to the wells. The plates were incubated for 1 h at room tempera-
ture and washed three times, and 100 ul of 3,3,5,5-tetra-methyl-
benzidine substrate was applied to the wells. The reaction was performed
at room temperature for 30 min in the dark and then stopped using
ELISA stop solution. The level of reaction product was assessed as optic
density (OD) at 490 nm on a standard plate reader, and the data were
presented as mean * SD. OD with # = 3 independent measurements per
group.

Rat oligodendrocyte cultures. Oligodendrocyte cultures were prepared
using a method described previously (McCarthy and de Vellis, 1980;
Goswami et al., 2005). Brain tissue was harvested from 2- to 3-d-old
newborn rats (Harlan, Indianapolis, IN) and digested using 0.25% tryp-
sin and 10 ug/ml DNAasel in DMEM (Invitrogen) for 20 min at 37°C.
The cells were cultured on poly-p-lysine-coated 75 mm? flasks (Sigma-
Aldrich) and maintained with 10% fetal bovine serum (FBS) in DMEM
at 37°C with 5% CO, for 12 d. The oligodendrocyte progenitor cells
(OPCs) were enriched by shaking the culture flasks at 240 rpm for 16 h at
37°C with 5% CO,, sieving through 30 wm nylon filter (Tetko, Depew,
NY), and by differential nonadherence to uncoated plates. The OPCs
were plated on poly-D-lysine-coated plates and proliferated in media
containing 10% FBS in DMEM, 10 ng/ml platelet-derived growth factor
and 10 ng/ml fibroblast growth factor (Calbiochem, La Jolla, CA). The
cells were harvested and plated in poly-p-lysine-coated plates at desired
cell number and differentiated using a defined culture media containing
5 ul/ml insulin, 50 pg/ml transferrin, 30 nm selenium, 10 nm biotin, 10
nM progesterone, 15 nM T3, 0.1% bovine serum albumin (Sigma-
Aldrich), and 1% ampicillin/streptomycin in DMEM (Bottesthein,
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1986). Oligodendrocytes were allowed to differentiate for 5 d, and then
the cells were tested for purity and treated according to the purpose of the
experiment. According to this protocol, we achieved highly purified oli-
godendrocyte cultures containing >95% myelin basic protein-positive
cells.

Cell viability assay. Cell viability during the experiments was assessed
using MMT  [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide] assay (Goswami et al., 2005). Oligodendrocytes were plated in
24-well plates at density 5 X 10 cells/well in 1 ml volume of defined
culture medium. The cells were pretreated with IFN-y (0-100 U/ml;
Calbiochem) for 48 h and then exposed to hydrogen peroxide (H,O,)
(50-100 pm/ml) (Invitrogen), staurosporine (100 um), ceramide (10
M), lactacystin (0.1-10 um) (Sigma-Aldrich) for 24 h, and anti-fas an-
tibody (Jo2; BD PharMingen) (0.1 ug/ml) for 30 min followed by anti-
IgG antibody (1:1000 dilution) for 1 h. After these treatments, the vol-
ume of oligodendrocyte culture media was reduced to 500 ml/well and
MTT (Sigma-Aldrich) was added from a stock of 5 mg/ml to one-tenth of
the total cell culture volume. The cultures were incubated for 30 min at
37°C and 5% CO, and then treated with equal volume 10% SDS in 0.1N
HCI for 4 h under the same conditions. The purple color of the MTT
formazan, which is directly proportional to the cell viability, was quan-
titated at 570 nm using standard plate reader (Biotech ELX 800; Biotech
Instruments, Winooski, VT). Cell viability was assessed as percentage
viability calculated from the control untreated wells considered as 100%,
and data were presented as mean = SD with n = 3 independent mea-
surements per group.

Proteasome-20 assay. Assay was performed as described in the manu-
facturer’s protocol (Calbiochem), in 50 mm HEPES bulffer, pH 7.6, con-
taining 5 mm EGTA, 50 pum Suc-LLVY-AMC (substrate), and cell extract
(20 ug of protein) in a total volume of 100 ul. Reaction was started by
addition of the substrate, and fluorescent intensity (excitation, 360 nm;
emission, 460 nm) was measured in a fluorescence microplate reader
(ELX 800; Bio-Tek, Burlingame, CA). Plates were read at 30 min intervals
for 3 h. All assays were done in three separate experiments in duplicate.
Results are presented as relative fluorescence units (rfu) per microgram
of protein.

Statistical analysis. All data were generated from three independent
experiments. Means, SDs, and p values were calculated using Average,
Stdev, and ANOVA in Microsoft Excel (Microsoft, Redmond, WA). A
statistically significant difference was defined as p < 0.05.

Results
PLP/SOCS1 mice developed EAE with an accelerated
disease onset
The PLP/SOCSI mice exhibit no phenotypic abnormalities, live a
normal life span, breed well, and produce transgenic progeny in a
mendelian manner but exhibit diminished oligodendrocyte-
specific responsiveness to IFN-y (Balabanov et al., 2006). En-
forced expression of SOCS1 in oligodendrocytes under the tran-
scriptional control of PLP appears to be stable up to 12 months of
age and maintained across different generations and age groups.
No significant transgenic SOCS1 expression was detected in the
primary and secondary lymph organs (Balabanov et al., 2006).
A total of 40 mice, wild-type and transgenic, from identical
litters were selected for the EAE experiments, and five separate
experiments were performed. The experimental animals were di-
vided into four groups: (1) 15 wild-type and (2) 15 PLP/SOCSI
mice received full immunization (MOG;5_ss emulsified in CFA),
and (3) five wild-type and (4) five PLP/SOCSI mice were injected
with CFA only (see Material and Methods). Clinical disease was
consistently and reproducibly achieved in all immunized animals
with significant clinical severity during the acute phase (average
clinical score, >3.0). After the acute phase, the immunized ani-
mals retained fluctuating low-grade deficits (clinical score range,
1.0-2.0) for ~2 months, consistent with the chronic-persistent
phase of the disease. Animals that received CFA only developed
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Figure 1.  EAE in wild-type and PLP/SOCST mice. Immunized PLP/SOCST mice developed
clinical disease with an accelerated onset compared with the similarly treated wild-type mice.
Mice that received only CFA developed no clinical signs and remained disease free (data not
shown).

no clinical signs and remained disease free through the course of
the experiments.

Strikingly, the PLP/SOCSI mice developed EAE with an accel-
erated onset (Fig. 1). As expected, the wild-type mice developed
initial clinical signs at day 15-16 (15.3 = 0.5) PI, which peaked in
severity by days 18-19 PL. The PLP/SOCSI mice consistently
developed the initial clinical signs significantly earlier, at days
10-11 PI (10.9 = 0.6; p < 0.05), and acute disease with maximal
severity at days 12—13 PI. During these time points, as mentioned
above, the wild-type mice were still free of clinical signs. The
maximal severity of the acute disease was compatible between the
wild-type and PLP/SOCSI mice with a clinical score of 3.0 % 0.7
in the wild-type and 3.5 * 0.5 in the PLP/SOCSI mice. Severity
and duration of the chronic phases of both groups were also
compatible: 65 = 13.5 d PI with an average clinical score of 1.5 =
0.5 in wild-type mice, and 57 * 9.1 d PI with an average clinical
score of 1.3 £ 0.2 in PLP/SOCS]I mice.

PLP/SOCS1 and wild-type mice did not differ in their
peripheral immune responses
To determine the underlying mechanisms of the accelerated dis-
ease onset, as well as to rule out any interference of PLP/SOCS1
transgene expression on the immune system, we examined the
peripheral immune responses of fully immunized and CFA-
injected wild-type and PLP/SOCSI mice. Three animals per
group were killed at day 8 PI, and lymph nodes, spleens, and sera
were obtained. To assess the lymphocyte reactivity of each animal
group, lymphocyte proliferation assays were performed using
spleen and lymph node lymphocytes with various concentrations
of priming and irrelevant antigens (Fig. 2A—F). Strong prolifer-
ative responses were detected in the lymphocyte cultures origi-
nating from all MOG;5_s; immunized animals in the presence of
the priming antigen (MOGs;5_s5). These responses, however, did
not differ between the lymphocyte cultures of fully immunized
wild-type and PLP/SOCSI mice regardless of the organ of isola-
tion, incubation time, or dose of the priming antigen. No signif-
icant proliferation was observed in these lymphocyte cultures in
the presence of an irrelevant antigen (OVA;,;_339). Lymphocyte
cultures originating from CFA-injected animals displayed no sig-
nificant proliferative responses in the presence of either antigen.
Cytokine production by MOGs5.55 and OVAj,; 550-
stimulated lymphocytes was assessed using the cytokine (Liqui-
Chip) assay. Lymphocytes from MOG;;_s5-immunized wild-
type and PLP/SOCSI mice demonstrated high and comparable
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expression of IFN-+y, IL-2, and IL-6 compared with the unstimu-
lated and OVA,,;_53o-stimulated cells (Fig. 2G-I). Other cyto-
kines, including IL-1p, IL-4, IL-5, IL-10, and TNF-« mice were
found to be expressed at very low levels and did not increase after
stimulation with either peptide (data not shown).

Sera from all four animal groups were simultaneously ob-
tained, and the titers of anti-MOGj;5_s5 antibodies, IgM and IgG
isotypes, were measured using ELISA assay (Fig. 2J,K). Rise in
antibody titers was detected in the fully immunized compared
with the CFA-injected controls. We found no significant differ-
ence in the serum titers of anti-MOG;5_s5 antibodies between
fully immunized wild-type and PLP/SOCSI mice. Titers of anti-
MOG;;_55 antibodies in the corresponding CFA-injected con-
trols were also similar.

PLP/SOCS1 mice displayed enhanced early inflammation of
the CNS and a lower threshold for developing clinical signs
We compared the CNS pathology of fully immunized and CFA-
injected wild-type and PLP/SOCSI mice at different time points
corresponding to their preclinical and acute clinical phases.
Brains and spinal cords of three animals from all four study
groups were harvested at days 8, 10, 12, 15, and 18 PI, processed as
sagittal paraffin sections, and stained with H&E to assess for the
presence of inflammatory foci. An inflammatory focus was de-
fined as the presence of >20 mononuclear cells in the perivascu-
lar space of a given blood vessel and quantitated per mm? area of
spinal cord, as described previously (Swanborg, 1988).

Examination of the pathological samples of fully immunized
wild-type and PLP/SOCSI mice revealed general similarities in
the type and spatial distribution of lesions (Fig. 3). Typical
perivascular mononuclear infiltrates involving the meninges and
the CNS parenchyma were observed in both wild-type and PLP/
SOCSI mice. The distribution of the lesions followed a gradient
pattern with the highest number of lesions in the lumbar-sacral
portion of the spinal cords. The lesions involving the brain stem,
cerebellum, and corpus callosum appeared to be scattered and
less extensive. Pathological samples of wild-type and PLP/SOCS1
mice injected with CFA only demonstrated no inflammatory
infiltrates.

The wild-type and PLP/SOCSI mice differed significantly in
inflammatory dynamics of the CNS (Figs. 3, 4). At day 8 PI, when
all animals were disease-free (clinical score 0.0) and the periph-
eral immune responses were comparable, we found minimal or
no inflammatory involvement of the CNS of either wild-type or
PLP/SOCSI mice (Figs. 3, 4). At days 10 and 12 PI, however, the
PLP/SOCS1 mice had a significantly higher number of inflamma-
tory foci in the spinal cord compared with wild-type mice: 6 = 2
versus 2 = 1/mm?at day 10 PI ( p < 0.05) and 15 * 4 versus 5 +
3/mm? at day 12 PI ( p < 0.05). The time points of these differ-
ences in pathology corresponded to the accelerated disease onset
in the PLP/SOCSI mice and to the preclinical (symptom-free)
phase in the wild-type mice. At later time points, days 15 and 18
PI, the number of inflammatory foci became comparable be-
tween the wild-type and the PLP/SOCSI mice.

Direct comparison of the number of inflammatory foci be-
tween wild-type and PLP/SOCSI mice with respect to disease
onset suggested that significantly fewer inflammatory foci were
sufficient to precipitate clinical signs in the PLP/SOCSI mice
(Figs. 3, 4). At disease onset (clinical score, 1.0; days 10 and 15 PI
for PLP/SOCS1 mice and wild-type mice, respectively), we found
~50% fewer inflammatory foci in the PLP/SOCS! animals com-
pared with wild-type mice: 6 = 2 versus 13 = 3/mm ?, respectively
(p <0.05). At disease peak (clinical score, 3.0; days 12 and 18 PI
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for PLP/SOCSI mice and wild-type mice, respectively), the PLP/
SOCSI and wild-type mice had a comparable number of inflam-
matory foci. Nevertheless, the distribution and spread of inflam-
matory cells within the CNS parenchyma at these time points,
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Peripheralimmune responses in wild-type and PLP/SOCST mice. Lymphocytes and sera from immunized and CFA-injected wild-type and PLP/SOCS T mice were obtained at day 8 PI, and
lymphocyte proliferation assay (A—F), cytokine LiquiChip assay (G-I), and anti-MOG antibody ELISA (J, K) were performed. No significant difference between the immune responses of the
wild-type and PLP/SOCST mice was found.

Day 8 PI

Day 10 PI

Day 12 Pl

Day 15 Pl Day 18 PI
oy s 11

CNS inflammation in wild-type and PLP/SOCST mice. A-J, Representative images of H&E-stained spinal cord sections: PLP/SOCST (A—E) and wild-type (WT) (F-/) mice at day 8 PI (A,
F),day 10PI (B, G), day 12PI1(C,H),day 15PI1 (D, 1), and day 18 PI (E,J). Arrows point to areas of perivascular inflammation (foci) (B—E, H-J), and the arrowhead points to parenchymal infiltration
(/). Scale bar, 100 pem.

however, appeared to be different. The inflammatory cells were
localized predominantly in the perivascular space of the PLP/
SOCSI mice, whereas in the wild-type mice they were more
widely distributed throughout the parenchyma (Fig. 3E,]).
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Figure 4.  Inflammatory foci in wild-type and PLP/SOCST mice. Inflammatory foci (focus is

defined as >20 cells/vessel)/mm? were measured in the H&E-stained spinal cords of PLP/
SOCST mice. No significant inflammation was found at day 8 Pl in any of the samples. Two
significant differences were found in the later time points: PLP/SOCS T mice had a higher number
of inflammatory foci at days 10 and 12 Pl compared with the wild-type mice (*p << 0.05) but
fewer inflammatory foci at disease onset compared the wild-type mice, days 10 and 15 PI,
respectively (**p << 0.05).

PLP/SOCS1 and wild-type mice did not differ in composition
of inflammatory foci

Detailed examination of the composition of the perivascular in-
flammatory foci revealed that the foci predominantly comprised
mononuclear cells in both wild-type and PLP/SOCSI mice (Fig.
5). Immunostaining with anti-CD3 and F4/80 antibodies, which
recognize common lymphocyte and macrophage markers, re-
spectively, further revealed that the inflammatory foci contain
mainly CD3 " cells (lymphocytes) and F4/80 " cells (macro-
phages) in both wild-type and PLP/SOCSI mice at each time
point examined (Fig. 5A—H ). The appearance of these cells in the
lesions followed the dynamic differences in inflammation be-
tween the wild-type and PLP/SOCSI mice. At day 8 PI, we found
occasional CD3 " cells in both wild-type and PLP/SOCSI mice.
Nevertheless, there were significantly more CD3 " and F4/80 "
cells at day 10 and 12 PI in the PLP/SOCSI mice compared with
the wild-type mice (Fig. 5A, B). At day 10 PI, we found 35 * 10
versus 7 = 4 CD3 ™ cells/mm? ( p < 0.05), and 145 * 92 versus
6 * 3 F4/80 " cells/mm? (p < 0.05) in the PLP/SOCSI versus
wild-type mice, respectively. Similarly, at day 12 PI, we found
71 = 15 versus 35 + 12 CD3 ™ cells/mm? ( p < 0.05), and 370 =
110 versus 94 + 32 F4/80™ cells/ymm? (p < 0.05). The total
number of CD3 " cells and F4/80 ™ cells were comparable in both
groups at days 15 and 18 PI.

Furthermore, we directly compared the total number of
CD3 ™ and F4/80 " cells with respect to disease onset (clinical
score, 1.0; days 10 and 15 PI for PLP/SOCSI mice and the wild-
type mice, respectively) and found that the PLP/SOCSI mice had
significantly fewer CD3 ™ cells and F4/80 * cells than the wild-
type mice: 35 * 10 versus 67 = 9 CD3 ™ cells/mm? ( p < 0.05)
and 245 *+ 92 versus 430 = 150 F4/80 * cells/mm? (p < 0.05),
respectively (Fig. 5A,B). In the acute phase (clinical score, 3.0;
days 12 and 18 PI for PLP/SOCS! and wild-type mice, respec-
tively), the number of CD3 ™ cells between the wild-type and in
the PLP/SOCS1 mice were comparable. Nevertheless, the total
number of F4/80* cells appeared to be significantly lower in the
PLP/SOCSI mice than in the wild-type mice: 370 £ 105 versus
691 = 150/mm?, respectively. This finding reflected the above-
mentioned difference in distribution of inflammatory cells out-
side the perivascular space.
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Examination of the H&E-stained spinal cord samples at high
magnification (60X and 100X) revealed that mononuclear cells
represented the major cellular constituent of the inflammatory
infiltrates (Fig. 5I-N). The contribution of polymorphonuclear
cells to the inflammatory infiltrates was minor (<10% of the total
cellular infiltrate) in both wild-type and PLP/SOCSI mice.

PLP/SOCS1 mice developed focal perivascular demyelination
and increased oligodendrocyte apoptosis

To determine whether additional factors were involved in or as-
sociated with the accelerated disease onset in the PLP/SOCSI
mice, we examined for the presence of demyelination and oligo-
dendrocyte apoptosis. Paraffin sections of spinal cords of all four
groups were obtained and stained with LFB&NR. Myelin loss
(loss of LFB staining) was observed in areas of inflammation in
fully immunized PLP/SOCSI and wild-type mice at time points
of maximum clinical severity (clinical score, 3.0, at days 12 and 18
PI, respectively) (Fig. 6). Patterns and extent of myelin loss in
these mice, however, appeared different on microscopic exami-
nation. PLP/SOCSI mice displayed focal myelin loss, predomi-
nantly in the perivascular space, and little observable myelin de-
bris (myelin pallor) (Fig. 6A,B). In contrast, wild-type mice
displayed myelin loss associated with diffuse infiltration of in-
flammatory cells between the myelinated tracts, and a presence of
myelin debris and phagocytosis, a pattern classically described as
myelin striping (Lassmann and Werkele, 1998) (Fig. 6C,D). No
changes in myelin were found in the corresponding CFA-injected
controls.

Oligodendrocyte apoptosis was assessed by TUNEL staining
and immunostaining with anti-CCl1, recognizing an oligoden-
drocyte marker (Fig. 7). The number of TUNEL*/CC1 ™" cells/
mm? area of spinal cord was examined and quantitated from the
same tissue samples and at the same time points as specified
above (Fig. 8). At day 8 PI, when the mice were free of clinical
signs and CNS inflammation, no oligodendrocyte apoptosis was
observed in the wild-type or the PLP/SOCSI mice. At days 10, 12,
and 15 PI, however, the PLP/SOCSI mice developed significant
oligodendrocyte apoptosis, whereas the wild-type animals did
not: 5 * 2 versus 0.0 mm? at day 10 PI, 9 = 4 versus 0.0 mm? at
day 12 PI, and 12 * 6 versus 1.5 + 0.5 mm? at day 15 PI (PLP/
SOCS]1 vs wild-type mice, respectively; p < 0.05 for all three data
points). The wild-type mice did not develop any significant oli-
godendrocyte apoptosis until day 18, at which time the number
of apoptotic oligodendrocytes was comparable between the PLP/
SOCSI and the wild-type mice. No oligodendrocyte apoptosis
was found in the corresponding time points for CFA-injected
wild-type and PLP/SOCSI mice.

Comparison of the patterns of oligodendrocyte apoptosis be-
tween the wild-type and PLP/SOCS]I samples in relationship to
the inflammatory foci revealed additional important differences
(Fig. 7). Apoptotic oligodendrocytes were observed in all of the
PLP/SOCS]I samples early in the inflammatory process and in the
presence of significantly fewer inflammatory foci (as early as day
10 P1, 6 = 2 inflammatory foci/mm?*). Apoptotic oligodendro-
cytes were characteristically present at the edge or at some dis-
tance from the lesion without an immediate contact with the
inflammatory cells. In contrast, apoptotic oligodendrocytes in
the wild-type sample were present mainly in association of exten-
sive inflammation (day 18 PI, 20 * 5 inflammatory foci/mm?)
and were most typically localized within the inflammatory lesion
itself.
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All lymphocyte cultures responded to a
nonspecific stimulation with anti-CD3
with significant and comparable levels of
IFN-v production.

IFN-vy expression levels in the spinal
cords of the experimental animals were
also measured at the selected time points
(Fig. 9B). Total RNA from the spinal cords
of three animals from each of the four
groups was isolated, and the levels of
IFN-y mRNA were measured using
Q-PCR. IFN-vy-specific signal was de-
tected in samples of all fully immunized
wild-type and PLP/SOCSI mice. Compa-
rable levels of IFN-vy expression were de-
tected as early as day 8 PI and again at day
10 PI in both wild-type and PLP/SOCS1
mice. After day 10 PI, the cytokine levels
appeared to reflect the dynamics of in-
flammatory involvement in both groups.
We found no significant expression of
IFN-v in the spinal cords of the corre-
sponding CFA-injected wild-type or PLP/
SOCSI mice.

We next characterized the responsive-
ness of PLP/SOCSI oligodendrocytes to
IFN-vy using the induction of MHC class I
molecule expression as an indication of
IFN-y sensitivity. The capacity of SOCS1
to inhibit IFN-y-mediated induction of
MHC class I molecule expression has been
established previously (Balabanov et al,,
2006). Dual immunostaining for MHC
class I and CC1 was performed in all four
animal groups and the number of MHC

WWild-type
OPLPSOCS:

Figure 5.  Composition of the inflammatory foci in wild-type and PLP/SOCS mice. Cell composition of inflammatory foci was
assessed in anti-(D3 and anti-F4/80 immunostained and H&E-stained PLP/SOCST and wild-type spinal cords. No qualitative
differencein the composition of the inflammatory foci was found. 4, B, Three quantitative differences were found: PLP/SOCS 7 mice
had a higher number of (D3 ™ and F4/80 * cells at days 10 and 15 PI compared with the corresponding time points in the
wild-type mice (*p << 0.05) but fewer (D3 * and F4/80 ™ cells at disease onset compared with the wild-type mice at days 10 and
15 Pl, respectively (**p < 0.05), and fewer F4/80 ™ cells at disease peak at days 12 and 18 PI, respectively (***p << 0.05). (N,
Representative images of immunostained (C~H) (scale bar, 25 m) and H&E-stained (I-N') (scale bar, 50 p.m) spinal cords of
PLP/SOCST (first and third row; C-E, I-K) and wild-type (WT) (second and fourth row; FH, L-N') mice with identical clinical
scores of 0.0 (first column; C, F, I, L; CFA controls), 1.0 (second column; D, G, J, M), and 3.0 (third column; E, H, K, N). Note that the

class I7/CC1 ™ cells/mm? area of spinal
cord was quantitated from the same tissue
samples as specified above. MHC class I
expression was detectable only in the fully
immunized mice and not in the CFA-
injected controls. Expression of MHC
class I in the immunized wild-type mice
was found on both inflammatory cells and

inflammatory foci comprise predominantly mononuclear, CD3/FITC-positive (green) and F4/80/Cy3-positive (red) cells.

IFN-vy was present during the preclinical phases of wild-type
and PLP/SOCS1 mice

Because the oligodendrocytes in the wild-type and PLP/SOCS!
mice differ in their responsiveness to IFN-vy, we investigated
whether this cytokine was present in the experimental animals
during the preclinical phases of the disease. Lymphocyte produc-
tion of IFN-vy was assessed in the same lymph node preparations
at day 8 PI, as described above, using ELISPOT assay (Fig. 9A).
Significant IFN-vy production was detected in lymphocyte cul-
tures from fully immunized wild-type and PLP/SOCSI mice in
the presence of the priming antigen (MOG;5_s5). We found no
significant difference in the number of IFN-v spots per well be-
tween the wild-type and PLP/SOCSI lymphocyte preparations.
No significant production of IFN-y was detected in the same
lymphocyte culture preparations in the presence of irrelevant
antigen (OVA;,5_339) Or in the presence of either antigen when
lymphocyte preparations originated from CFA-injected animals.

oligodendrocytes (Fig. 9C-J). Approxi-
mately 37 + 15/mm” and 78 = 31/mm~
MHC class I-positive oligodendrocytes
were found in the wild-type mice with a clinical score of 1.0 and
3.0, respectively. The MHC class I-positive oligodendrocytes lo-
calized within and at the leading edge of the lesion. In contrast,
PLP/SOCSI mice with identical clinical scores displayed a distinct
pattern of MHC class I expression. Inflammatory cells positive
for MHC class I were present, whereas MHC class 1 7/CC1 ™ cells
could not be detected (Fig. 9C—F). Similar differential upregula-
tion of MHC class I expression was observed in double transgenic
mice expressing both IFN-vy in the CNS and SOCS]1 in oligoden-
drocytes (Balabanov et al., 2006).

IFN-vy exerted a differential effect on oligodendrocyte
response to injury in vitro

The early appearance of oligodendrocyte apoptosis in the fully
immunized PLP/SOCSI mice suggests that IFN-vy provides a di-
rect protection for oligodendrocytes in the preclinical phase of
the disease. Moreover, in global gene expression studies with
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Figure 6.  Demyelination in wild-type and PLP/SOCST mice. A-D, Demyelination was as-
sessed in LFB&NR-stained spinal cords sections of CFA-injected (4, €) and immunized mice at
disease peak (clinical score, 3.0) (B, D). Scale bar, 100 um. B, PLP/SOCST mice displayed focal
loss of myelin, predominantly in the perivascular space, and little observable myelin debris
(myelin pallor). D, In contrast, wild-type mice (WT) displayed myelin loss associated with dif-
fuseinfiltration ofinflammatory cells between the myelinated tracts, presence of myelin debris,
and phagocytosis. Note that B and D depict sequential sections to those in D and K.

highly purified oligodendrocytes treated with IFN-vy, we ob-
served increased expression of genes involved in protection
against oxidative and detoxifying mechanisms, including super-
oxide dismutase, heme oxidase 1, thioredoxin 1, microsomal glu-
tathione peroxidase and multidrug resistant proteinl; genes in-
volved in the ubiquitin-proteosomal pathway important for
antigen presentation, as well as genes encoding for the proteolytic
degradation of oxidized proteins, including ubiquitin D and
ubiquitin-activating enzyme El-like, ubiquitin-specific pepti-
dase 18, proteasome B type subunits 2, 8, 9, and 10, and protea-
some 28 subunit a and B (K. Strand and B. Popko, unpublished
observations). Based on these microarray data, we decided to
examine whether IFN-vy could protect oligodendrocytes against
different deleterious factors in vitro. Mature rat oligodendrocyte
cultures, which were comprised of >95% MBP-positive cells,
were pretreated with [FN-+y (100 U/ml) for 48 h, and after with-
drawal of the cytokine various agents, including anti-fas antibody
(0.1 wg/ml), staurosporine (100 um), ceramide (10 um), hydro-
gen peroxide (H,0,) (100 um), and lactacystin (1 pm) were
added to the cultures. These agents have been shown previously
to be injurious to oligodendrocytes by triggering different apo-
ptotic pathways (Pouly et al., 2000; Fragoso et al., 2004; Goswami
et al., 2005; Goldbaum et al., 2006). Cell viability of treated and
untreated cultures was measured 24 h later using the MTT assay.
As expected, all tested agents independently reduced oligoden-
drocyte viability compared with the untreated controls (Fig.
10A). IFN-vy pretreatment had no significant effect on oligoden-
drocyte viability independently but markedly altered the cellular
response to injury. We found that IFN-vy potentiated the toxic
effects of anti-fas antibody, staurosporine, and ceramide,
whereas it provided protection against H,O, and lactacystin.

To further define the protective effect against H,O,, oligoden-
drocyte cultures were pretreated with different doses of IFN-y
(0-100 U/ml) for 48 h, and 50-100 um H,O, was added to the
culture media for 24 h (Fig. 10B). H,0, alone reduced signifi-
cantly the cell viability to 53 = 10% at 50 um and 39 = 8% at 100
uM of the untreated controls. Again, pretreatment of oligoden-
drocytes with IFN-vy did not induce significant change in cell
viability compared with the untreated controls but provided pro-
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tection against the H,O,-induced cell death. The highest preser-
vation of cell viability was observed against 50 um H,O, after
pretreatment with 25 U/ml and 50 U/ml IFN-+y, 98 = 1 and 91 =
8%, respectively.

The protective effect of [IFN-vy on oligodendrocytes against the
proteasome inhibitor lactacystin was also examined in more de-
tail (Fig. 10C). Proteasomes of treated and untreated cells were
isolated, and their activity was measured sequentially every 30
min for 3 h using a fluorescent (proteasome 20) assay, and the
values were normalized per microgram protein (rfu/pg). Our
experiment demonstrated that [IFN-vy stimulation (25-100 U/ml)
for 48 h resulted in significant upregulation of proteasome activ-
ity consistent with our microarray data. The highest levels of
proteasome activity were induced by 25-50 U/ml IFN-v, 4.3 =
05- and 3.3 = 0.4-fold increase in activity, respectively. IFN-vy-
pretreated and untreated oligodendrocyte cultures were incu-
bated with the proteasome inhibitor lactacystin (0.1-10 uM), and
cell viability was measured using MTT assay (Fig. 10D). Lacta-
cystin significantly reduced cell viability in the untreated cultures
in a dose-dependent manner: 74 = 5at 1 uMand 63 = 7 at 10 uMm
lactacystin. IFN-vy-pretreated cells were protected against lacta-
cystin toxicity. Maximum preservation of cell viability was ob-
served against 1 and 10 uM lactacystin fallowing pretreatment
with 25 U/ml IFN-vy (95 = 2 and 85 = 4, respectively).

IFN-vy induced oligodendrocyte expression of chemokines

In an effort to gain insight into the distinct neuropathological
features displayed by the PLP/SOCS] transgenic mice, particu-
larly with regard to altered pattern of immune cell infiltrates, we
examined IFN-vy-treated oligodendrocytes for the potential to
express various chemokines and cytokines (Fig. 11A). Culture
media were examined for expression of IL13, IL6, TNF-q,
CXCL10 (IP10), CCL2 (MCP-1), CCL3 (MIP-1«), and CCL5
(RANTES) using the cytokine (LiquiChip) assay. We found no
detectable levels of any of these molecules in the untreated cul-
tures. In contrast, IFN-vy-treated oligodendrocyte cultures signif-
icantly upregulated CXCL10 (IP10), CCL2 (MCP-1), CCL3
(MIP-1«), and CCL5 (RANTES). The levels of CXC10 (IP10)
were dose dependent (10—100 U/ml IFN-vy) and represented by
far the highest chemokine induction (812 = 59 pg/mlat 100 U/ml
IFN-vy). CCL2 (MCP-1) and CCL3 (MIP-1«) production in-
creased significantly at low doses of [FN-+y (10-25 U/ml IFN-vy)
but did not increase any further at higher doses (39 * 3 and 63 =
7 pg/ml for MCP-1 and MIP-1a, respectively, at 25 U/ml [FN-+y).
Production of CCL5 (RANTES) appeared to increase only at high
doses of IFN-vy (65 % 9; 100 U/ml IEN-vy). We found no signifi-
cant upregulation of IL1, IL6, and TNF-c at any of the treatment
doses.

We also measured CXCL10 (IP10) expression levels in the
spinal cords of CFA-injected and fully immunized wild-type and
PLP/SOCSI mice with different clinical scores (0.0, 1.0, and 3.0)
(Fig. 11B). Total RNA from the spinal cords of three animals
from each of the four groups was isolated, and the levels of
CXCL10 (IP10) mRNA were measured using Q-PCR. CXCL10
(IP10)-specific signal was detected in samples of immunized
wild-type and PLP/SOCSI mice with clinical scores of 1.0 and 3.0.
The levels of CXCL10 (IP10) were comparable in all animals with
a clinical score of 1.0 but significantly lower in the PLP/SOCS1
mice with a clinical score of 3.0 compared with the wild-type mice
(p < 0.05). We found no significant expression of CXCL10
(IP10) in the spinal cords of the corresponding CFA-injected
wild-type or PLP/SOCS]I mice.
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Patterns of oligodendrocyte apoptosis in wild-type and PLP/SOCST mice. Representative images of oligodendrocyte apoptosis in CNS: PLP/SOCST (top row; A—E) and wild-type (WT)

spinal cords (bottom row; F-J) with identical clinical scores of 0.0 (first column; A, F, CFA control), 1.0 (second and third columns; B, G corresponding to €, H), and 3.0 (fourth and fifth column; D,
I corresponding to E, J) were stained with TUNEL/FITC (green), CC1/Cy3 (red), and DAPI (blue). Stars mark the inflammation and the dotted line represents its edge; arrows point to the apoptotic
oligodendrocytes. Scale bar, 100 .um. Note that apoptotic oligodendrocytes in the PLP/SOCST mice were localized at some distance from the edge of the inflammatory lesions, whereas in the

wild-type mice they were within the lesion.
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Figure 8.  Oligodendrocyte apoptosis in wild-type and PLP/SOCST mice. Oligodendrocyte
apoptosis was assessed in TUNEL-stained and anti-CC1-immunostained spinal cords of PLP/
S0CST and wild-type mice. Two significant differences were found: PLP/SOCST mice developed
significantly more apoptotic oligodendrocytes at days 10, 12, and 15 Pl compared with the
wild-type mice at the corresponding time points (*p << 0.05) and significantly more apoptotic
oligodendrocytes at disease onset compared with the wild-type mice at days 10 and 15 PI,
respectively (**p < 0.05).

Discussion

In the present study, we exploited the PLP/SOCSI line of trans-
genic mice, which display reduced oligodendrocyte responsive-
ness to IFN-y, to examine the significance of IFN-v-
oligodendrocyte interactions in the course of EAE. We found that
these mice developed the disease with an accelerated onset that
was associated with enhanced early CNS inflammation compared
with wild-type mice. This difference in inflammatory dynamics
was preceded by a common preclinical stage of comparable pe-
ripheral immune responses and occurred without significant
variations in the cellular composition of the infiltrates during the
clinical stage. We also found that IFN-y was expressed in the CNS
of both wild-type and the PLP/SOCS1 mice during the preclinical
phase at comparable levels. The enhanced early inflammation in
the PLP/SOCSI mice was associated with markedly increased ol-
igodendrocyte apoptosis, which appeared earlier and in the pres-
ence of significantly fewer inflammatory foci compared with the
wild-type mice. Despite the presence of early inflammation and
apoptotic oligodendrocytes, the inflammatory infiltration in the

PLP/SOCSI mice remained mainly perivascular with little in-
volvement of the myelinated tracts or demyelination.

The accelerated disease onset in the PLP/SOCSI mice can best
be attributed to an increased oligodendrocyte susceptibility to
injury and accelerated CNS inflammation, which likely facilitated
the earlier precipitation of clinical signs in the PLP/SOCSI mice.
The milder perivascular inflammation and the minimal paren-
chymal infiltration and demyelination observed in the PLP/
SOCSI mice, however, also suggests that despite its accelerated
onset, the inflammatory reaction failed to develop to its full ex-
tent in these animals. This apparent disconnection between
perivascular inflammation and parenchymal infiltration most
likely contributed to the clinical recovery in the PLP/SOCS1 mice.
Because IFN-v is expressed in the CNS early in the preclinical
phase (Glabinski et al., 2003), as well as during the acute disease,
we attribute the observed clinicopathological differences in the
PLP/SOCS]I mice to the suppression of IFN-+y/Statl signaling in
oligodendrocytes.

To investigate further the potential mechanisms that may be
involved in the observed differences between wild-type and PLP/
SOCSI mice, we examined the effect of IFN-y on mature oligo-
dendrocytes in vitro. Our experiments revealed that IFN-y elic-
ited differential cellular responses to potentially injurious agents.
Specifically, we found that IFN-vy potentiated the harmful effect
of death receptor signaling triggered by Fas cross-linking cer-
amide and staurosporine but provided protection against oxida-
tive stress and the inhibition of proteasome activity. Our findings
of an enhancing effect of IFN-vy on death receptor signaling in
oligodendrocytes are in accordance with previous reports
(Agresti et al., 1998; Pouly et al., 2000). The protective effect of
IFN-v on oligodendrocytes against oxidative stress in our study
was best observed at lower IFN-y doses and is likely to involve
upregulation of genes with antioxidant function and the activa-
tion of proteosome activity.

These results suggest that the distinct clinicopathological re-
sponse of the PLP/SOCSI mice to EAE induction can be attrib-
uted, at least in part, to a suppression of the differential effects of
IFN-v on oligodendrocytes. It is likely that the early CNS pres-
ence of IFN-v in the EAE disease course provides protection to
oligodendrocytes in wild-type mice, and the suppression of this
protective effect in the PLP/SOCSI mice results in increased early
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oligodendrocyte apoptosis. A well- A
recognized pathogenic factor in EAE that
our in vitro experiments suggest may be a
target of IFN-vy protection is oxidative
stress, which occurs early in the preclinical
phase of the disease (Ruuls et al., 1995).

IFN-y spotsiwell
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This possibility is supported by a report &
demonstrating that IFN-y knock-out
(—/—) mice developed more severe oxida-
tive stress during the course of EAE com-
pared with wild-type mice (Espejo et al.,
2002). Induction of proteasome activity
by IFN-vy is also of particular significance,
because proteasomal elimination of oxi-
dized/modified proteins is a principle line
of cellular defense against oxidative stress
(Poppek and Grune, 2006). Oligodendro-
cytes appear to be very sensitive to the
accumulation of oxidized/modified pro-
teins, a process that triggers mitochon-
drial dysfunction and apoptotic cell death
(Goldbaum et al., 2006). The protective
effect of IFN-v is also consistent with a
report from our laboratory that demon-
strated that enforced expression of this
cytokine in the CNS at low levels, insuffi-
cient to cause developmental myelin ab-
normalities, provides protection against
toxic (cuprizone)-induced oligodendro-
cyte injury and demyelination in mature
animals (Gao et al., 2000).

Death receptor signaling is a key mech-
anism of cell-mediated cytotoxicity and it
is an important cause of oligodendrocyte
cell death in EAE (Okudaetal., 1998; Hov-
elmeyer et al., 2005). IFN-vy plays a critical role in regulating
TNF-a receptor and Fas expression, and as we and others have
demonstrated, IFN-+y potentiates death receptor signaling in oli-
godendrocytes (Agrestietal., 1998; Pouly et al., 2000; Goswami et
al., 2005). Perhaps diminished IFN-vy signaling in the PLP/SOCS1
oligodendrocytes provided protection against this type of cell
death, which in turn permitted faster resolution of the inflamma-
tory reaction, despite its accelerated onset and initial oligoden-
drocyte apoptosis. The milder inflammatory reaction in the PLP/
SOCSI mice is in accordance with reports demonstrating that
double knock-out TNFaR ~'~/Fas '~ mice with deficient death
receptor signaling developed a relatively minor inflammatory re-
action in EAE (Hovelmeyer et al., 2005).

The findings in the PLP/SOCSI mice are also consistent with
recent observations we made concerning EAE induction in trans-
genic mice in which the expression of IFN-vy in the CNS can be
temporally controlled. Induction of transgenic IFN-y expression
in the preclinical phase of EAE ameliorates the disease (Lin et al.,
2007); whereas when IFN-+y expression is activated later in the
clinical phase, it worsens the disease course (Lin et al., 2006).
Interestingly, in these studies, we demonstrated that the observed
effects of IFN-vy, both protective and deleterious, are modulated
by the activity of the pancreatic endoplasmic reticulum (ER) ki-
nase, an ER-localized kinase that is known to be a critical partic-
ipant in the ER stress response (Harding et al., 2000). Together,
these studies suggest that IFN-y-induced ER stress in oligoden-
drocytes may participate in both the protective as well as the
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Expression of IFN-y and MHC class | in wild-type and PLP/SOCST mice. A, B, The levels of [FN--y expression were
measured in the lymphocyte proliferating cultures generated at day 8 Pl using ELISPOT assay (4) and in the spinal cords at days 8,
10,12, 15, and 18 Pl using Q-PCR (B) of immunized and CFA-injected mice. Lymphocytes from immunized wild-type (WT) and
PLP/SOCST mice produced significant and comparable amounts of IFN-y in the presence of the M0G;5_s and anti-(D3 antibody.
IFN--y expression was detected at comparable levels in the spinal cords of both immunized wild-type and PLP/SOCST mice at days
8and 10 PI. The expression levels at later time points appeared to reflect the dynamic differences of inflammatory involvement
between these groups (*p << 0.05, ** p << 0.05). (-J, Representative images of sections immunostained for MHC class | (green),
CC1/Cy3 (red), and DAPI (blue)-stained spinal cords of PLP/SOCST (top row; C—F) and wild-type spinal cords (bottom row; G—J)
with identical clinical scores of 3.0. Note the coexistence of MHC class I-positive inflammatory cells and oligodendrocytes in the
wild-type mice and the expression of MHC class | by only the inflammatory cells in the PLP/SOCST mice. The stars mark the
inflammation and the dotted lines represent its edge; arrows point to the oligodendrocytes, and arrowheads point to the inflam-
matory cells. Scale bars, 50 pm.

deleterious effects of this cytokine in the response to EAE
induction.

The results of the present study also suggest a link between
oligodendrocyte injury, responsiveness of IFN-v, and the dy-
namics of the inflammatory reaction in the CNS. Enhanced early
inflammation in the PLP/SOCSI mice coincided with markedly
increased oligodendrocyte apoptosis. Other reports demonstrat-
ing that transgenic mice with oligodendrocytes resistant to apo-
ptosis developed attenuated CNS inflammation and milder dis-
ease are also in support of such an association (Hisahara et al.,
2000, 2003). The underlying mechanisms for the observed accel-
erated inflammatory reaction in the PLP/SOCSI mice remain
unclear, but it is possible that the process of antigen presentation
is involved. Because the initiation of EAE depends on de novo
antigen presentation of myelin proteins in the CNS, injured oli-
godendrocytes may increase the availability of the priming anti-
gen, thereby accelerating the inflammatory reaction (Tompkins
et al., 2002; McMahon et al., 2005). Interestingly, initial antigen
presentation in the CNS has been shown to occur in the perivas-
cular space (Hickey and Kimura, 1988; McMahon et al., 2005),
the site of accelerated inflammatory infiltration in the PLP/
SOCSI mice.

Our experiments also provided evidence that IFN-y-
stimulated oligodendrocytes can be an important source of che-
mokines. The apparent disconnection between the perivascular
inflammation and the diminished parenchymal infiltration and
demyelination in the PLP/SOCSI mice may reflect, at least in
part, suppression of IFN-vy-induced chemotactic signaling. Genes
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Figure 10.  Effect of IFN--y on oligodendrocytes. Mature oligodendrocyte cultures were treated for 2 d with IFN-y (0—100

U/ml), and several cellular effects were measured. A, IFN-y and oligodendrocyte viability. IFN-~ (100 U/ml) had no effect on
oligodendrocyte viability; potentiated the toxicity of anti-fas, staurosporine, and ceramide; and protected oligodendrocytes
against H,0, and lactacystine (*p << 0.05). B, IFN-y protection against H,0,. Maximum protection was found with 25-50 U/ml at
50 M H,0,. €, IFN-yinduction of proteasome activity. Maximum induction was found with 25 U/ml. D, IFN-+y protection against
lactacystin. Significant protection was found with all doses of IFN-7y (25-100 U/ml) against 1 um (*p << 0.05) and only with 25
U/ml against 10 wm lactacystine (**p << 0.05).
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Figure 11.  IFN-yinduction of chemokines. A, Differentiated oligodendrocyte cultures were stimulated with various doses of

IFN--y (0—100 U/ml) for 48 h, and the conditioned media were assayed for cytokine production by using LiquiChip assay. Control
unstimulated oligodendrocytes produced no detectible levels of cytokines or chemokines. Oligodendrocyte stimulated with IFN-
upregulated the expression of a number of chemokines: IP10, RANTES, MIP-1cx, and MCP-1. No expression of IL13, IL-6, and
TNF-c was found in any of the samples. B, IP10 expression levels were measured in the spinal cords of CFA-injected controls and
immunized wild-type (WT) and PLP/SOCST mice with identical clinical scores (0.0, 1.0, and 3.0) using Q-PCR. We found signifi-
cantly lower expression of IP10 in the PLP/SOCST mice with a clinical score of 3.0 compared with the wild-type mice with an
identical disease severity (*p << 0.05).
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as observed in the PLP/SOCSI mice, are
reminiscent of type I and type III patterns
of demyelination, respectively, in multiple
sclerosis (Lassmann et al., 2001). Primary
oligodendrocyte apoptosis in the absence
of significant inflammation has also been
found in the very early lesions of multiple
sclerosis (Barnett and Prineas, 2004). The
similarities with our experimental find-
ings suggest that increased differential ol-
igodendrocyte susceptibility to injury and
altered inflammatory mechanisms may be
involved in the formation of the demyeli-
nation patterns of MS.

In conclusion, we examined the signif-
icance of IFN-vy-oligodendrocyte inter-
actions during the course of EAE. We
demonstrate that suppression of these in-
teractions is of major significance to the
clinical and pathological aspects of the dis-
ease. Our experiments suggest that oligo-
dendrocytes are not simply targets of in-
flammatory injury but participants of the
neuroimmune network operating during
the course of EAE. Further defining the
molecular consequences of IEN-y-
oligodendrocyte interactions may provide
novel therapeutic targets for human in-
flammatory demyelinating diseases.
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