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There is compelling evidence that oligodendrocyte apoptosis, in response to CNS inflammation, contributes significantly to the develop-
ment of the demyelinating disorder multiple sclerosis and its animal model, experimental autoimmune encephalomyelitis (EAE). There-
fore, approaches designed to protect oligodendrocytes would likely have therapeutic value. Activation of pancreatic endoplasmic
reticulum kinase (PERK) signaling in response to endoplasmic reticulum (ER) stress increases cell survival under various cytotoxic
conditions. Moreover, there is evidence that PERK signaling is activated in oligodendrocytes within demyelinating lesions in multiple
sclerosis and EAE. Our previous study demonstrated that CNS delivery of the inflammatory cytokine interferon-vy before EAE onset
protected mice against EAE, and this protection was dependent on PERK signaling. In our current study, we sought to elucidate the role
of PERK signaling in oligodendrocytes during EAE. We generated transgenic mice that allow for temporally controlled activation of PERK
signaling, in the absence of ER stress, specifically in oligodendrocytes. We demonstrated that persistent activation of PERK signaling was
not deleterious to oligodendrocyte viability or the myelin of adult animals. Importantly, we found that enhanced activation of PERK
signaling specifically in oligodendrocytes significantly attenuated EAE disease severity, which was associated with reduced oligodendro-
cyte apoptosis, demyelination, and axonal degeneration. This effect was not the result of an altered degree of the inflammatory response
in EAE mice. Our results provide direct evidence that activation of PERK signaling in oligodendrocytes is cytoprotective, protecting mice

against EAE.

Introduction

Multiple sclerosis (MS) and its animal model, experimental au-
toimmune encephalomyelitis (EAE), are T cell-mediated auto-
immune demyelinating diseases of the CNS. These disorders are
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characterized by CNS inflammation, demyelination, oligoden-
drocyte death, and axonal degeneration (Frohman et al., 20065
Trapp and Nave, 2008). Recent studies suggest that oligodendro-
cytes are the target of immune attack in MS and EAE and that
oligodendrocyte apoptosis contributes significantly to the devel-
opment of these diseases (Matute and Pérez-Cerdd, 2005;
McGuire et al., 2010). Profound oligodendrocyte apoptosis has
been observed in newly forming MS lesions in the absence of
infiltrating lymphocytes or myelin phagocytes (Barnett and
Prineas, 2004). Both oligodendrocyte-targeted expression of an-
tiapoptotic proteins and oligodendrocyte-targeted deletion of a
proapoptotic protein protect oligodendrocytes from EAE-
induced apoptosis, resulting in the attenuation of demyelination
and axonal degeneration in EAE lesions (Hisahara et al., 2000;
McGuire et al., 2010).

Endoplasmic reticulum (ER) stress, the stress of accumulating
unfolded or misfolded proteins in the ER, activates pancreatic ER
kinase (PERK), which coordinates an adaptive program known
as the integrated stress response (ISR) by phosphorylating trans-
lation initiation factor 2« (elF2a) (Harding et al., 2003; Proud,
2005; Marciniak and Ron, 2006). Phosphorylation of eIF2« pro-
motes a stress-resistant state through the global attenuation of
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protein biosynthesis and the induction of stress-induced cyto-
protective genes. Accumulating evidence suggests that the ISR is
involved in the pathogenesis of MS and EAE (Lin and Popko,
2009). Activation of the ISR was observed in multiple cell types
within MS and EAE demyelinating lesions, including oligo-
dendrocytes, T cells, microglia/macrophages, and astrocytes
(Chakrabarty et al., 2004; Mhaille et al., 2008; Cunnea et al.,
2011). Additionally, it has been shown that the ISR is a potent
regulator of inflammatory T-cell differentiation (Scheu et al.,
2006; Sundrud et al., 2009) and that it also regulates the function
of macrophages in inflammatory diseases (Woo et al., 2009). Our
previous study demonstrated that CNS delivery of the inflammatory
cytokine IFN-vy before EAE onset protected against EAE-induced
oligodendrocyte death and demyelination in a PERK-dependent
manner, as the protective effects of IFN-vy were associated with
PERK activation in oligodendrocytes and were abrogated in
PERK haploinsufficient animals (Lin et al., 2007). Nevertheless,
because IFN-v is a pleiotropic immune cytokine that regulates
T-cell differentiation and microglia/macrophage activation
(Boehm et al., 1997), it is not clear whether abrogation of the
protective effects of IFN-vy in PERK haploinsufficient animals is
the result of the impairment of ISR signaling in oligodendrocytes
or in inflammatory cells. Collectively, the role of the ISR in oli-
godendrocytes during MS and EAE remains unclear.

In the current study, we sought to dissect the precise role of the
ISR in oligodendrocytes during EAE pathogenesis. We generated
transgenic mice that allow for temporally controlled activation of
PERK signaling specifically in oligodendrocytes. Using this
unique mouse model, we found that enhanced ISR signaling spe-
cifically in oligodendrocytes significantly alleviates EAE-induced
oligodendrocyte apoptosis, resulting in the attenuation of demy-
elination and axonal degeneration. Our findings indicate that
therapeutic approaches to activating the ISR in oligodendrocytes
could be beneficial to patients with MS.

Materials and Methods

Generation of PLP/Fv2E-PERK transgenic mice. A proteolipid protein
(PLP)-based expression construct containing 2.4 kb of the 5’ flanking
DNA, exon 1, and intron 1 of the mouse PLP gene, and a SV40 poly(A)
signal sequence (Fuss et al., 2000, 2001) was obtained from Dr. Wendy
Macklin (University of Colorado Denver, Aurora, Colorado). A 2.4 kb
Fv2E-PERK ¢DNA segment was excised from the pBabe/Fv2E-PERK
plasmid (Lu et al., 2004) with EcoRI and Nsil and was inserted into the
Smal site of a modified version of the pNEB193 plasmid (Fuss et al.,
2000). The resulting pPNEB193/Fv2E-PERK plasmid was further digested
with Ascl and Pacl to release the Fv2E-PERK ¢cDNA, which was sub-
cloned into the multiple cloning sites region of the PLP expression con-
struct at the same restriction sites. The pPLP/Fv2E-PERK plasmid was
digested with Apal and SaclIl and a linear 13.5 kb PLP/Fv2E-PERK trans-
gene fragment was isolated for microinjection into fertilized C57BL/6]
oocytes. Transgenic founder mice were identified by PCR. Tail tip DNA
was amplified with the following primers: sense primer (CCAGAT-
GAGTGTGGGTCAGA) and antisense primer (AGGCTTTAACTTC-
CCGCATT). The identified founders were subsequently bred with
C57BL/6] mice (The Jackson Laboratory) to establish transgenic mouse
lines.

To activate the transgene Fv2E-PERK in oligodendrocytes, PLP/Fv2E-
PERK transgenic mice were given intraperitoneal injections of AP20187
daily at a dose of 0.5, 2, or 5 mg/kg. AP20187 was a gift from Ariad
Pharmaceuticals. Lyophilized AP20187 was dissolved in 100% ethanol at
a concentration of 62.5 mg/ml stock solution and stored at —20°C. In-
jection solutions, as reccommended by Ariad Pharmaceuticals, consisted
of 4% ethanol, 10% PEG-400, and 2% Tween 20 in water. The transgenic
mice receiving only the vehicle (4% ethanol, 10% PEG-400, 2% Tween 20
in water) served as controls. All animal procedures were conducted in
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complete compliance with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals and were approved by the Institu-
tional Animal Care and Use Committees of the University of South Ala-
bama, the University of Chicago, and the University of Minnesota.

Mixed glial cultures and oligodendrocyte cultures. Mixed glial cultures
were prepared from neonatal PLP/Fv2E-PERK mice as described previ-
ously (Baerwald et al., 2000). The cells were cultured in DMEM (Invit-
rogen) with 10% FBS at 37°C with 5% CO,. After 12 d, the cells were
switched to a differentiation medium containing 5 ul/ml insulin, 50
ug/ml transferrin, 30 nm selenium, 10 nMm biotin, 10 nM progesterone,
and 15 nM triiodothyronine, and 0.1% BSA. After 5 d of differentiation,
the cells were treated with AP20187 or vehicle for 24 h. RNA was isolated
from the cells using Trizol reagent (Invitrogen).

Oligodendrocyte progenitor cells (OPCs) were isolated from PLP/
Fv2E-PERK and wild-type littermate mice using the sequential immuno-
panning protocol described by Dugas et al. (2006). Briefly, whole brains
from 6-day-old pups were dissected and enzymatically dissociated with
papain at 37°C. After enzymatic dissociation and gentle trituration, the
single-cell suspension was sequentially incubated on dishes coated with
antibodies against Ran-2, GalC, and O4. Ran-2 ", GalC ", 04" OPCs
were trypsinized from the O4 panning plate and seeded onto poly-p-
lysine coated 12 mm glass coverslips. Cells were cultured in DMEM,
supplemented with human transferrin (100 pg/ml), BSA (100 wg/ml),
putrescine (16 ug/ml), progesterone (60 ng/ml), sodium selenite (40
ng/ml), N-acetyl-L-cysteine (5 ug/ml), p- biotin (10 ng/ml), insulin
(5 pg/ml), glutamine (2 mm), sodium pyruvate (1 mm), penicillin-
streptomycin (100 U each), B-27 (1 X; Invitrogen), Trace Elements (1 X;
Mediatech), growth factors for differentiation: forskolin (4.2 ug/ml),
CNTF (10 ng/ml, PeproTech), NT-3 (1 ng/ml, PeproTech), and triiodo-
thyronine (40 ng/ml). After 3 d of differentiation, the cells were treated
with 1 nm AP20187 or vehicle for 4 h and were then fixed with cold 4%
paraformaldehyde in PBS. The cells were blocked with PBS containing
10% goat serum and 0.1% Triton X-100 and incubated overnight with
the primary antibody diluted in blocking solution. Appropriate
fluorochrome-labeled secondary antibodies (Vector Laboratories) were
used for detection. Immunostaining for phosphorylated elF2a (p-elF2q,
1:50; Cell Signaling Technology), 2',3'-cyclic nucleotide phosphodies-
terase (1:200; Santa Cruz Biotechnology), PLP (1:50; Santa Cruz Biotech-
nology), and the active form of NF-«B, p65 (1:50; Millipore) were
performed. Fluorescent-stained cells were mounted with Vectashield
mounting medium with 4', 6-diamidino-2-phenylindole (DAPI, Vector
Laboratories). The stained cells were visualized with the Nikon A1l con-
focal microscope and analyzed as previously described (Lin et al., 2005).

EAE immunization. Seven-week-old female mice received subcutane-
ous injections, in the flank and at the tail base, of 200 ug of myelin
oligodendrocyte glycoprotein (MOG) 35-55 peptide emulsified in com-
plete Freund’s adjuvant (BD Biosciences), supplemented with 600 ug of
Mycobacterium tuberculosis (strain H37Ra; BD Biosciences). Two intra-
peritoneal injections of 400 ng of pertussis toxin (List Biological Laborato-
ries) were given 24 and 72 h later. Clinical scores (0 = healthy; 1 = flaccid tail;
2 = ataxia and/or paresis of hindlimbs; 3 = paralysis of hindlimbs and/or
paresis of forelimbs; 4 = tetraparalysis; 5 = moribund or death) were re-
corded daily.

Western blot analysis. Tissues harvested from mice were rinsed in ice-
cold PBS and were homogenized using a motorized homogenizer as
previously described (Lin et al., 2005, 2008). After incubating on ice for
15 min, the extracts were cleared by centrifugation at 14,000 rpm twice
for 30 min each. The protein content of each extract was determined by
DC Protein Assay (Bio-Rad Laboratories). The extracts (100 ug) were
separated by SDS-PAGE and were transferred to nitrocellulose. The blots
were incubated with a primary antibody, either anti-FKBP-12 (1:2000,
Thermo Scientific) or anti-B-actin (1:10,000, Sigma-Aldrich), followed
by an HRP-conjugated secondary antibody, and the signal was revealed
by chemiluminescence.

Real-time PCR. Deeply anesthetized mice were perfused with ice-cold
PBS. RNA was isolated from the spinal cord using Trizol reagent (Invit-
rogen) and treated with DNasel (Invitrogen) to eliminate genomic DNA.
Reverse transcription was performed using the iScript cDNA Synthesis
Kit (Bio-Rad Laboratories). TagMan real-time PCR was performed with



5982 - J. Neurosci., April 3, 2013 - 33(14):5980 -5991

iQ Supermix (Bio-Rad Laboratories) on a Bio-Rad iQ Real-Time PCR
detection system as previously described (Lin et al., 2006, 2007; Lin and
Lin, 2010).

Immunohistochemistry and TUNEL staining. Anesthetized mice were
perfused through the left cardiac ventricle with 4% paraformaldehyde in
PBS. The tissues were removed, postfixed with paraformaldehyde, cryo-
preserved in 30% sucrose, embedded in optimal cutting temperature
compound, and frozen on dry ice. Frozen sections were cut in a cryostat
at a thickness of 10 wm. For immunohistochemistry, the sections were
treated with —20°C acetone, blocked with PBS containing 10% goat
serum and 0.1% Triton X-100, and incubated overnight with the primary
antibody diluted in blocking solution. Fluorescein, Cy3, or enzyme-
labeled secondary antibodies (Vector Laboratories) were used for detec-
tion. Immunohistochemistry for CC1 (APC7, 1:50; EMD Biosciences),
FKBP-12 (1:200; Thermo Scientific), GFAP (1:1000; Sternberger Mono-
clonals), NeuN (1:100; Millipore Bioscience Research Reagents),
platelet-derived growth factor « receptor (PDGFaR, 1:100, Santa Cruz
Biotechnology), p-eIF2a (1:50; Cell Signaling Technology), myelin basic
protein (MBP, 1:1000; Sternberger Monoclonals), SMI-31 (1:1000;
Sternberger Monoclonals), CD3 (1:50; Santa Cruz Biotechnology),
CD11b (1:50; Santa Cruz Biotechnology), aspartoacylase (ASPA, 1:1000,
kindly provided by Dr. M.A. Aryan Namboodiri at Uniformed Services
University of the Health Sciences, Bethesda, Maryland), and the active
form of NF-«kB p65 (1:50; Millipore) were performed. Fluorescent-
stained sections were mounted with Vectashield mounting medium with
DAPI (Vector Laboratories) and visualized with the Nikon A1 confocal
microscope.

TUNEL staining was performed using the ApopTag kit (Millipore
Bioscience Research Reagents) according to the manufacturer’s instruc-
tions. The sections were mounted with Vectashield mounting medium
with DAPI (Vector Laboratories) and visualized with the Nikon Al con-
focal microscope.

For quantitative analyses, cross spinal cord sections were cut at 10 um.
Every 10th section in the series from lumbar 2 to lumbar 4 spinal cord
segment, a total of 20 sections per mouse, was immunostained with
appropriate antibodies. We counted immunopositive cells within the
anterior funiculus medially next to the anterior median fissure in the
lumbar spinal cord in every section, confined to an area of 0.1 mm? as
described in our previous paper (Lin et al., 2007). For each mouse, the
number of immunopositive cells from a total of 20 sections was averaged,
and the average number per section was used for statistical analysis. For
quantitative MBP immunohistochemistry analysis, we calculated the
percentage of the demyelinated area in the lumbar spinal cord in every
section by normalizing the demyelinated area against the total white
matter area. The total white matter area and the demyelinated area in the
lumbar spinal cord in every section were measured by NIH Image]J soft-
ware (http://rsb.info.nih.gov/ij/). For each mouse, the average percent-
age of the demyelinated area per section was calculated and used for
statistical analysis. The histological analyses were performed by a re-
searcher blind to the experimental groups.

Toluidine blue staining and electron microscopy analysis. For toluidine
blue staining of 1 wm sections, we anesthetized and perfused mice with
PBS containing 4% paraformaldehyde and 2.5% glutaraldehyde. The
lumbar spinal cords were processed, embedded, sectioned, and analyzed
as previously described (Lin et al., 2007). The total white matter area and
the demyelinated area in the lumbar spinal cord were measured by NIH
Image] software (http://rsb.info.nih.gov/ij/). The percentage of the de-
myelinated area was calculated by normalizing the demyelinated area
against the total white matter area. For electron microscopy (EM) anal-
ysis, the demyelinated lesions within the anterior funiculus medially next
to the anterior median fissure were trimmed, and then thin sections were
cut, stained with uranyl acetate and lead citrate, and examined using
Philips CM 100 transmission electron microscope. We counted the total
number of axons and the number of degenerating axons in the demyeli-
nated lesions, confined to an area of 100 um?. The histological analyses
were performed by a researcher blind to the experimental groups.

BrdU pulse-chase analysis. PLP/Fv2E-PERK mice immunized with
MOG 35-55 peptide were given intraperitoneal injections of 0.5 mg/kg
AP20187 or vehicle daily starting on PID10. All mice received additional
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injections of 50 mg/kg BrdU (Sigma-Aldrich) dissolved in H,O on
PID11,PID13, PID15,and PID17. Mice were then anesthetized and tran-
scardically perfused, with lumbar spinal cord isolated and fixed as de-
scribed above. To colabel with ASPA and BrdU, immunofluorescent
staining was conducted in two cycles: sections were first treated as de-
scribed above using ASPA (1:1000) with positive staining confirmed after
fluorescent secondary antibody labeling. Slides were then reintroduced
to —20°C acetone for 10 min, washed with PBS, incubated with 2N HCl
for 30 min at 37°C to denature DNA, and neutralized with 0.1 M sodium
borate for 10 min at room temperature. Sections were then blocked and
incubated with antibody to BrdU (1:250, Abcam), secondary antibody,
and finally dyed with Hoechst 33258 (Invitrogen) before mounting and
coverslipping. Tissue images were visualized with a CRi Pannoramic
Scan Whole Slide Scanner (Cambridge Research and Instrumentation)
and captured using a Zeiss AxioCam MRm digital camera. The quanti-
tative analysis of ASPA and BrdU double-positive cells in the lumber
spinal cord was performed as described above.

T-cell proliferation and viability assay and cytokine assay. Single-spleen
cell suspensions were generated from mice with EAE at postimmuniza-
tion day (PID) 10. Red blood cells were lysed with ACK lysis buffer
(Invitrogen), washed, and plated at 5 X 10° splenocytes per well in
96-well microtiter plates. Samples were plated in triplicate. The cells were
simultaneously treated with AP20187 (0, 0.1, or 1 nm) and MOG35-55
peptide (0, 1, 10, or 100 ug/ml), and were incubated at 37°C and 5% CO.,.
After 48 h, 20 ul of BrdU labeling solution (Millipore) was added to the
culture media for 24 h. Cell proliferation was determined using the Col-
orimetric BrdU Cell Proliferation kit (Millipore) according to the man-
ufacturer’s instructions. We quantified the cytokines in the culture
supernatants of the triplicate wells using the ELISA kits (Thermo Scien-
tific) according to the manufacturer’s instructions. For the T-cell viabil-
ity assay, the spleen cells treated with AP20187 and MOG35-55 peptide
were incubated at 37°C and 5% CO, for 72 h. Cell viability was deter-
mined by the MTT assay kit (Progema) according to the manufacturer’s
instructions.

Statistics. Data are mean = SD. For quantitative histology analyses, the
average number for each mouse was used for statistical analysis. Multiple
comparisons were statistically evaluated by the one-way ANOVA test
using SigmaStat 3.1 software (Hearne Scientific Software). A p value
<<0.05 was considered significant.

Results

Generation of transgenic mice that express Fv2E-PERK
specifically in oligodendrocytes

The PERK protein contains three functional domains: a stress-
sensing ER luminal domain, an ER transmembrane domain, and
a cytosolic elF2a kinase domain. Activation of PERK signaling is
initiated by PERK dimerization and autophosphorylation, which
is driven by the stress-sensing ER lumenal domain of PERK
(Harding et al., 1999). Fv2E-PERK is an artificial PERK deriva-
tive, which was generated by fusing the elF2a kinase effector
domain of PERK to a polypeptide containing two modified
FK506 binding domains (Fv2E) (Lu et al., 2004). The activity of
this artificial kinase is subordinate to the FK506 dimerizing agent
AP20187 and is uncoupled from upstream ER stress signaling (Lu
etal., 2004). To generate transgenic mice that specifically express
Fv2E-PERK in oligodendrocytes, we assembled a transgenic con-
struct that expresses Fv2E-PERK under the control of a PLP-
based construct (Fig. 1A). A number of studies have shown that
this construct, containing 2.4 kb of the 5’ flanking DNA, exon 1,
and intron 1 of the mouse PLP gene, drives strong and specific
transgene expression in oligodendrocytes (Fuss et al., 2000, 2001;
Doerflinger et al., 2003; Balabanov et al., 2006). The linearized
PLP/Fv2E-PERK transgene was injected into fertilized C57BL/6]
mouse oocytes, and seven distinct lines of transgenic mice carry-
ing the PLP/Fv2E-PERK transgene were established. Mice of all
seven lines were fertile, transmitted the transgene in a Mendelian
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Figure 1.

PLP/Fv2E-PERK mice; N = 3 animals. Scale bar: ¢, 23 uwm; D-G, 31 um.

fashion, and appeared healthy. RT-PCR analysis amplifying a
region spanning the modified FK506 binding domains and the
elF2a kinase domain showed that PLP/Fv2E-PERK transgenic
line 18 expressed Fv2E-PERK mRNA in the CNS (data not
shown) and was used for all subsequent studies.

We further determined the expression pattern of Fv2E-
PERK in this line of transgenic mice using Western blot and im-
munohistochemisty analyses using the anti-FKBP-12 antibody,
which recognizes the modified FK506 binding domain and has
been successfully used to detect the expression of Fv2E-PERK by
Western blot analysis (Ranganathan et al., 2008). Moreover, its
immunoreactivity is specific to the modified domain, as no staining
is observed in the CNS of wild-type mice (Fig. 1C). Western blots
probed with anti-FKBP-12 showed that Fv2E-PERK was expressed
in the CNS of the transgenic mice, but not in other organs, such as
heart, lung, liver, kidney, or spleen (Fig. 1B). Double immune label-
ing for CC1 (a marker for mature oligodendrocytes) and FKBP-12 in
the CNS of PLP/Fv2E-PERK mice revealed that the majority of CC1-

Brain Brain Heart Lung Liver Kidney Spleen

/
FKBP12] =

Structure of the transgene and characterization of the transgenic mice. A, Partial structure of the PLP/Fv2E-PERK
transgene. Transcription initiates within the PLP portion of the transgene and drives expression of the Fv2E-PERK open reading
frame. B, Western blotting showed that the Fv2E-PERK protein was expressed in the brains of PLP/Fv2E-PERK mice (Tg), but notin
littermate wild-type mice (WT). Moreover, Fv2E-PERK was not expressed in heart, lung, liver, kidney, or spleen in the transgenic
mice. ¢, (CC1 and FKBP12 double immunostaining showed that wild-type mice did not express Fv2E-PERK in the brain and that
Fv2E-PERK was expressed specifically in oligodendrocytes in the brains of PLP/Fv2E-PERK mice. D, GFAP and FKBP12 double
immunostaining showed that Fv2E-PERK was not expressed by astrocytes in the brains of PLP/Fv2E-PERK mice. E, NeuN and
FKBP12 double immunostaining showed that Fv2E-PERK was not expressed by neurons in the brains of PLP/Fv2E-PERK mice. F,
(D11band FKBP12 double immunostaining showed that Fv2E-PERK was not expressed by microgliain the brains of PLP/Fv2E-PERK
mice. G, PDGFaR and FKBP12 double immunostaining showed that Fv2E-PERK was not expressed by OPCs in the brains of

that all FKBP-12-positive cells were CCl-
positive oligodendrocytes (Fig. 1C). Addi-
tionally, double immunolabeling showed
that the FKBP-12 immunoreactivity was
undetectable in other types of cells in the
CNS of the transgenic mice, such as GFAP-
positive astrocytic cells (Fig. 1D), NeuN-
positive neurons (Fig. 1E), CD11b-positive
microglial cells (Fig. 1F), and PDGFaR-
positive OPCs (Fig. 1G). Therefore, the
PLP/Fv2E-PERK transgenic mice specifi-
cally express Fv2E-PERK in mature
oligodendrocytes.

Activation of PERK signaling is not
detrimental to oligodendrocytes in
adult animals

We first determined whether AP20187,
a synthetic small chemical compound
that induces homodimerization of fu-
sion proteins containing the modified
FK506 binding domains, could success-
fully control the activity of Fv2E-PERK
in oligodendrocytes by using mixed glial
cell cultures. Mixed glial cells cultured
from neonatal PLP/Fv2E-PERK mice
were allowed to differentiate for 5 d, a
time point when the expression of Fv2E-
PERK was detectable by RT-PCR (data
not shown), and then were treated with
AP20187 for 24 h. Real-time PCR anal-
ysis showed that AP20187 treatment in-
creased the expression of PERK-
responsive genes encoding CAATT
enhancer binding protein homologous
protein (CHOP) and growth arrest and
DNA damage 34 (GADD34) in a dose-
dependent manner (Fig. 2A), but did
not significantly affect the expression of
mRNA encoding binding Ig protein
(BIP). These results were consistent
with previous reports showing that
CHOP induction is completely depen-
dent on the activity of PERK in ER-stressed cells, and the effect
of PERK signaling on BIP expression is minimal (Harding et
al., 2000).

To determine whether AP20187 could also control Fv2E-
PERK activity in oligodendrocytes in vivo, 21-day-old PLP/Fv2E-
PERK transgenic mice were given intraperitoneal injections of
the compound ata dose of 0.5, 2, or 5 mg/kg or were injected with
only the vehicle (4% ethanol, 10% PEG-400, 2% Tween 20 in
water) once daily for 2 d. Real-time PCR analysis showed that
AP20187 treatment enhanced the expression of the mRNAs en-
coding CHOP and GADD34 in the CNS of the transgenic mice in
a dose-dependent manner but did not alter the expression of BIP
(Fig. 2B). Together, these data indicate that the activity of PERK
signaling in oligodendrocytes in PLP/Fv2E-PERK mice can be
temporally manipulated by the administration of AP20187.

Next, we determined the effects of the activation of PERK
signaling on oligodendrocytes in adult mice. Six-week-old PLP/

/
"FKBP12
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Figure 2.  Persistent activation of PERK signaling specifically in oligodendrocytes was not

detrimental to these cells or to myelin in adult animals. A, Real-time PR analysis showed that
AP20187-induced PERK signaling increased the expression of CHOP and GADD34 in the mixed
glial cultures generated from neonatal PLP/Fv2E-PERK mice in a dose-dependent manner but
did not significantly affect the expression of BIP. B, Real-time P(R analysis showed that
AP20187 treatment increased the expression of CHOP and GADD34 in the spinal cords of PLP/
Fv2E-PERK mice in a dose-dependent manner but did not significantly affect the expression of
BIP. C, D, (C1 and p-elF2«x double immunostaining showed that p-elF2cc was undetectable in
oligodendrocytes in the spinal cords of PLP/Fv2E-PERK mice treated with vehicle but became
detectable in the oligodendrocytes of mice treated with AP20187. E, Cell counting revealed that
the numbers of CC1-positive oligodendrocytes in the white matter of the spinal cords and the
cerebellums of PLP/Fv2E-PERK mice treated with AP20187 were comparable with those of mice
treated with vehicle. F, G, MBP immunostaining showed that AP20187 treatment did not alter
myelin integrity in the spinal cords of adult PLP/Fv2E-PERK mice; N = 3 animals. Error bars
indicate SD. *p < 0.05. Scale bar: C, D, 12 um; F, G, 200 pum.

Fv2E-PERK mice were treated with 2 mg/kg AP20187 or vehicle
daily for 4 weeks. All AP20187-treated mice were indistin-
guishable from vehicle-treated mice and littermate wild-type
mice. In accordance with previous studies (Lin et al., 2005,
2006, 2007), CCl and p-elF2a double immunostaining
showed that p-elF2a was undetectable in oligodendrocytes in
the CNS of PLP/Fv2E-PERK mice treated with vehicle. Impor-
tantly, we found that AP20187 treatment markedly increased
the level of p-elF2a specifically in the oligodendrocytes of
these mice (Fig. 2C,D). Cell counting showed that AP20187
treatment did not significantly alter CC1-positive oligoden-
drocyte numbers in the CNS of PLP/Fv2E-PERK mice (Fig.
2E). Moreover, MBP immuohistochemistry showed that
AP20187 treatment had no noticeable effect on myelin integ-
rity in the CNS of PLP/Fv2E-PERK mice (Fig. 2F,G). Addi-
tionally, PDGFaR immunostaining showed that AP20187
treatment did not significantly change the number of
PDGFaR-positive OPCs in the CNS of PLP/Fv2E-PERK mice
(data not shown). Collectively, these data demonstrate that
persistent activation of PERK signaling specifically in oligo-
dendrocytes is not detrimental to the cells or myelin of adult
animals.
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Figure3.  Enhancing the PERK-mediated ISR specifically in oligodendrocytes attenuated EAE
disease severity. A, Mean clinical score were recorded daily: 0 = healthy; 1 = flaccid tail; 2 =
ataxia and/or paresis of hindlimbs; 3 = paralysis of hindlimbs and/or paresis of forelimbs; 4 =
tetraparalysis; 5 = moribund or death. N = 12 animals. Error bars indicate SD. *p < 0.05. B,
Real-time PCR analysis showed that AP20187 treatment increased the expression of CHOP in the
spinal cords of PLP/Fv2E-PERK mice at PID12; N = 4 animals. Error bars indicate SD. *p << 0.05.
C,D, (1 and p-elF2« double immunostaining showed that the level of p-elF2c was markedly
increased in oligodendrocytes in the lumbar spinal cords of PLP/Fv2E-PERK mice treated with
AP20187 at PID12; N = 3 animals. Scale bar: C, D, 23 m.

Enhancing the ISR specifically in oligodendrocytes attenuates
EAE-induced demyelination

A number of studies have shown that AP20187 treatment alone
has no noticeable effect on mice under physiological or patholog-
ical conditions (Mallet et al., 2002; Neff et al., 2002; Steel et al.,
2010). In agreement with these studies, we found that AP20187
treatment alone did not influence the development of EAE in
wild-type C57BL/6] mice (data not shown). To assess the effects
of the enhanced ISR specifically in oligodendrocytes on the de-
velopment of EAE, one group of 7-week-old female PLP/Fv2E-
PERK mice immunized with MOG35-55 peptide was given
intraperitoneal injections of 0.5 mg/kg AP20187 daily starting on
PID10. A second group of immunized PLP/Fv2E-PERK mice was
treated with vehicle to serve as a control. Real-time PCR analysis
showed that AP20187 treatment significantly increased the levels
of CHOP mRNA in the CNS of PLP/Fv2E-PERK mice at PID12
(Fig. 3B). CC1 and p-elF2a double immunostaining also showed
that AP20187 treatment noticeably increased the level of p-elF2«
specifically in oligodendrocytes at PID12 (Fig. 3C,D). All mice
immunized with MOG35-55 peptide developed neurological
signs of disease starting around PID14. Nevertheless, PLP/Fv2E-
PERK mice treated with AP20187 demonstrated significantly
milder EAE clinical symptoms at the peak of disease (PID18-
PID23) compared with control mice (Fig. 3A). The majority of
control mice (22 of 24) developed hind-limb paralysis, a severe
symptom of EAE. In contrast, none of the 18 PLP/Fv2E-PERK
mice treated with AP20187 displayed hind-limb paralysis. Addi-
tionally, we found that neither increasing the dose of AP20187 (2
or 5 mg/kg) nor starting the treatment at earlier time points
(PID1 or PID5) attenuated EAE disease severity in PLP/Fv2E-
PERK mice to a greater extent than treatment with 0.5 mg/kg
AP20187 starting on PID10 (data not shown).

CNS tissues were prepared at the peak of disease (PID19) and
analyzed for tissue damage. MBP immunostaining revealed se-
vere myelin damage in the lumbar spinal cord of PLP/Fv2E-PERK
mice treated with vehicle at PID19 (Fig. 4A,C). Interestingly,
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Figure 4.  Enhancing the PERK-mediated ISR specifically in oligodendrocytes ameliorated
EAE-induced demyelination and oligodendrocyte loss. A-C, At PID19, MBP immunostaining
revealed large demyelinating lesions in the lumbar spinal cords of PLP/Fv2E-PERK mice treated
with vehicle. Interestingly, AP20187 treatment significantly reduced the size of demyelinating
lesions in PLP/Fv2E-PERK mice; 20 sections per mouse, N = 4 animals. D-F, Toluidine blue
staining showed that AP20187 treatment significantly reduced the percentage of the white
matter area of the lumbar spinal cord that was demyelinated in PLP/Fv2E-PERK mice at PID19; 5
serial sections per mouse, N = 4 animals. -/, CC1 immunostaining showed that AP20187
treatment significantly attenuated the oligodendrocyte loss observed at PID19 in the demyeli-
nating lesions in the lumbar spinal cord of PLP/Fv2E-PERK mice; 20 sections per mouse, N = 4
animals. Error bars indicate SD. *p << 0.05. Scale bar: 4, B, 200 wm; D, E, 30 m; G, H, 15 wm.

AP20187 treatment significantly alleviated EAE-induced myelin
damage in these mice (Fig. 4 B, C). We further verified the reduc-
tion of myelin damage in the lumbar spinal cord of PLP/Fv2E-
PERK mice treated with AP20187 via toluidine blue staining.
Quantitative analysis of toluidine blue staining showed that the
percentage of area in the white matter of the lumbar spinal cord
that was demyelinated in PLP/Fv2E-PERK mice treated with
AP20187 was significantly reduced compared with that of mice
treated with vehicle (Fig. 4D—F). CC1 immunostaining showed
that oligodendrocytes in the demyelinated lesions of PLP/Fv2E-
PERK mice treated with vehicle were largely lost, whereas there
were significantly more oligodendrocytes remaining in the demy-
elinated lesions of the mice treated with AP20187 (Fig. 4G-I).
Moreover, whereas phosphorylated neurofilament-H (SMI-31)
immunostaining of lumbar spinal cord longitudinal sections
showed severe axon loss and axon degeneration in the demyeli-
nating lesions of the mice treated with vehicle, there were mark-
edly less axon loss and axon degeneration in the mice treated with
AP20187 (Fig. 5A,B). As expected, EM analysis showed severe
axon degeneration in the demyelinating lesions of the mice
treated with vehicle (Fig. 5C). Degenerating axons displayed all
forms of degeneration, including swelling, shrinkage, and accu-
mulation of electron-dense deposits and membranous struc-
tures. Importantly, EM analysis verified that AP20187 treatment
significantly reduced the number of degenerating axons and in-
creased the density of axons in the demyelinating lesions in the
lumbar spinal cord of PLP/Fv2E-PERK mice (Fig. 5C—F). To-
gether, these data demonstrate that enhancing the ISR specifically
in oligodendrocytes protects mice against EAE.
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Figure 5.  Enhancing the PERK-mediated ISR specifically in oligodendrocytes ameliorated EAE-

induced axonal degeneration. 4, B, SMI-31 immunostaining of lumbar spinal cord longitudinal sec-
tions showed that AP20187 treatment markedly attenuated axon loss and axon degeneration in the
demyelinating lesions in PLP/Fv2E-PERK mice at PID 19. (—F, EM analysis showed that AP20187 treat-
mentsignificantly reduced the number of degenerating axons (¥, arrow) and increased the number of
total axons in the demyelinating lesions in PLP/Fv2E-PERK mice at PID19; N' = 4 animals. Error bars
indicate SD. *p << 0.05. Scale bar: 4, B, 10 um; C, D, 2 um.
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Figure 6.  AP20187 treatment did not directly act on T cells to influence their activity in
PLP/Fv2E-PERK mice undergoing EAE. A, The BrdU cell proliferation assay showed that AP20187
treatment did not affect T-cell proliferation in response to MOG35-55 peptide. B, The MTT-cell
viability assay showed that AP20187 treatment did not alter T-cell viability in response to
M0G35-55 peptide. €, D, ELISA analyses showed that AP20187 treatment did not significantly
affect the ability of T cells to produce the Th1 cytokine IFN--y or the Th2 cytokine IL-4 in response
to M0G35-55 peptide. N = 4 animals. Error bars indicate SD.

Treatment with the dimerizer AP20187 has no significant
effect on the inflammatory response in PLP/Fv2E-PERK mice
undergoing EAE

During EAE, T cells are primed in the mouse peripheral immune
system before PID10 (Stromnes and Goverman, 2006), suggest-
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Figure 7.  AP20187 treatment did not alter the degree of the inflammatory response in the CNS of PLP/Fv2E-PERK mice undergoing EAE. 4, B, E, (D3 immunostaining showed that AP20187

treatment did not affect T-cell infiltration into the white matter of the lumbar spinal cord in PLP/Fv2E-PERK mice at PID12; 20 sections per mouse, N = 4 animals. (~E, CD11b immunostaining
showed that AP20187 treatment did not change the number of microglia/macrophages present in the white matter of the lumbar spinal cord in PLP/Fv2E-PERK mice at PID12; 20 sections per mouse,
N = 4 animals. F, Real-time PCR analysis showed that AP20187 treatment did not significantly alter the levels of the mRNAs encoding iNOS, TNF-cy, IFN-y, IL-4, IL-5, IL-12, IL-17, and IL-23 in the
spinal cord of PLP/Fv2E-PERK mice at PID12; N = 4 animals. G, H, K, (D3 and MBP double immunostaining showed that AP20187 treatment did not change the number of T cells present in the white
matter of the lumbar spinal cord in PLP/Fv2E-PERK mice at PID19; 20 sections per mouse, N = 4 animals. /-K, (D11b and MBP double immunostaining showed that AP20187 treatment did not
change the number of microglia/macrophages presentin the white matter of the lumbar spinal cord in PLP/Fv2E-PERK mice at PID19; 20 sections per mouse, N = 4 animals. L, Real-time PCR analysis
showed that AP20187 treatment did not significantly alter the levels of the mRNAs encoding iNOS, TNF-cy, IFN-+y, IL-4, IL-5, IL-12, IL-17, and IL-23 in the spinal cord of PLP/Fv2E-PERK mice at PID19;
N = 4 animals. Error bars indicate SD. Scale bar: 4, B, 20 um; C, D, 60 um; G, H, 25 pum; 1,J, 25 um.

ing that treatment with AP20187 starting on PID10 would have
no impact on T-cell priming. Therefore, we investigated whether
AP20187 treatment had a direct affect on the activity of primed T
cells in PLP/Fv2E-PERK mice during EAE. Spleen leukocytes
were generated from PLP/Fv2E-PERK mice undergoing EAE at
PID10. As expected, RT-PCR analysis showed that the spleen
leukocytes did not express the Fv2E-PERK transgene (data not
shown), which was consistent with the Western blot data (Fig.

B). The spleen leukocytes were then treated with AP20187 or
vehicle, and their in vitro response to a secondary exposure to

MOG35-55 peptide was analyzed. Importantly, in vitro recall
assays showed that AP20187 treatment did not alter T-cell pro-
liferation, viability, or cytokine production (Fig. 6). Collectively,
these data rule out the possibility that AP20187 directly actson T
cells to influence their activity in PLP/Fv2E-PERK mice subjected
to EAE.

During EAE pathogenesis, primed T cells enter the CNS and
induce tissue damage well before the onset of clinical disease
(Hickey et al., 1991). We found that AP20187 treatment had no
noticeable effect on the number of CD3-positive T cells, the num-
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Enhancing the PERK-mediated ISR specifically in oligodendrocytes protected these cells againstimmune attack. A-D, M, CC1, TUNEL, and DAP! triple labeling showed that there is no

apoptotic oligodendrocytes in the lumbar spinal cords of 10-week-old naive PLP/Fv2E-PERK mice. E=H, M, At PID12, CC1, TUNEL, and DAPI triple labeling revealed a number of apoptotic
oligodendrocytes (arrow) in the lumbar spinal cords of PLP/Fv2E-PERK mice treated with vehicle. Inset, Apoptotic oligodendrocytes were CC1- and TUNEL-positive with nuclear fragmentation. /=M.
Nevertheless, the number of apoptotic oligodendrocytes was dramatically reduced in the lumbar spinal cords of PLP/Fv2E-PERK mice treated with AP20187; 20 sections per mouse, N = 4 animals.

Error bars indicate SD. *p << 0.05. Scale bar: AL, 20 pm.

ber of CD11b-positive microglia/macrophages, or the expression
of immune cytokines in the spinal cords of PLP/Fv2E-PERK mice
before the onset of clinical disease (PID12, Fig. 7A—F). Moreover,
we found that AP20187 treatment did not significantly alter the
number of CD3-positive T cells or the number of CD11b-positive
microglia/macrophages in the lumbar spinal cords of PLP/Fv2E-
PERK mice at the peak of disease (PID19, Fig. 7G-K). Neverthe-
less, double immunostaining showed that both T cells and
microglia/macrophages were confined to the small demyeli-
nating lesions with high cell density in AP20187-treated mice
but were diffuse across the big demyelinating lesions in
vehicle-treated mice. Importantly, real-time PCR analysis
showed that AP20187 treatment did not significantly change
the expression of immune cytokines in the spinal cords of
PLP/Fv2E-PERK mice at PID19 (Fig. 7L). Together, our data
suggest that AP20187 treatment does not significantly affect

the degree of the inflammatory response in the peripheral
immune system or the CNS of PLP/Fv2E-PERK mice during
EAE. Thus, it is unlikely that AP20187 treatment attenuates
EAE-induced oligodendrocyte loss, demyelination, and ax-
onal degeneration in PLP/Fv2E-PERK mice by altering the
degree of the inflammatory response.

An enhanced ISR cell-autonomously protects
oligodendrocytes against EAE-induced apoptosis

Several lines of evidence have indicated that immune cytokine
cytotoxicity, reactive oxidative and nitrative stress, and glutamate
excitoxicity contribute significantly to oligodendrocyte apoptosis
in MS and EAE (Buntinx et al., 2002; Bradl and Lassmann, 2010).
It has been demonstrated that the ISR protects cells against all of
these factors, as well as against ER stress (Harding et al., 2003; Lu
et al., 2004; Lin et al., 2008). Therefore, we next sought to deter-
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mine whether the enhanced ISR protects oligodendrocytes
against immune attacks. Several studies have shown that oligo-
dendrocyte apoptosis is the earliest structural change in newly
forming demyelinating lesions in both MS and EAE (Barnett and
Prineas, 2004; Henderson et al., 2009). In accordance with these
studies, CC1, TUNEL, and DAPI triple labeling revealed, before
the onset of clinical disease, a number of apoptotic oligodendro-
cytes, which were CC1 and TUNEL positive with nuclear frag-
mentation, in the lumbar spinal cord of PLP/Fv2E-PERK mice
treated with vehicle (PID12, Fig. 8E-H,M). Importantly, we
found that, at PID12, the number of apoptotic oligodendrocytes
was significantly reduced in the lumbar spinal cord of PLP/Fv2E-
PERK mice treated with AP20187 (Fig. 8I-M). As expected, we
did not find any apoptotic oligodendrocytes in the CNS of age-
matched naive PLP/Fv2E-PERK mice (Fig. 8A-D,M). CC1 and
activated caspase-3 double immunostaining also showed that
AP20187 treatment noticeably reduced the number of CC1 and
activated caspase-3 double-positive cells in the lumbar spinal
cord of PLP/Fv2E-PERK mice at PID12 (data not shown). More-
over, we found minimal number of apoptotic PDGFaR-positive
OPCs in the lumbar spinal cord of PLP/Fv2E-PERK mice treated
with either AP20187 or vehicle at PID12 (data not shown). Thus,
these results demonstrate that enhancing the ISR specifically in
oligodendrocytes protects these cells against immune attacks in
EAE mice. Additionally, BrdU pulse-chase experiments showed
that AP20187 treatment did not significantly change the number
of BrdU and ASPA double-positive cells in the lumbar spinal cord
of PLP/Fv2E-PERK mice at PID 19 (data not shown). Together,
these data indicate that the beneficial effects of AP20187 treatment
on the development of EAE are the result of its cytoprotective
effects on mature oligodendrocytes instead of newly generated
oligodendrocytes.

It has been shown that the ISR activates the NF-«B pathway by
repressing the translation of the NF-«B inhibitor IkBa during ER
stress (Deng et al., 2004). Importantly, our recent study demon-
strates that IFN-vy activates PERK signaling as well as NF-«B
signaling in oligodendrocytes and that PERK is required for IFN-
y-induced NF-kB activation in oligodendrocytes (Lin et al.,
2012). NF-kB is increasingly recognized as an antiapoptotic tran-
scription factor (Karin and Lin, 2002). Several studies have sug-
gested that NF-«B activation promotes oligodendrocyte survival
during inflammatory insults (Vollgraf et al., 1999; Nicholas et al.,
2001; Hamanoue et al., 2004). Therefore, we were interested in
the potential role of the NF-«kB pathway in the cytoprotective
effects of ISR signaling on oligodendrocytes. Double immuno-
staining for ASPA, a marker for oligodendrocytes (Madhavarao
et al., 2004; Locatelli et al., 2012), and the active form of NF-«B
p65 showed that immunoreactivity for the active form of NF-«B
p65 was undetectable in the CNS of adult naive mice (Fig. 9A4). In
accordance with a previous study (Bonetti et al., 1999), double
immunostaining at PID12 revealed that a number of ASPA-
positive oligodendrocytes were positive for the active form of
NF-kB p65 in the white matter of the lumbar spinal cord in
PLP/Fy2E-PERK mice treated with vehicle (Fig. 9B, D). Impor-
tantly, we found that AP20187 treatment significantly increased
the number of oligodendrocytes that stained positive for the ac-
tive form NF-«B p65 in the lumbar spinal cord of PLP/Fv2E-
PERK mice at PID12 (Fig. 9C,D). Moreover, as expected, we
found that AP20187 treatment had no effect on eIF2« phosphor-
ylation or NF-«kB activation in differentiated oligodendrocytes
cultured from wild-type mice (Fig. 10A,B). Interestingly,
AP20187 treatment resulted in elF2a phosphorylation and
NEF-kB activation in differentiated oligodendrocytes cultured
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Figure9. Enhancing the PERK-mediated ISR specifically in oligodendrocytes increased acti-
vation of the NF-«B pathway in the CNS of EAE mice. 4, Double immunostaining for ASPA and
the active form of NF-«B p65 showed that the active form of NF-«B p65 was undetectable in
oligodendrocytes in the CNS of adult naive mice. B, However, the active form of NF-xB p65 was
detectable at PID12 in a number of oligodendrocytes in the lumbar spinal cord white matter of
PLP/Fv2E-PERK mice treated with vehicle. C, Interestingly, the number of oligodendrocytes
positive for the active form of NF-«B p65 was further increased in the lumbar spinal cords of
AP20187-treated mice. D, Quantitative analysis showed that the number of oligodendrocytes
positive for the active form of NF-B p65 in the lumbar spinal cord white matter of PLP/Fv2E-
PERK mice treated with AP20187 was significantly increased compared with vehicle-treated
mice; 20 sections per mouse, N = 4 animals. Error bars indicate SD. *p << 0.05. Scale bar: A-C,
20 pm.

from PLP/Fv2E-PERK mice (Fig. 10 A, B). Collectively, these data
suggest the possibility that activation of NF-«B signaling contrib-
utes to the protective effects of the ISR in oligodendrocytes dur-
ing EAE.

Discussion

Oligodendrocytes produce the myelin sheath that wraps around
axons and facilitates action potential conduction along axons and
maintains axonal integrity (Simons and Trotter, 2007). The mean
surface area of myelin per oligodendrocyte in the CNS is thousands
of times greater than the surface area of a typical mammalian cell;
thus, each oligodendrocyte must synthesize an enormous
amount of myelin membrane proteins and membrane lipids to
assemble myelin and maintain its integrity (Pfeiffer et al., 1993).
The ER is responsible for the modification and folding of myelin
membrane proteins and the production of membrane lipids.
Therefore, it is not surprising that oligodendrocytes are highly
sensitive to the disruption of ER homeostasis and that ER stress in
oligodendrocytes plays an important role in the pathogenesis of a
number of myelin disorders (Gow and Wrabetz, 2009; Lin and
Popko, 2009).

Our previous study showed that the presence of [IFN-+y in the
CNS before EAE onset almost completely blocked oligodendro-
cyte death, demyelination, and axonal degeneration in the CNS
of EAE mice. We also demonstrated that the protective effects of
IFN-v in EAE were completely abrogated in PERK-deficient an-
imals (Lin et al., 2007). Because of the complexity of immune-
mediated demyelinating diseases, which involve the interaction
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Figure 10.  The PERK-mediated ISR activated the NF-«B pathway in oligodendrocytes. 4, PLP and p-elF2cx double immunostaining
showed that AP20187 treatment had no effect on elF2x phosphorylation in differentiated oligodendrocytes cultured from wild-type mice.
In contrast, AP20187 treatment resulted in elF2c« phosphorylationin the cells cultured from PLP/Fv2E-PERK mice. B, 2" 3" -Cyclicnudleotide
phosphodiesterase and the active form of NF-«B p65 double immunostaining showed that AP20187 treatment had no effect on NF-«B
p65 activation in differentiated oligodendrocytes cultured from wild-type mice. Interestingly, AP20187 treatment resulted in NF-«B p65
activation in the cells cultured from PLP/Fv2E-PERK mice. Scale bar: A, B, 20 um.
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of the CNS and the immune system, the
mouse models used in our previous study
did not allow us to delineate the specific
contribution of PERK signaling in indi-
vidual CNS cell types (oligodendrocytes,
astroctytes, microglia, and neurons) or
blood-borne immune cell types (T cells
and macrophages) to the development of
EAE. A number of studies have suggested
that oligodendrocyte apoptosis is the ear-
liest structural change in MS and EAE de-
myelinating lesions, and oligodendrocyte
apoptosis is, at least in part, responsible
for myelin destruction and subsequent
axonal degeneration in these diseases
(Matute and Pérez-Cerda, 2005; McGuire
et al., 2010). Therefore, in this study, we
focused on dissecting the precise role of
PERK signaling in oligodendrocytes dur-
ing EAE. We generated a novel transgenic
mouse model, PLP/Fv2E-PERK, which al-
lows for temporally controlled activation
of PERK signaling, in the absence of ER
stress, specifically in oligodendrocytes.
Using this unique mouse model, we dem-
onstrated that persistent activation of
PERK signaling specifically in oligoden-
drocytes of adult animals had no effect on
oligodendrocyte viability or myelin integ-
rity. These results likely reflect the re-
duced metabolic requirements of adult
oligodendrocytes, which are only respon-
sible for the slow replenishment of myelin
components. Importantly, we found that,
when enhanced specifically in oligoden-
drocytes, the PERK-mediated ISR greatly
reduced oligodendrocyte apoptosis before
the onset of clinical disease and attenuated
EAE-induced demyelination and axonal
degeneration at the peak of disease. More-
over, we did not find any evidence sug-
gesting that treatment with the dimerizer
AP20187, which activates the Fv2E-PERK
transgene specifically in oligodendroctes,
significantly altered the degree of the im-
mune response in the peripheral immune
system or the CNS of PLP/Fv2E-PERK mice
undergoing EAE. Additionally, BrdU pulse-
chase experiments showed that AP20187
treatment did not significantly change the
number of newly generated oligoden-
drocytes in the lumbar spinal cord of
PLP/Fv2E-PERK mice at the peak of dis-
ease. Collectively, these results provide di-
rect evidence that the activation of PERK
signaling in oligodendrocytes protects these
cells from immune attacks, resulting in the
attenuation of demyelination and axonal
degeneration in immune-mediated demy-
elinating diseases. Nevertheless, compared
with the almost complete protection pro-
vided by IFN-v, the degree of protection
provided by enhancing PERK signaling spe-
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cifically in oligodendrocytes is moderate in EAE mice. Because PERK
deficiency completely abrogated the protective effects of I[FN-+y in
EAE (Lin et al., 2007), these findings likely reflect that activation of
PERK signaling in other CNS cell types (astroctytes or microglia) or
blood-borne immune cell types is also required for the full protective
effects of IFN-y during EAE.

Recent studies have suggested that axonal degeneration oc-
curs early in MS and EAE and is the principal cause of chronic
disability in MS (Trapp and Nave, 2008; Siffrin et al., 2010). Both
the inflammatory response and demyelination are thought to
contribute to axonal degeneration in these diseases (Herz et al.,
2010; Siffrin et al., 2010). We demonstrated here that enhancing
PERK signaling specifically in oligodendrocytes attenuated ax-
onal degeneration but did not attenuate the degree of the inflam-
matory response in EAE demyelinating lesions. Therefore, it is
unlikely that enhanced PERK signaling, when induced specifi-
cally in oligodendrocytes, attenuates EAE-induced axonal degen-
eration through downregulation of the inflammatory response. It
is more likely that enhanced PERK signaling in oligodendrocytes
protects axons in EAE by maintaining myelin integrity. Although
the specific protective mechanisms of oligodendrocytes remain
to be fully understood, our findings suggest that therapeutic ap-
proaches to enhancing ISR signaling in oligodendrocytes will
have a positive impact on preserving the neurological functions
of MS patients.

Also remaining to be elucidated are the precise molecular
mechanisms responsible for the cytoprotective effects of PERK
signaling. It is thought that PERK signaling contributes to cyto-
protection by blocking new protein synthesis, which conserves
energy, and by activating a transcriptional program that pro-
motes the expression of numerous cytoprotective genes
(Marciniak and Ron, 2006). Recent studies have shown that
PERK signaling activates NF-«B, an antiapoptotic transcription
factor, by repressing the translation of IkBa, an inhibitor of
NF-kB (Deng et al., 2004). Indeed, we see an increase in the
activation of the NF-«B pathway in the CNS of EAE mice when
PERK signaling is enhanced specifically in oligodendrocytes.
Therefore, it is possible that activation of the NF-kB pathway
contributes to the protective effects of PERK signaling in oli-
godendrocytes during EAE.

In this study, attenuation of EAE symptoms was performed
without affecting the degree of the inflammatory response. It is
known that the dimerizer AP20187 has no effect on immuno-
modulation (Alfa et al., 2009). Additionally, we demonstrated
that leukocytes in the peripheral immune system, as well as mi-
croglia and astrocytes in the CNS, did not express the PLP/Fv2E-
PERK transgene. We also found that AP20187 treatment did not
directly affect the activity of T cells in PLP/Fv2E-PERK mice un-
dergoing EAE. Moreover, we showed that AP20187 treatment did
not significantly alter the number of inflammatory cells and the
expression of immune cytokines in the CNS of PLP/Fv2E-PERK
mice during the course of EAE. Interestingly, we found that en-
hancing PERK signaling specifically in oligodendrocytes notice-
ably affected the distribution pattern of inflammatory cells in the
CNS of EAE mice. Both T cells and microglia/macrophages were
confined to the small demyelinating lesions with high cell density
in AP20187-treated PLP/Fv2E-PERK mice. In contrast, previous
studies showed that the oligodendrocyte-targeted expression of
antiapoptotic proteins and the oligodendrocyte-targeted dele-
tion of proapoptotic proteins attenuated EAE-induced oligoden-
drocyte apoptosis and demyelination and subsequently resulted
in the reduction of the inflammatory response in EAE demyeli-
nating lesions (Hisahara et al., 2000; McGuire et al., 2010). There
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is evidence that oligodendrocytes, through the production of a
number of chemokines, actively participate in the inflammatory
response in the CNS in MS and EAE (Balabanov et al., 2007; Zeis
et al., 2008). It is possible that the degree of inflammatory re-
sponse was not altered in the AP20187-treated PLP/Fv2E-PERK
mice because treatment with the dimerizer was not initiated until
PID 10, which might be too late to alter the number of CNS
infiltrating inflammatory cells. The studies from Hisahara et al.
(2000) and McGuire et al. (2010) were performed with mice car-
rying genetic alterations present at the time of EAE induction,
which might explain the decreased inflammation in these mod-
els. Clearly, the role that oligodendrocytes play in the CNS in-
flammatory response is a critical area of study, such that these
issues are deserving of additional study.

A previous report has shown that AP20187, the synthetic
small chemical compound used in this study that induces ho-
modimerization of the modified FK506 binding domain-
containing fusion proteins, can penetrate the blood—brain
barrier; however, its blood—brain barrier permeability is moder-
ate (Burnett et al., 2004). In this study, we showed that the treat-
ment with AP20187 at the dose of 0.1 nMm significantly increased
the expression of PERK-responsive genes CHOP and GADD34 in
mixed glial cells cultured from neonatal PLP/Fv2E-PERK mice. In
agreement with the in vitro study, we found that the treatment
with AP20187 at a dose of 0.5 mg/kg daily was sufficient to acti-
vate Fv2E-PERK in oligodendrocytes in the CNS of PLP/Fv2E-
PERK mice. Together, our results verify the blood—brain barrier
permeability of AP20187 and suggest that the transgene-derived
Fv2E-PERK is very sensitive to this compound in oligodendro-
cytes in cell culture and in the CNS of PLP/Fv2E-PERK mice.

In conclusion, this study provides direct evidence that the
activation of PERK signaling in oligodendrocytes protects these
cells against immune attack and subsequently results in the atten-
uation of demyelination and axonal degeneration in an immune-
mediated demyelinating disease. These data demonstrate the
importance of oligodendrocytes in the pathogenesis of MS and
EAE, particularly through their role in axonal degeneration. Cur-
rently, there is no effective therapy for MS that promotes the
restoration and protection of neurological functions. The results
of the present study suggest that therapeutic strategies that acti-
vate PERK signaling in oligodendrocytes may have beneficial ef-
fects on neurological function and delay disability progression in
MS patients.
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