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The T-cell-derived, pleiotropic cytokine interferon
(IFN)-� is believed to play a key regulatory role in
immune-mediated demyelinating disorders of the
central nervous system, including multiple sclerosis
and experimental autoimmune encephalomyelitis.
Our previous work has demonstrated that the endo-
plasmic reticulum (ER) stress response modulates the
response of oligodendrocytes to this cytokine. The ER
stress response activates the pancreatic ER kinase,
which coordinates an adaptive program known as the
integrated stress response by phosphorylating trans-
lation initiation factor 2� (eIF2�). In this study, we
found that growth arrest and DNA damage 34
(GADD34), a stress-inducible regulatory subunit of a
phosphatase complex that dephosphorylates eIF2�,
was selectively up-regulated in myelinating oligoden-
drocytes in mice that ectopically expressed IFN-� in the
central nervous system. We also found that a GADD34
mutant strain of mice displayed increased levels of
phosphorylated eIF2� (p-eIF2�) in myelinating oligo-
dendrocytes when exposure to IFN-�, as well as dimin-
ished oligodendrocyte loss and hypomyelination. Fur-
thermore, treatment with salubrinal, a small chemical
compound that specifically inhibits protein phospha-
tase 1(PP1)-GADD34 phosphatase activity, increased the
levels of p-eIF2� and ameliorated hypomyelination and
oligodendrocyte loss in cultured hippocampal slices ex-
posed to IFN-�. Thus, our data provide evidence that an
enhanced integrated stress response could promote ol-
igodendrocyte survival in immune-mediated demyeli-
nation diseases. (Am J Pathol 2008, 173:1508–1517; DOI:

10.2353/ajpath.2008.080449)

In response to cellular stresses, a family of protein ki-
nases phosphorylate the � subunit of the eukaryotic
translation initiation factor 2 (eIF2�) on serine 51 to adapt
cells to the stresses, which has been referred to as the
integrated stress response (ISR).1–3 Phosphorylation of
eIF2� attenuates global protein translation, which allows
cells to conserve resources, and activates a transcrip-
tional program that promotes the expression of numerous
cytoprotective genes. Endoplasmic reticulum (ER) stress,
which is elicited by the accumulation of unfolded or mis-
folded proteins in the ER, activates adaptive coordinated
responses including the activation of pancreatic ER ki-
nase (PERK), an ER-localized eIF2� kinase. PERK-eIF2�-
mediated ISR protects cells against ER stress and other
cellular stresses.1,3,4 Nevertheless, ER stress that cannot
be resolved by the adaptive responses ultimately leads to
the apoptotic death of the cells.4,5

To recover from inhibition of global protein biosynthesis
induced by the ISR, eIF2� is quickly dephosphorylated by a
complex containing the enzyme phosphatase (PP1) and its
essential nonenzymatic co-factor, growth arrest and DNA
damage 34 (GADD34).6–8 Interestingly, the expression of
GADD34 is regulated by induction of the cytosolic transcrip-
tion factor ATF4, the translation of which is up-regulated in
the presence of eIF2� phosphorylation, creating a tight
autofeedback loop.8,9 Importantly, it has been demon-
strated that GADD34 inactivation increases the levels of
phosphorylated eIF2� (p-eIF2�) in ER-stressed cells and
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protects cells from the stress.10,11 Salubrinal (sal), a small
chemical compound, has been identified that specifically
inhibits PP1-GADD34 phosphatase activity; resulting in
sustained eIF2� phosphorylation in ER-stressed cells.
Treatment with sal protects cells from ER stress and viral
infection.12,13

Studies have suggested that myelinating cells, oligoden-
drocytes in the central nervous system (CNS), and
Schwann cells in the peripheral nervous system, are highly
sensitive to the disruption of homeostasis in the ER.14–16

During active phases of myelination these cells produce a
vast amount of myelin as an extension of their plasma
membrane, which may contribute to their sensitivity to dis-
ruptions in the secretory pathway. For example, Southwood
and colleagues14 have demonstrated that oligodendrocyte
apoptosis in proteolipid protein mutant mice is associated with
ER stress in these cells. Moreover, a recent report has indi-
cated that ER stress in Schwann cells contributes to demyeli-
nation in the peripheral nervous system of P0 glycoprotein
mutant mice.16 We have also shown that the ER stress re-
sponse in oligodendrocytes is a factor in immune-mediated
demyelinating disorders.15

The T-cell-derived pleiotropic cytokine interferon (IFN)-�,
which becomes detectable in the CNS in the symptomatic
phase of multiple sclerosis (MS) and experimental autoim-
mune encephalomyelitis (EAE), is believed to play a crucial
role in these immune-mediated demyelinating diseases.17–19

Nevertheless, the data concerning its roles, beneficial or det-
rimental, in these disorders are at times contradictory.20,21 In
previous reports, we have shown that myelinating oligoden-
drocyte death during development or remyelinating oligo-
dendrocyte death in cuprizone-induced demyelinated le-
sions elicited by IFN-� is associated with a severe ER stress
response, and that PERK is essential for oligodendrocyte
survival during ER stress.15,22 In contrast, we have also dem-
onstrated that the protective effect of IFN-� on EAE-induced
demyelination is associated with a modest ER stress response
in mature oligodendrocytes, and PERK is also essential for the
protective role of IFN-� in EAE.23 Here we demonstrate
that GADD34 blockage, via genetic mutation or sal treat-
ment, ameliorated IFN-�-induced oligodendrocyte loss
and hypomyelination.

Materials and Methods

Mouse Breeding

Line110 GFAP/tTA mice and line184 TRE/IFN-� mice on the
C57BL/6 background24 were mated with GADD34 mutant
mice11 on the C57BL/6 background, and the resulting prog-
eny were intercrossed to obtain GFAP/tTA; TRE/IFN-�;
GADD34 WT mice, and GFAP/tTA; TRE/IFN-�; GADD34 mutant
mice. To prevent transcriptional activation of the TRE/IFN-�
transgene by tTA, 0.05 mg/ml of doxycycline was added to the
drinking water and was provided ad libitum. All animal proce-
dures were conducted in complete compliance with the Na-
tional Institutes of Health’s Guide for the Care and Use of
Laboratory Animals and were approved by the Institutional
Animal Care and Use Committee of the University of Chicago.

Hippocampal Slice Cultures

Hippocampal slice cultures were prepared from postna-
tal day 6 rat pups and maintained until their use as
previously described25–27 except that they were trans-
ferred to serum-free media at 4 days in vitro. Serum-free
media consisted of Neurobasal (96%; Invitrogen, Carls-
bad, CA) supplemented to 42 mmol/L glucose, 1 mmol/L
glutamine (Sigma-Aldrich, St. Louis, MO), B27 supple-
ment (2%, Invitrogen), gentamicin (10 �g/ml), and Fun-
gizone (250 �g/ml, Invitrogen). Cultures were fed twice a
week with freshly prepared serum-free media containing
rat IFN-� (EMB Biosciences, San Diego, CA) and sal
(EMB Biosciences) as indicated.

Real-Time Polymerase Chain Reaction (PCR)

RNA samples were isolated from mouse brains using
TRIzol reagent (Invitrogen) and were treated with DNaseI
(Invitrogen) to eliminate genomic DNA. Reverse tran-
scription was performed using a SuperScript first-strand
synthesis system for RT-PCR kit (Invitrogen). Real-time
PCR was performed with iQ Supermix (Bio-Rad Labora-
tories, Hercules, CA) on a real-time PCR detection sys-
tem (model iQ, Bio-Rad Laboratories) as described.22

The following primers and probes for real-time PCR
were used: glyceraldehyde phosphate dehydrogenase
(GAPDH) sense primer (5�-CTCAACTACATGGTCTA-
CATGTTCCA-3�); GAPDH antisense primer (5�-CCAT-
TCTCGGCCTTGACTGT-3�); GAPDH probe (5�-TGAC-
TCCACTCACGGCAAATTCAACG-3�); GADD34 sense
primer (5�-CCCTCCAACTCTCCTTCTTCAG-3�); GADD34
antisense primer (5�-CAGCCTCAGCATTCCGACAA-3�);
GADD34 probe (vCGTGCCCTGCCCTGTGTGCCTCTA-
3�); tumor necrosis factor-� (TNF-�) sense primer
(5�-GGCAGGTTCTGTCCCTTTCA-3�); TNF-� antisense
primer (5�-ACCGCCTGGAGTTCTGGAA); TNF-� probe
(5�-CCCAAGGCGCCACATCTCCCT-3�); inducible nitric
oxide synthase (iNOs) sense primer (5�-GCTGGGCTG-
TACAAACCTTCC-3�); iNOs antisense primer (5�-TTGAG-
GTCTAAAGGCTCCGG-3�); iNOs probe (5�-TGTCCG-
AAGCAAACATCACATTCAGATCC-3�); IFN-� sense primer
(5�-GATATCTGGAGGAACTGGCAAAA-3�); IFN-� antisense
primer (5�-CTTCAAAGAGTCTGAGGTAGAAAGAGATA-
AT-3�); IFN-� probe (5�-TGGTGACATGAAAATCCTGC-
AGAGCCA-3�).

Immunohistochemistry

Anesthetized mice were perfused through the left cardiac
ventricle with 4% paraformaldehyde in phosphate-buff-
ered saline (PBS). The half saggital brains were removed,
postfixed with paraformaldehyde, cryopreserved in 30%
sucrose, embedded in optimal cutting temperature com-
pound, and frozen on dry-ice. Frozen sections were cut in
a cryostat at a thickness of 10 �m. For immunohisto-
chemistry, 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, Texas
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Red, or enzyme-labeled secondary antibodies (Vector
Laboratories, Burlingame, CA) were used for detection.
Immunohistochemistry for CC1 (APC7, 1:50; EMB Bio-
sciences), GADD34 (1:50; Santa Cruz Biotechnology,
Santa Cruz, CA), p-eIF-2� (1:50; Cell Signaling Technol-
ogy, Beverly, MA), myelin basic protein (MBP, 1:1000;
Sternberger Monoclonals, Lutherville, MD), CD3 (1:50,
Santa Cruz Biotechnology), CD11b (1:50; Chemicon, Te-
mecula, CA), and Rip (1:1000, Chemicon) was performed
and analyzed as previously described.22,23 Hippocampal
slice cultures were prepared and processed for immuno-
histochemistry as described previously.25,26

Electron Microscopy

Mice were anesthetized and perfused with 4% parafor-
maldehyde and 2.5% glutaraldehyde. White matter of the
corpus callosum was processed. Thin sections were cut,
stained with uranyl acetate and lead citrate, and ana-
lyzed as previously described.22,28

Western Blot Analysis

Six cultured hippocampal slices per each condition were
rinsed in ice-cold PBS, pooled, and homogenized using a
motorized homogenizer as previously described.22 After
incubating on ice for 15 minutes, the extracts were cleared
by centrifugation at 14,000 rpm twice for 30 minutes each.
The protein content of each extract was determined by protein
assay (Bio-Rad Laboratories). The extracts (40 �g) were sep-
arated by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis and were transferred to nitrocellulose. The blots were
incubated with primary antibody (see below), and the signal
was revealed by chemiluminescence after reacting with horse-
radish peroxidase-conjugated second antibody. The following
primary antibodies were used: eIF-2� (1:500, Santa Cruz Bio-
technology), p-eIF-2� (1:1000, Cell Signaling Technology),
ATF4 (1:500, Santa Cruz Biotechnology), MBP (1:5000, Stern-
berger Monoclonals), and actin (1:1000, Sigma-Aldrich). The
density of immunoblotting was quantified with Kodak 1D Im-
age Analysis software (Kodak, Hercules, New Haven, CT).

Statistics

Data are expressed as mean � SD. Multiple comparisons
were statistically evaluated by one-way ANOVA test fol-
lowed by Holm-Sidak test using Sigmastat 3.1 software
(Hearne Scientific Software, Chicago, IL). Differences
were considered statistically significant if P � 0.05.

Results

GADD34 Inactivation Increased the Levels of
p-eIF2� in Oligodendrocytes in Mice Expressing
IFN-� in the CNS

GADD34, which is expressed at very low levels in un-
stressed cells, is a stress-inducible regulatory subunit of

Figure 1. GADD34 inactivation increased the levels of p-eIF2� in oligoden-
drocytes in mice expressing IFN-� in the CNS. A: Real-time PCR analysis
revealed increased levels of GADD34 mRNA in the brain of mice expressing
IFN-� in the CNS. GADD34 mRNA levels are relative to the housekeeping
gene GAPDH. N � 3 animals, error bars represent SD, *P � 0.05. B and C:
CC1 and GADD34 double labeling showed elevated levels of GADD34 in
oligodendrocytes (arrows, double-positive cells) in the corpus callosum of
21-day-old mice expressing IFN-� in the CNS. Inset: High-magnification
image showed the distribution of GADD34 in oligodendrocytes. D: CC1 and
p-eIF2� double labeling showed modest activation of eIF2� in oligodendro-
cytes (arrows, double-positive cells) in the corpus callosum of 21-day-old
mice expressing IFN-� in the CNS, and GADD34 inactivation further in-
creased the level of p-eIF2� in oligodendrocytes (arrows, double-positive
cells). B, C, and D: n � 3 animals. E: Quantitative analysis showed that the
presence of IFN-� significantly increased the percentage of CC1/p-eIF2�
double-positive cells in the corpus callosum of 21-day-old mice, and
GADD34 inactivation further increased the percentage. N � 3 animals, error
bars represent SD, *P � 0.05. Scale bars: 4 �m (C, inset); 10 �m (C, D).
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a phosphatase complex that dephosphorylates eIF2�.7,8

We have generated transgenic mice that allow for the
temporally controlled delivery of IFN-� to the CNS using
the tetracycline-controllable system.24 The expression of
the IFN-� transgene is repressed in GFAP/tTA; TRE/IFN-�
double-transgenic mice treated with doxycycline solution
from conception (IFN-�CNS� mice). The levels of IFN-�
become detectable at approximately postnatal day 10
(P10) in the CNS of GFAP/tTA; TRE/IFN-� double-trans-
genic mice that are released from doxycycline solution at
embryonic day 14 (E14, IFN-�CNS� mice).15 We have
shown that activation of PERK-eIF2� pathway plays a
crucial role in oligodendrocyte survival in IFN-�CNS�

mice.15 Real-time PCR analysis revealed that the pres-
ence of IFN-� in the CNS significantly increased the
expression of GADD34 in the brain (1.24 � 0.07 versus
1.0 � 0.11, P � 0.05; Figure 1A). We further determined
the cellular expression pattern of GADD34 in the CNS
using CC1, a marker for oligodendrocytes, and GADD34
double immunostaining. We found that GADD34 was un-
detectable in oligodendrocytes in the CNS of 21-day-old
control IFN-�CNS� mice (Figure 1B), but became detect-
able in these cells primarily in the corpus callosum of
IFN-�CNS� mice (Figure 1C). Moreover, 48 � 7% of the
CC1-positive oligodendrocytes in the corpus callosum
were GADD34-positive, and 89 � 11% of GADD34-pos-
itive cells were CC1-positive cells. Myelination in the cor-
pus callosum begins at approximately P14, and becomes
robust at approximately P21, a time point when myelina-
tion in other areas of the CNS is largely complete.29 Thus,
these data are consistent with our previous report that
oligodendrocytes at the active stage of myelination are
most sensitive to IFN-�.15

We pursued a genetic approach to assess the protec-
tive effects of GADD34 blockage on oligodendrocyte
death elicited by IFN-�. GADD34 mutant mice, whose
inactive GADD34 allele encodes a C-terminally truncated
protein that lacks the phosphatase domain, appear
healthy and display resistance to cell death induced by
ER stress.11 We crossed GFAP/tTA and TRE/IFN-� mice
with GADD34 mutant mice, and the resulting progeny
were intercrossed to obtain GFAP/tTA; TRE/IFN-�;
GADD34 WT mice and GFAP/tTA; TRE/IFN-�; GADD34
mutant mice. GFAP/tTA; TRE/IFN-�; GADD34 WT mice
released from doxycycline at E14 (IFN-�CNS� GADD34
WT mice) showed tremor and ataxia as previously de-
scribed.15 In contrast, the tremoring phenotype was
much milder in GFAP/tTA; TRE/IFN-�; GADD34 mutant
mice released from doxycycline at E14 (IFN-�CNS�

GADD34 mutant mice; Table 1). Nevertheless, a number
of GFAP/tTA; TRE/IFN-�; GADD34 mutant mice died by

P 28. In previous reports, we have shown that the pres-
ence of IFN-� in the CNS during development induces
cerebellar dysplasia or medulloblastoma.24,30,31 Our pre-
liminary data suggest that the premature death of these
mice might be attributable to enhanced medulloblastoma
formation (unpublished data).

We next examined the correlation between the sever-
ities of the tremoring phenotype and the levels of p-
eIF-2� in oligodendrocytes in these animals. CC1 and
p-eIF2� double labeling showed modest activation of
eIF2� in oligodendrocytes in the corpus callosum of 21-
day-old IFN-�CNS� GADD34 WT mice, and GADD34 in-
activation further increased the levels of p-eIF2� in these
cells in IFN-�CNS� GADD34 mutant mice (Figure 1, D and
E). Collectively, these data indicate that GADD34 inacti-
vation elevated the levels of p-eIF2� in oligodendrocytes
in response to IFN-� and attenuated the severity of the
tremoring phenotype.

GADD34 Inactivation Diminished
Oligodendrocyte Loss and Hypomyelination
Elicited by IFN-�

In our previous report, we showed that the tremoring
phenotype in mice expressing IFN-� in the CNS during
development was primarily caused by the death of my-
elinating oligodendrocytes and subsequent hypomyeli-
nation.15 Importantly, in the absence of IFN-�, GADD34
inactivation did not significantly change oligodendrocyte
numbers or the myelination process in the CNS (Figure
2). We next determined whether the GADD34 mutation
promoted oligodendrocyte survival in response to IFN-�.
Oligodendrocytes, identified by CC1 immunostaining, in
the corpus callosum of 21-day-old IFN-�CNS�; GADD34
WT mice were significantly reduced compared to control
IFN-�CNS�; GADD34 WT mice (Figure 2, A and B).
In contrast, oligodendrocyte numbers in IFN-�CNS�;
GADD34 mutant mice were comparable to control IFN-
�CNS�; GADD34 WT mice or IFN-�CNS�; GADD34 mutant
mice (Figure 2, A and B). Thus, these data indicate that
GADD34 inactivation diminished the detrimental effects
of IFN-� on oligodendrocyte survival.

We further examined the myelinating function of oligo-
dendrocytes in these animals. Immunostaining for MBP
was notably enhanced in the corpus callosum of 21-day-
old IFN-�CNS�; GADD34 mutant mice compared with IFN-
�CNS�; GADD34 WT mice (Figure 2C). Moreover, electron
microscope analysis revealed that the myelinated axons
in the corpus callosum of 21-day-old IFN-�CNS�; GADD34
mutant mice (42.75 � 7.5%) were significantly increased

Table 1. GADD34 Inactivation Alleviated Tremoring Phenotype in Mice Expressing IFN-� in the CNS

No tremor (percentage) Minor tremor (percentage) Tremor (percentage)

IFN-�CNS� GADD34 WT mice (n � 20) 100 0 0
IFN-�CNS� GADD34 mutant mice (n � 20) 100 0 0
IFN-�CNS� GADD34 WT mice (n � 20) 10 20 70
IFN-�CNS� GADD34 mutant mice (n � 24) 33 42 25
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compared to IFN-�CNS�; GADD34 WT mice (14.01 �
12.8%; Figure 2, D and E). Taken together, these data
confirm that the ER stress response modulates the re-
sponse of myelinating oligodendrocytes to IFN-� and
suggest that an enhanced ISR prevents oligodendrocyte
death and hypomyelination elicited by this cytokine.

GADD34 Inactivation Did Not Significantly Affect
the Immune Response Induced by IFN-�

IFN-� modulates the immune responses by promoting
Th1 T-cell differentiation, activating microglia/macro-
phages and up-regulating the expression of many inflam-

Figure 2. GADD34 inactivation ameliorated oligodendrocyte loss and hypomyelination elicited by IFN-�. A and B: CC1 immunostaining showed that oligoden-
drocytes in the corpus callosum of 21-day-old IFN-�CNS�; GADD34 WT mice were significantly reduced compared to control IFN-�CNS�; GADD34 WT mice (B,
*P � 0.05). In contrast, oligodendrocyte numbers in IFN-�CNS�; GADD34 mutant mice were comparable to control IFN-�CNS�; GADD34 WT mice or IFN-�CNS�;
GADD34 mutant mice. N � 3 animals. C: MBP immunostaining showed severe hypomyelination in the corpus callosum of 21-day-old IFN-�CNS�; GADD34 WT
mice, and GADD34 inactivation protected against hypomyelination elicited by IFN-�. N � 3 animals. D: Electron microscope analysis revealed that the presence
of IFN-� reduced the number of myelinated axons in the corpus callosum of 21-day-old mice on a GADD34 WT background and that GADD34 inactivation
ameliorated the reduction in myelinated axons in mice expressing IFN-� in the CNS. N � 3 animals. E: Electron microscope analysis revealed that the percentage
of myelinated axons in the corpus callosum of 21-day-old IFN-�CNS�; GADD34 WT mice is significantly reduced compared to IFN-�CNS�; GADD34 WT mice or
IFN-�CNS�; GADD34 mutant mice (*P � 0.05). Nevertheless, the percentage of myelinated axons in the corpus callosum of IFN-�CNS�; GADD34 mutant mice are
comparable to IFN-�CNS�; GADD34 mutant mice. N � 3 animals. B and E: Error bars represent SD. Scale bars: 25 �m (A); 50 �m (C); 200 nm (D).
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matory mediators such as TNF-� and iNOs.17,32 Several
lines of evidence have suggested that IFN-� may induce
myelin abnormalities via the activation of microglia/mac-
rophages.17,33 We tested whether GADD34 inactivation

affects the immune response induced by IFN-� in the
CNS. CD3 immunostaining showed few infiltrated T cells
in the corpus callosum of 21-day-old IFN-�CNS�; GADD34
WT mice (Figure 3A), which is consistent with previous
studies.30 Moreover, GADD34 inactivation did not signif-
icantly alter T-cell infiltration induced by IFN-� (Figure
3A). We further found that the presence of IFN-� in the
CNS dramatically activated microglia/macrophages (Fig-
ure 3B) and significantly stimulated the expression of
TNF-� and iNOs in the CNS (Figure 3C). Nevertheless,
GADD34 inactivation did not significantly affect the acti-
vation of microglia/macrophages or the up-regulation of
TNF-� and iNOs (Figure 3, B and C). Therefore, it is
unlikely that GADD34 inactivation attenuates oligoden-
drocyte loss and hypomyelination induced by IFN-�
through the modulation of the immune response.

Sal Treatment Ameliorated Hypomyelination and
Oligodendrocyte Loss Elicited by IFN-�

Sal specifically blocks eIF2� dephosphorylation, result-
ing in elevated levels of p-eIF2� in ER-stressed cells.12

Figure 3. GADD34 inactivation did not significantly affect immune response
induced by IFN-�. A: CD3 immunostaining showed few infiltrated T cells
(arrow, CD3-positive T cells) in the corpus callosum of 21-day-old IFN-
�CNS�; GADD34 WT mice compared to control IFN-�CNS�; GADD34 WT
mice or IFN-�CNS�; GADD34 mutant mice. Moreover, the numbers of infil-
trated T cells (arrow, CD3-positive T cells) in IFN-�CNS�; GADD34 mutant
mice were comparable to IFN-�CNS�; GADD34 WT mice. N � 3 animals. B:
CD11b immunostaining showed that the presence of IFN-� dramatically
activated microglia/macrophages in the corpus callosum of 21-day-old IFN-
�CNS�; GADD34 WT mice compared to control IFN-�CNS�; GADD34 WT
mice or IFN-�CNS�; GADD34 mutant mice. Nevertheless, the activation of
microglia/macrophages in IFN-�CNS�; GADD34 mutant mice was compara-
ble to IFN-�CNS�; GADD34 WT mice. N � 3 animals. C: Real-time PCR
analysis revealed significantly increased levels of IFN-�, TNF-�, and iNOS
mRNA in the brain of 21-day-old IFN-�CNS�; GADD34 WT mice compared to
control IFN-�CNS�; GADD34 WT mice, or IFN-�CNS�; GADD34 mutant mice
(*P � 0.05). Importantly, GADD34 inactivation did not change the levels of
IFN-�, TNF-�, and iNOS mRNA in the brain mice expressing IFN-� in the CNS.
N � 3 animals, error bars represent SD. Scale bars: 10 �m (A); 25 �m (B).

Figure 4. The myelination process in hippocampal slice cultures. A: MBP
immunostaining showed that myelin was undetectable in hippocampal slice
cultures at 7 days of culture. B: MBP immunostaining showed abundant
myelin in hippocampal slice cultures at 21 days of culture. N � 3 cultured
slices. Scale bar � 50 �m.
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Importantly, it has been demonstrated that sal treatment
protects cells from ER stress.12 To test the beneficial
potential of sal in the hypomyelination elicited by IFN-�,
we exploited an in vitro myelination model, the hippocam-
pal slice culture. Myelination in hippocampal slice cul-
tures begins �7 days of culture and myelin amounts
become abundant by 21 days (Figure 4). After 7 days of
culture, the hippocampal slices were treated with 100 U/ml
IFN-� for up to 7 days. The cultured hippocampal slices
exposed to IFN-� displayed notably increased levels of
p-eIF2� and its downstream transcription factor ATF4 (Fig-
ure 5, A and B), suggesting an activation of the ER stress
response. The treated cultures contained decreased levels
of MBP and a reduction of Rip-positive oligodendrocyte
numbers (Figure 5, C and D; and Figure 6), suggesting
hypomyelination and oligodendrocyte loss. Although treat-
ment with 75 �mol/L sal alone did not change the levels of
p-eIF2� and ATF4 in cultured hippocampal slices, treat-
ment with 10, 40, or 75 �mol/L sal combined with 100 U/ml
of IFN-� markedly elevated the levels of p-eIF2� compared
to treatment with IFN-� alone (Figure 5A). Nevertheless, the
most effective concentration for sal appeared to be 40
�mol/L (Figure 5, A and B; and Supplemental Figure S1,
see http://ajp.amjpathol.org), suggestive that the higher con-
centration of sal in combination with IFN-� may cause cell or
tissue damage.34 The 40 �mol/L sal treatment also further
increased the levels of ATF4 in cultured hippocampal slices
exposed to IFN-� (Figure 5, A and B; and Supplemental
Figure S1, see http://ajp.amjpathol.org). Moreover, treatment
with 40 �mol/L sal notably decreased the reduction of MBP
levels and oligodendrocyte numbers in cultured hippocam-
pal slices exposed to IFN-� (Figure 5, C and D; and Figure
6). Thus, these findings further support the suggestion that
an enhanced ISR protects against hypomyelination and
oligodendrocyte loss elicited by IFN-�.

Discussion

The immune cytokine IFN-� is regarded as a major pro-
inflammatory cytokine involved in the pathogenesis of
MS/EAE, although its effects in these disorders are highly
controversial.17,19–21 IFN-� or its receptor knockout mice
develop a significantly worse EAE disease course com-
pared to wild-type mice.35,36 It has also been shown that
CNS delivery of IFN-� before disease onset protects
against EAE-induced demyelination and oligodendrocyte
loss.23,37 In contrast, transgenic mice that ectopically
express IFN-� in the CNS during development display a
tremoring phenotype and myelin abnormalities.15,30,38

Administration of IFN-� to MS patients and EAE mice
exacerbates clinical symptoms and suppresses myelin
repair.22,39,40Although a number of reports have sug-
gested that the immune modulation functions of IFN-�
contribute to its controversial roles in MS/EAE,20,21 our
previous data suggest that the dual, beneficial or detri-
mental, roles of IFN-� are mediated, at least in part, by ER
stress in oligodendrocytes.15,19,22,23

PERK-mediated ISR activated by the ER stress re-
sponse protects cells against ER stress, reactive oxida-
tive/nitrative stress and immune-mediated damage.1,3,23

Nevertheless, ER stress that cannot be resolved by the
adaptive responses ultimately leads to cell death.4,5 We
have found that the modest ER stress response elicited
by IFN-� in mature oligodendrocytes of adult mice, which
does not cause cell death, protects against EAE-induced
demyelination, oligodendrocyte death, and axonal dam-
age. We have also demonstrated that the PERK-medi-
ated ISR is essential for the protective effects of IFN-� in
EAE.23 In contrast, the severe ER stress response elicited
by IFN-� in myelinating oligodendrocytes in young, de-
veloping mice eliminates those cells whose ER stress

Figure 5. Sal treatment increased the levels of
p-eIF2� in the cultured hippocampal slices ex-
posed to IFN-�. A: Western blot analysis showed
that IFN-� slightly elevated the levels of p-eIF2�
and ATF4 in cultured hippocampal slices and
that sal treatment further increased the levels
of p-eIF2� and ATF4. B: Densitometry analysis
of Western blot results showed that 100 U/ml of
IFN-� treatment increased the levels of p-eIF2�
and ATF4 in cultured hippocampal slices com-
pared to untreated slices or sal-treated slices
(*P � 0.05), and that 40 �mol/L sal combined
with 100 U/ml of IFN-� treatment further ele-
vated the levels of p-eIF2� and ATF4 in cultured
hippocampal slices compared to 100 U/ml of
IFN-�-treated slices (*P � 0.05). The relative
protein levels are relative to actin. The experi-
ments have been repeated three times, error
bars represent SD. C: Western blot analysis re-
vealed that IFN-� dramatically reduced the lev-
els of MBP in cultured hippocampal slices and
that sal treatment ameliorated the reduction. D:
Densitometry analysis of Western blot results
showed that 100 U/ml of IFN-� significantly re-
duced the levels of MBP in cultured hippocam-
pal slices (*P � 0.05) and that 40 �mol/L sal
treatment significantly ameliorated the reduc-
tion (*P � 0.05). The relative protein levels are
relative to actin. The experiments have been
repeated three times, error bars represent SD.
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cannot be resolved by the adaptive response. Moreover,
the PERK mutation markedly exacerbates apoptosis of
myelinating oligodendrocytes and hypomyelination in
transgenic mice that express IFN-� in the developing
CNS.15

Here we show that GADD34, a stress-inducible regu-
latory subunit of a phosphatase complex that dephos-

phorylates eIF2�, is selectively up-regulated in myelinat-
ing oligodendrocytes in mice expressing IFN-� in the
CNS. Using a genetic approach, we find that GADD34
inactivation increased the levels of p-eIF2� in myelinating
oligodendrocytes, and diminished oligodendrocyte loss
and hypomyelination in mice expressing IFN-� in the
CNS. Furthermore, we find that sal, a small chemical
compound that specifically inhibits PP1-GADD34 phos-
phatase activity, elevated the levels of p-eIF2� and ATF4
and ameliorated hypomyelination and oligodendrocyte
loss in cultured hippocampal slices exposed to IFN-�.
Taken together, our previous and current findings indi-
cate that an enhanced PERK-mediated ISR could poten-
tiate the beneficial effects of IFN-� on oligodendrocytes
and suppress its detrimental effects on these cells in
immune-mediated demyelination diseases.

Although a recent report has shown that the ISR plays
an important role in Th2 T-cell differentiation and Th2
cytokine IL-4 production,41 we show here that GADD34
inactivation does not significantly alter the level of total
IFN-� in the CNS of transgenic mice (Figure 3C). We also
find that GADD34 inactivation does not significantly affect
the infiltration of T cells, the activation of microglia/mac-
rophages, or the up-regulation of TNF-� and iNOs in
transgenic mice that ectopically express IFN-� in the
CNS. Thus, it is unlikely that GADD34 inactivation signif-
icantly changes the immune response induced by IFN-�
in the CNS. Moreover, we have previously shown that the
enforced expression of the suppressor of cytokine sig-
naling 1 (SOCS1) specifically in oligodendrocytes in
transgenic mice is sufficient to block oligodendrocyte
loss and hypomyelination induced by IFN-�.42 Since it
has been demonstrated that SOCS1 is capable of block-
ing the intracellular Janus kinase (JAK)/signal transducer
and activator of transcription (STAT) signaling pathway,43

our previous data provide strong evidence that IFN-�
exerts a direct deleterious effect on oligodendrocytes
through the JAK/STAT signaling pathway. Taken to-
gether, these data indicate that GADD34 blockage pro-
tects against oligodendrocyte loss and hypomyelination
induced by IFN-� through a direct cytoprotective effect in
oligodendrocytes.

The pathological hallmarks of MS include inflamma-
tion, oligodendrocytes loss, demyelination, and axonal
degeneration.33,44,45 Regeneration of oligodendrocytes
and subsequent remyelination would likely restore neu-
rological function and protect against axonal degenera-
tion in MS patients.46,47 Evidence is accumulating that
there are sufficient oligodendrocyte precursors in MS
demyelinated lesions, and that the remyelination failure is
primarily attributable to the insufficient regeneration of
myelinating oligodendrocytes.48–50 We have previously
shown that remyelinating oligodendrocyte apoptosis elic-
ited by IFN-�, which is known to be present in the MS
demyelinated lesions,51,52 might be a major contributing
factor to poor remyelination in individuals with MS.22 We
have also found that the ER stress response is associated
with apoptosis of remyelinating oligodendrocytes elicited
by IFN-� in the cuprizone-induced demyelination model,
and that PERK is essential for remyelinating oligodendro-
cyte survival during ER stress.22 Although a recent report

Figure 6. Sal treatment decreased hypomyelination and oligodendrocyte
loss elicited by IFN-�. A–D: MBP immunostaining revealed that 100 U/ml of
IFN-� markedly inhibited myelination in cultured hippocampal slices and
that 40 �mol/L sal treatment reduced the inhibition (A: untreated; B: sal
control; C: IFN-�; D: IFN-� � sal). N � 3 cultured slices. E–I: Rip immuno-
staining showed that oligodendrocytes in cultured hippocampal slices ex-
posed to IFN-� were significantly reduced compared to the untreated slices
(I: *P � 0.05) and that 40 �mol/L sal treatment significantly attenuated the
severity of oligodendrocyte loss (I: *P � 0.05) (E: untreated; F: sal control; G:
IFN-�; H: IFN-� � sal). N � 3 cultured slices, error bars represent SD. Scale
bars: 150 �m (D); 25 �m (H).
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showed that sal treatment exacerbated fatty acid-in-
duced ER stress and pancreatic �-cell apoptosis,53 the
beneficial effects of sal treatment on hypomyelination
elicited by IFN-� suggest that chemical compounds that
enhance the ISR could ameliorate ER stress and remy-
elinating oligodendrocyte death elicited by IFN-� in MS
demyelinated lesions.

On the other hand, evidence from the human genetic
disease leukoencephalopathy with vanishing white mat-
ter suggests that proper regulation of translation initiation
is essential for the myelinating function of oligodendro-
cytes.54,55 Vanishing white matter is a fatal hypomyelinat-
ing disorder caused by mutations in the � subunit of the
translation initiation factor eIF2 (eIF2B).55,56 Although
vanishing white matter oligodendrocytes have an abnor-
mal appearance, there does not appear to be a reduction
of oligodendrocyte numbers in this disorder.57 Thus, it
seems that eIF2B mutations primarily disrupt the myeli-
nating function of oligodendrocytes.56 Although we show
here that GADD34 blockage promotes developmental
myelination in the presence of IFN-�, elevated levels of
p-eIF2� by GADD34 inactivation, which correlates with
eIF-2B inactivation in vanishing white matter patients,
might result in dysfunction of oligodendrocytes. Thus, the
potential beneficial effects of GADD34 blockage on the
remyelination process in immune-mediated demyelina-
tion diseases needs to be carefully evaluated in remyeli-
nation models in vitro and in vivo.

Currently approved treatments for MS have no clear
impact on myelin repair in demyelinated lesions.47 Impor-
tantly, ER stress-responsive genes such as ATF4 and
heat shock protein 70 (HSP70) have been demonstrated
to be up-regulated in MS demyelinated lesions.58,59 We
show here that GADD34 blockage using a genetic ap-
proach or a small chemical compound protects against
immune cytokine IFN-�-induced oligodendrocyte death
and myelin abnormalities. Thus, our data provides evi-
dence that therapeutic strategies that enhance PERK-
eIF2�-mediated IRS in oligodendrocyte could promote
the remyelination process in patients with MS.
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