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Neurobiology of Disease

Impaired Eukaryotic Translation Initiation Factor 2B
Activity Specifically in Oligodendrocytes Reproduces the
Pathology of Vanishing White Matter Disease in Mice
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Heather P. Harding,?

Vanishing white matter disease (VWMD) is an inherited autosomal-recessive hypomyelinating disease caused by mutations in eukary-
otic translation initiation factor 2B (eIF2B). eIF2B mutations predominantly affect the brain white matter, and the characteristic features
of VWMD pathology include myelin loss and foamy oligodendrocytes. Activation of pancreatic endoplasmic reticulum kinase (PERK) has
been observed in oligodendrocytes in VWMD. PERK activation in response to endoplasmic reticulum stress attenuates eIF2B activity by
phosphorylating elF2«, suggesting that impaired eIF2B activity in oligodendrocytes induced by VWMD mutations or PERK activation
exploit similar mechanisms to promote selective white matter pathology in VWMD. Using transgenic mice that allow for temporally
controlled activation of PERK specifically in oligodendrocytes, we discovered that strong PERK activation in oligodendrocytes during
development suppressed eIF2B activity and reproduced the characteristic features of VWMD in mice, including hypomyelinating phe-
notype, foamy oligodendrocytes, and myelin loss. Notably, impaired eIF2B activity induced by PERK activation in oligodendrocytes of
fully myelinated adult mice had minimal effects on morphology or function. Our observations point to a cell-autonomous role of
impaired eIF2B activity in myelinating oligodendrocytes in the pathogenesis of VWMD.
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Introduction

Vanishing white matter disease (VWMD), also known as child-
hood ataxia with CNS hypomyelination (CACH), is an inherited
autosomal-recessive hypomyelinating disease (Ainsworth, 2005;
Scheper etal., 2006). The neurological signs of VWMD, including
progressive cerebellar ataxia and spasticity, usually begin in late
infancy or early childhood. The disease progresses rapidly and
most patients die a few years after disease onset. VWMD is asso-
ciated with cystic cavitations of the white matter and profound
loss of myelin, whereas CNS gray matter and the other organs are
generally spared (van der Knaap etal., 1997, 2006). Oligodendro-
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cytes are predominantly affected in VWMD, exhibiting charac-
teristic foamy morphology (Wong et al., 2000; Scheper et al.,
2006). Oligodendrocyte numbers are reduced in the severely af-
fected white matter, but are increased in the less affected areas.
VWMD is caused by mutations in any one of the ubiquitously
expressed genes encoding the five subunits of eukaryotic transla-
tion initiation factor 2B (eIF2B; Leegwater et al., 2001; Scheper et
al., 2006). eIF2B serves as an essential guanine nucleotide ex-
change factor required for the recycling of eIF2 with each round
of translation initiation (Proud, 2005). VWMD mutations have
been noted to reduce the guanine nucleotide exchange factor
activity of elF2B (Richardson et al., 2004; Scheper et al., 2006;
Horzinski et al., 2009). Nevertheless, knock-in mice with VWMD
mutations, although showing attenuated eIF2B activity in cells,
do not exhibit myelin abnormalities under normal conditions
(Geva et al., 2010). The role of attenuated eIF2B guanine nucle-
otide exchange activity in VWMD pathogenesis remains un-
known and existence of a strict correlation between the two has
even been challenged experimentally (Liu et al., 2011). The gua-
nine nucleotide exchange activity of eIF2B is under strong nega-
tive regulation by the phosphorylation of the a subunit of its
substrate, elF2a (Pavitt and Ron, 2012). The latter, in turn, is
effected by four known kinases, including pancreatic endoplas-
mic reticulum kinase (PERK), which couples endoplasmic retic-
ulum (ER) stress to elF2a phosphorylation (Harding et al.,
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1999). Interestingly, recent studies show that PERK signaling is
enhanced in oligodendrocytes of VWMD patients (van der
Voorn et al., 2005; van Kollenburg et al., 2006), suggesting that
PERK activation synergizes with eIF2B mutations to inhibit pro-
tein synthesis in oligodendrocytes undermining cellular function
and contributing to the pathogenesis of VWMD.

To explore this hypothesis experimentally, we have generated
transgenic mice that allow for pharmacological temporally con-
trolled activation of PERK with an otherwise inert compound
(AP20187) specifically in oligodendrocytes, in the absence of any
additional stress, and showed that AP20187 treatment enhances
the activity of PERK signaling in oligodendrocytes of the trans-
genic mice in a dose-dependent manner (Lin et al., 2013). In this
study, we exploit this mouse model to mimic the reduction of
elF2B activity to levels observed in oligodendrocytes of VWMD pa-
tients and measure the effects on CNS function and morphology,
thus enabling a critical evaluation of the role of attenuated eIF2B
activity in the pathogenesis of VWMD. Our findings indicate that
selective impairment of eIF2B in oligodendrocytes during develop-
ment can account for the features of VWMD pathology.

Materials and Methods

Mice. Heterozygous PLP/Fv2E-PERK (PLP/Fv2E-PERK Tg/+) mice on
the C57BL/6] background (Lin et al., 2013, 2014) were intercrossed to
obtain homozygous PLP/Fv2E-PERK (PLP/Fv2E-PERK Tg/Tg) mice,
and then PLP/Fv2E-PERK Tg/Tg mice were intercrossed to produce PLP/
Fv2E-PERK Tg/Tg mice. To activate the Fv2E-PERK transgene in the
oligodendrocytes of PLP/Fv2E-PERK Tg/Tg mice, the mice of either sex
were given daily intraperitoneal injections of AP20187 (Ariad Pharma-
ceuticals); controls were injected with vehicle (4% ethanol, 10% PEG-
400, 2.0% Tween 20 in water) only. All animal procedures were
conducted in complete compliance with the NIH Guide for the Care and
Use of Laboratory Animals and were approved by the Institutional Animal
Care and Use Committee of the University of South Alabama and the
University of Minnesota.

Real-time PCR. Deeply anesthetized mice were perfused with ice-cold
PBS. RNA was isolated from the brain using Trizol reagent (Invitrogen)
and treated with DNasel (Invitrogen) to eliminate genomic DNA. Re-
verse transcription was performed using the iScript cDNA Synthesis Kit
(Bio-Rad Laboratories). TagMan real-time PCR was performed with iQ
Supermix (Bio-Rad Laboratories) on a Bio-Rad iQ Real-Time PCR de-
tection system as previously described (Lin et al., 2013, 2014).

Western blot analysis. Tissues harvested from mice were rinsed in ice-
cold PBS and were homogenized using a motorized homogenizer as
previously described (Lin etal., 2005, 2008, 2014). After incubating on ice
for 15 min, the extracts were cleared by centrifugation at 14,000 rpm for
30 min twice. The protein content of each extract was determined by DC
Protein Assay (Bio-Rad Laboratories). The extracts (40 ug) were sepa-
rated by SDS-PAGE and transferred to nitrocellulose. The blots were
incubated with a primary antibody against myelin basic protein (MBP;
1:1000, Covance, Catalog #SMI-99P-500; RRID: AB_10120130) or actin
(1:5000, Sigma-Aldrich, Catalog #A2103; RRID:AB_476694), followed
by an HRP-conjugated secondary antibody, and following incubation
with the ECL Detection Reagents (GE Healthcare Biosciences), the
chemiluminescent signal was detected.

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 using 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. Immunohistochemical detection of CC1 (APC7, 1:50; EMD
Biosciences, Catalog #OP80-100UG, RRID: AB_213434), phosphory-
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lated eIF2a (p-elF2a;, 1:100; Cell Signaling Technology, Catalog #:9721L;
RRID: AB_330952), MBP (1:1000; Covance), active-caspase-3 (1:100;
Cell Signaling Technology, Catalog #9664L; RRID: AB_2070042); CAAT
enhancer binding protein homologous protein (CHOP, 1:300; Ron and
Habener, 1992), or aspartoacylase (ASPA; 1:1000, kindly provided by Dr
M.A. Aryan Namboodiri at Uniformed Services University of the Health
Sciences, Bethesda, MD; Madhavarao et al., 2004; Locatelli et al., 2012)
was performed. Fluorescent-stained sections were mounted with
Vectashield mounting medium with DAPI (Vector Laboratories) and
visualized with a Nikon Al confocal microscope or Olympus FV1000
confocal microscope.

Terminal deoxynucleotidyl transferase-mediated biotinylated UTP
nick end labeling (TUNEL) staining was performed using the ApopTag
kit (EMD Millipore) according to the manufacturer’s instructions. The
sections were mounted with Vectashield mounting medium with DAPI
(Vector Laboratories) and visualized with a Nikon Al confocal micro-
scope or Olympus FV1000 confocal microscope.

Toluidine blue staining and electron microscopy (EM) analysis. Mice
were anesthetized and perfused with PBS containing 4% paraformalde-
hyde and 2.5% glutaraldehyde. The sciatic nerve, the cervical spinal cord,
the white matter of the cerebellum, and the corpus callosum were pro-
cessed and embedded. Thin sections were cut, stained with toluidine
blue, and analyzed as described previously (Lin et al., 2013,2014). More-
over, ultrathin sections were cut, stained with uranyl acetate and lead
citrate, and analyzed as described previously (Lin et al., 2013, 2014). We
counted the total number of axons, calculated the total percentage of my-
elinated axons, and measured the diameter of axons and the thickness of
myelin sheaths using NIH Image] software (http:/rsb.info.nih.gov/ij/) as
described previously (Lin and Lin, 2010; Lin et al., 2014). G-ratio was calcu-
lated as the diameter of axon divided by the diameter of axon and myelin.

Measurement of protein synthesis with SUnSET. We used surface sens-
ing of translation (SUnSET) to determine the rate of protein biosynthesis
in oligodendrocytes of explanted cultures of optic nerve and in Schwann
cells of explanted cultures of sciatic nerve (Schmidt et al., 2009; Good-
man et al., 2011; D’Antonio et al., 2013). The optic nerves and sciatic
nerves were dissected from 18-d-old and adult PLP/Fv2E-PERK Tg/Tg
mice or 18-d-old PLP/Fv2E-PERK Tg/+ mice. They were placed in
DMEM media supplemented with 10% fetal bovine serum for 30 min at
37°C, and then were treated with AP20187 (10 or 1 nm) or vehicle. After
30 min, 2 uM puromycin was added to the cultures, and the cultures were
incubated for an additional 1 h. Eight optic nerves or sciatic nerves per
each condition were rinsed in ice-cold PBS, pooled, and homogenized
using a motorized homogenizer as previously described (Lin et al.,
2005, 2008). Proteins were extracted, quantified, resolved by SDS-
PAGE, and transferred to nitrocellulose. The blots were incubated
with a primary antibody against puromycin (1:5000, EMD Millipore,
Catalog #MABE343), followed by an HRP-conjugated secondary anti-
body, and following incubation with the ECL Detection Reagents (GE
Healthcare Biosciences), the chemiluminescent signal was detected. The
intensity of the recorded chemiluminescence signal (including the entire
molecular weight range of puromyecin-labeled peptides) was quantified
using NIH Image] software.

Statistics. Data are expressed as mean = SD. Multiple comparisons
were statistically evaluated by a one-way ANOVA test using Sigmaplot 12
software (Systat Software). The relationship between myelin thickness
and axon diameter was statistically evaluated by a linear regression using
Sigmaplot 12 software. P values <0.05 were considered significant.

Results

Selective activation of PERK in oligodendrocytes of young
myelinating mice leads to tremor and premature death
Fv2E-PERK is an artificial PERK derivative, generated by fusing
the eIF2a kinase effector domain of PERK to a polypeptide con-
taining tandem modified FK506 binding domains (Fv2E) and
can be induced to oligomerize and activate by an otherwise inert
ligand, AP20187 (Lu et al., 2004). We have generated PLP/Fv2E-
PERK transgenic mice that express Fv2E-PERK under the control
of the mouse proteolipid protein (PLP) transcriptional control
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Strong PERK activation specifically in oligodendrocytes during development reproduced VWMD clinical features in mice. A, Mouse survival curve; N = 8 animals. B, Real-time PCR

analysis showed that AP20187 treatment significantly increased the expression of CHOP and GADD34 in the brain of 18-d-old PLP/Fv2E-PERK Tg/Tg mice, but did not alter the expression of
immunoglobulin binding protein (BIP); N = 3 animals. C, D, CC1 and p-elF2c«x double-labeling showed that p-elF2cx was undetectable in oligodendrocytes in the brain of 18-d-old PLP/Fv2E-PERK
Tg/Tg mice treated with vehicle, but became detectable in oligodendrocytes (arrow) of PLP/Fv2E-PERK Tg/Tg mice treated with AP20187; N = 3 animals. £, F, CC1 and CHOP double-immunostaining
showed that CHOP immunoreactivity was undetectable in oligodendrocytes in the brain of 18-d-old PLP/Fv2E-PERK Tg/Tg mice treated with vehicle, but became detectable in oligodendrocytes
(arrow) of AP20187-treated mice; N = 3 animals. Error bars represent SD. *p << 0.05. Scale bars: (, E, 10 m.

region (Lin et al.,, 2013). These mice express the Fv2E-PERK
transgene specifically in oligodendrocytes in the CNS. Treatment
of PLP/Fv2E-PERK mice with Fv2E ligand AP20187 activates
PERK signaling selectively in oligodendrocytes without causing
ER stress. Moreover, we found that heterozygous PLP/Fv2E-
PERK (PLP/Fv2E-PERK Tg/+) mice treated with a low dose of
AP20187 (0.5-2 mg/kg) are phenotypically normal and do not
display any abnormalities of oligodendrocytes or myelin in the
CNS (Lin et al., 2013, 2014), indicating that moderate PERK

activation specifically in oligodendrocytes does not affect the vi-
ability or function of the cells in young, developing mice or adult
mice under normal conditions.

It is known that AP20187 can penetrate the blood—brain bar-
rier (BBB); however, its BBB permeability is moderate (Burnett et
al., 2004). To achieve strong PERK activation specifically in oli-
godendrocytes, PLP/Fv2E-PERK Tg/+ mice were intercrossed
to obtain homozygous PLP/Fv2E-PERK (PLP/Fv2E-PERK Tg/
Tg) mice, which were given intraperitoneal injections of a higher
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treated with 5 mg/kg AP20187 daily start-
ing on P10. Real-time PCR analysis
showed that AP20187 treatment signifi-
cantly increased the expression of PERK-
responsive genes CHOP and growth
arrest and DNA damage 34 (GADD34;

AP20187 Fig. 1B). CCl and p-elF2ac double-
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dose of AP20187 (5 mg/kg) daily. Robust myelination occurs in
the mouse CNS between postnatal day (P)7 and P21 (Baumann
and Pham-Dinh, 2001). Thus, PLP/Fv2E-PERK Tg/Tg mice were
treated with either 5 mg/kg AP20187 or vehicle daily starting on
P10. All the AP20187-treated PLP/Fv2E-PERK Tg/Tg mice exhib-
ited a severe tremoring phenotype starting around P14, and died
by P24 (Fig. 1A). In contrast, all PLP/Fv2E-PERK Tg/Tg mice
treated with vehicle and age-matched wild-type mice treated with
AP20187 (5 mg/kg) appeared healthy and survived. Moreover,
we found that the effects of short-term AP20187 treatment on
PLP/Fv2E-PERK Tg/Tg mice were reversible. PLP/Fv2E-PERK
Tg/Tg mice that had been treated with 5 mg/kg AP20187 daily
starting on P10 were released from the treatment on P15. All mice
released from AP20187 treatment displayed a tremoring pheno-
type starting ~P14, but gradually lost the tremoring phenotype
starting ~P24 and survived. Additionally, all PLP/Fv2E-PERK Tg/Tg
mice treated with 5 mg/kg AP20187 daily starting on P7 died within
5 d. Nevertheless, PLP/Fv2E-PERK Tg/Tg mice treated with 5 mg/kg
AP20187 daily starting on P28 did not display obvious tremoring
phenotype, and survived for at least 2 weeks.

As expected, we found that PERK signaling was activated spe-
cifically in oligodendrocytes of PLP/Fv2E-PERK Tg/Tg mice

vehicle

Strong PERK activation suppressed protein synthesis in oligodendrocytes. 4, ¢, SUnSET measurement of protein
synthesis showed that treatment with 10 nm AP20187 significantly suppressed protein biosynthesis in the optic nerve generated
from both 18-d-old and adult PLP/Fv2E-PERK Tg/Tg mice. B, D, SUnSET measurement of protein synthesis showed that treatment
with 1 nm AP20187 slightly reduced protein biosynthesis in the optic nerve generated from 18-d-old PLP/Fv2E-PERK Tg/+ mice.
The levels of puromycin-labeled peptides were reported relative to actin. The experiments were repeated at least three times. Error

immunostaining showed that AP20187
treatment increased the level of p-elF2a
in the majority of oligodendrocytes (77 =
10% of CCl-positive cells were CC1 and
p-elF2a double-positive) in the CNS
white matter (including the spinal cord,
cerebellum, and corpus callosum) of 18-
d-old PLP/Fv2E-PERK Tg/Tg mice (Fig.
1C,D). Moreover, CC1 and CHOP double
immunostaining showed that the immu-
noreactivity of CHOP was undetectable in
oligodendrocytes in the CNS white matter
(including the spinal cord, cerebellum,
and corpus callosum) of 18-d-old trans-
genic mice treated with vehicle, but be-
came detectable in a number of
oligodendrocytes (36 = 12% of CCl-
positive cells were CCl and CHOP
double-positive) of AP20187-treated
mice (Fig. 1E,F).

Unfortunately, it is impossible to di-
rectly measure the guanine nucleotide
exchange activity of e[F2B in oligoden-
drocytes in vivo. Thus to gauge the effect
of Fv2E-PERK activation on eIF2B activ-
ity, we exploited a recently described pro-
cedure to measure rates of protein
biosynthesis in explanted neural tissue by
tracking the incorporation of puromycin
into newly synthesized proteins (Schmidt
et al., 2009; Goodman et al., 2011). Ap-
proximately 60% of glial cells in the optic
nerve are oligodendrocytes (Dennis and
Gerschenfeld, 1969; Vaughn, 1969).
Therefore, we indirectly assessed the eIF2B activity in oligoden-
drocytes by measuring the rate of protein biosynthesis in the cells
using explanted cultures of optic nerve (Omlin and Waldmeyer,
1989). Treatment with a high dose of AP20187 (10 nM, corre-
sponding to 5 mg/kg AP20187 treatment in vivo) significantly
suppressed protein biosynthesis in the optic nerve generated
from 18-d-old PLP/Fv2E-PERK Tg/Tg mice (Fig. 2A,C). In con-
trast, treatment with alow dose of AP20187 (1 nm, corresponding
to 0.5 mg/kg AP20187 treatment in vivo) slightly, but not signif-
icantly, decreased protein biosynthesis in the optic nerve gener-
ated from 18-d-old PLP/Fv2E-PERK Tg¢/+ mice (Fig.
2B,D).Thus, these data demonstrate that treatment with the high
dose of AP20187 strongly activates the transgene product Fv2E-
PERK and significantly inhibits eIF2B activity in oligodendrocytes of
PLP/Fv2E-PERK Tg/Tg mice. Nevertheless, treatment with the low
dose of AP20187 moderately activates Fv2E-PERK and slightly re-
duces elF2B activity in oligodendrocytes of PLP/Fv2E-PERK Tg/+
mice. Collectively, these results suggest that impaired eIF2B activity
by strong PERK activation specifically in oligodendrocytes during
active phase of myelination leads to a severe tremoring phenotype
and premature death of mice.

AP20187
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Figure 3.  Impaired elF2B activity specifically in oligodendrocytes during development led to hypomyelination in the CNS. A, MBP immunostaining revealed myelin loss in the cerebellum of
18-d-old PLP/Fv2E-PERK Tg/Tg mice treated with AP20187 compared with vehicle-treated mice. B, Western blot analysis showed that AP20187 treatment markedly reduced the level of MBP in the
brain of 18-d-old PLP/Fv2E-PERK Tg/Tg mice. C, D, EM analysis showed that AP20187 treatment significantly decreased the number of myelinated axons in the brain of 20-d-old PLP/Fv2E-PERK Tg/Tg
mice. E, Quantitative EM analysis showed that AP20187 treatment significantly reduced the thickness of the myelin sheaths in the brain of 20-d-old PLP/Fv2E-PERK Tg/Tg mice. F, Quantitative EM
analysis showed that AP20187 treatment significantly increased the G-ratio of myelinated axons in the brain of 20-d-old PLP/Fv2E-PERK Tg/Tg mice. G, Toluidine blue staining showed that AP20187
treatment did not alter myelin integrity in the sciatic nerve of 20-d-old PLP/Fv2E-PERK Tg/Tg mice; N = 3 animals. Error bars represent SD. *p << 0.05. Scale bars: 4, 100 wm; C, 1 um; G, 20 m.

Impaired eIF2B activity specifically in oligodendrocytes showed that AP20187 treatment noticeably reduced the degree of
during development reproduces VWMD pathology in mice myelination in the CNS white matter (including the spinal cord,
The tremoring phenotype was consistent with myelin abnormal-  cerebellum, and corpus callosum) of 18-d-old PLP/Fv2E-PERK
ities in the CNS of PLP/Fv2E-PERK Tg/Tg mice treated with 5  Tg/Tg mice (Fig. 3A). Western blot analysis showed that the level
mg/kg AP20187 daily starting on P10. MBP immunostaining  of MBP was significantly decreased in the CNS of 18-d-old PLP/



Lin et al. e Impaired elF2B in Oligodendrocytes Leads to VWMD

A 120 -
2 100 A mvehicle
[T O0AP20187
o E 80 -
rE
& = 60 -
o
et = 401
98 20-
o
z 0 = T
cerebellum corpus  spinal cord
callosum

J. Neurosci., September 3, 2014 - 34(36):12182-12191 « 12187

vehicle AP20187

Figure 4.

Impaired elF2B activity in oligodendrocytes during development led to foamy oligodendrocytes and occasional cell apoptosis. A, CC1 immunostaining revealed moderate but not

statistically significant reduction of oligodendrocyte numbers in the CNS of 18-d-old PLP/Fv2E-PERK Tg/Tg mice treated with AP20187 compared with vehicle-treated mice; N = 6 animals. B, (C1
and TUNEL double-labeling showed that CC1 and TUNEL double-positive cell was undetectable in the CNS of 18-d-old PLP/Fv2E-PERK Tg/Tg mice treated with vehicle, and there were few (C1 and
TUNEL double-positive cells (arrow) in the CNS of PLP/Fv2E-PERK Tg/Tg mice treated with AP20187; N = 3 animals. €, EM analysis showed normal oligodendrocytes in the brain of 20-d-old
PLP/Fv2E-PERK Tg/Tg mice treated with vehicle; N = 3 animals. D, EM analysis showed that a number of oligodendrocytes displayed foamy morphology in the brain of 20-d-old PLP/Fv2E-PERK Tg/Tg
mice treated with AP20187. These cells had abundant cytoplasm filled with circular, membranous structures and an oval nucleus with condensed chromatin; N = 3 animals. E, F, Few foamy
oligodendrocytes in the brain of AP20187-treated PLP/Fv2E-PERK Tg/Tg mice displayed the characteristics of apoptosis, including highly condensed chromatin mass, nuclear fragmentation, and

shrunken cytoplasm; N = 3 animals. Error bars represent SD. Scale bars: B, 20 wm; C-F, T um.

Fv2E-PERK Tg/Tg mice treated with AP20187 compared with
vehicle-treated mice (Fig. 3B). Importantly, EM analysis showed
that AP20187 treatment significantly reduced the percentage of
myelinated axons in the CNS white matter (including the spinal
cord, cerebellum, and corpus callosum) of 20-d-old PLP/Fv2E-
PERK Tg/Tg mice (Fig. 3C,D). AP20187 treatment also significantly
decreased the thickness of the myelin sheaths and increased the
G-ratio of myelinated axons in the CNS white matter of PLP/Fv2E-
PERK Tg/Tg mice (Fig. 3C, E, F). Nevertheless, AP20187 treatment
did not have noticeable effects on the diameter or morphology of
axons in the CNS of PLP/Fv2E-PERK Tg/Tg mice. On the other

hand, we found that treatment with 5 mg/kg AP20187 did not sig-
nificantly affect the myelination process in the peripheral nervous
system of PLP/Fv2E-PERK Tg/Tgmice (Fig. 3G). Although Schwann
cells in the sciatic nerve of PLP/Fv2E-PERK Tg/Tg mice expressed the
Fv2E-PERK transgene (data not shown), treatment with a high dose
of AP20187 (10 nm) did not significantly alter protein biosynthesis in
the cultured sciatic nerve generated from 18-d-old PLP/Fv2E-PERK
Tg/Tg mice (data not shown). Thus, these results suggest that im-
paired eIF2B activity in myelinating oligodendrocytes of young, de-
veloping mice leads to hypomyelination in the CNS, resulting in the
tremoring phenotype and premature death of mice.



12188 - J. Neurosci., September 3, 2014 - 34(36):12182-12191

A
80 - m vehicle
2 70 - m AP20187
8 T 601
+ £ 50 A
E S 40 -
‘2 o 30
w g 201
) o i
o= 10
4 0 -
cerebellum corpus spinal cord
callosum
C vehicle
' L A*'%.
Figure 5.

Lin etal. e Impaired elF2B in Oligodendrocytes Leads to VWMD

AP20187

vehicle

AP20187
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Next, we determined whether impaired eIF2B activity specif-
ically in myelinating oligodendrocytes during development in-
duces the cell dysfunction that resembles oligodendrocyte
pathology in VWMD. Immunostaining of both CC1 and ASPA,
markers for oligodendrocytes, showed that the number of oligo-
dendrocytes was moderately, but not significantly, reduced in the
CNS white matter (including the spinal cord, cerebellum, and
corpus callosum) of 18-d-old PLP/Fv2E-PERK Tg/Tg mice
treated with AP20187 compared with vehicle-treated mice (Fig.
4A,B). CC1 and TUNEL double- labeling showed that TUNEL-
positive oligodendrocytes were undetectable in the CNS of 18-d-
old PLP/Fv2E-PERK Tg/Tg mice treated with vehicle, and that
there were few TUNEL-positive oligodendrocytes (<1% of CC1-
positive cells were CC1 and TUNEL double-positive) in the CNS
of PLP/Fv2E-PERK Tg/Tg mice treated with AP20187 (Fig. 4B).
Similarly, CC1 and active-caspase-3 double labeling occasionally
revealed apoptotic oligodendrocytes in the CNS of 18-d-old PLP/
Fv2E-PERK Tg/Tg mice treated with AP20187 (data not shown).
EM analysis revealed that the ultrastructural morphology of
oligodendrocytes appeared normal in the CNS of 20-d-old PLP/
Fv2E-PERK Tg/Tg mice treated with vehicle (Fig. 4C). Impor-
tantly, ~35% of oligodendrocytes in the CNS white matter
(including the spinal cord, cerebellum, and corpus callosum) of
AP20187-treated mice displayed the morphological features of
the foamy oligodendrocytes observed in human VWMD patients
(Wong et al., 2000). These cells had abundant cytoplasm and
were filled with circular, membranous structures (Fig. 4D). The
majority of foamy cells had an oval nucleus with condensed chro-

matin and extended processes that wrapped around axons to
form myelin sheaths. Interestingly, there were few foamy cells
that displayed the characteristics of apoptosis, including highly
condensed chromatin mass, nuclear fragmentation, and
shrunken cytoplasm (Fig. 4E,F). These data indicate that im-
paired eIF2B activity induces oligodendrocyte dysfunction and
morphology change, resulting in severe myelin abnormalities
and occasional cell apoptosis. Together, these results demon-
strate that impaired eIF2B activity specifically in myelinating oli-
godendrocytes of young, developing mice is sufficient to
reproduce the fundamental pathology of myelin and oligoden-
drocytes in VWMD.

Impaired eIF2B activity in oligodendrocytes of adult mice
induces minimal myelin abnormalities in the CNS

We further determined the effects of impaired eIF2B activity on
oligodendrocytes in adult mice. Eight-week-old PLP/Fv2E-PERK
Tg/Tg mice were treated with AP20187 (5 mg/kg) or vehicle daily
for up to 3 weeks. Interestingly, AP20187-treated adult mice ap-
peared healthy and were indistinguishable from vehicle-treated
mice and from untreated wild-type mice. As expected, we found
that AP20187 treatment activated PERK signaling specifically in
oligodendrocytes of adult PLP/Fv2E-PERK Tg/Tg mice. Real-
time PCR analysis showed increased expression of PERK-
responsive genes CHOP and GADD34 (data not shown). CC1
and p-elF2a double immunostaining, as well as CC1 and CHOP
double-immunostaining showed that AP20187 treatment signifi-
cantly increased the levels of p-elF2a and CHOP specifically in
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Tg/Tg mice (Fig. 6C,D). Interestingly, the
diameter of axons in the CNS white mat-

AP20187 ter of AP20187-treated mice was signifi-
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cantly decreased as compared with
vehicle-treated mice, although AP20187
treatment had no effect on the thickness
of the myelin sheaths (Fig. 6C,E). These
data likely reflect that the reduction of
axon diameter results in the shrinkage of
the CNS white matter. Together, these re-
sults suggest that mature oligodendrocytes
in adult mice are less sensitive to impaired
elF2B activity than myelinating oligoden-
drocytes in young, developing mice.

Discussion

Correlative studies in yeast and cultured
mammalian cells point to diminished
elF2B guanine nucleotide exchange activ-
ity in VWMD-associated eIF2B mutations
(Richardson et al., 2004; Scheper et al.,
2006; van der Knaap et al., 2006; Horzin-
ski et al., 2009). However, to date, at-
tempts to recapitulate the features of the
disease in a relevant model system have
been unsuccessful (Bugiani et al., 2010;
Geva etal., 2010). A powerful genetic tool
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oligodendrocytes of adult PLP/Fv2E-PERK Tg/Tg mice (data not
shown). Moreover, we found that AP20187 treatment significantly
suppressed protein biosynthesis in the optic nerve generated from
adult PLP/Fv2E-PERK Tg/Tg mice (Fig. 2A,C).

ASPA immunostaining showed that AP20187 treatment did
not significantly change the number of oligodendrocytes in the
CNS white matter (including the spinal cord, cerebellum, and
corpus callosum) of adult PLP/Fv2E-PERK Tg/Tg mice (Fig.
5A, B). Neither ASPA and TUNEL double staining nor CC1 and
active-caspase-3 double-staining showed any apoptotic oligo-
dendrocytes in the CNS of adult PLP/Fv2E-PERK Tg/Tg mice
treated with either vehicle or AP20187 (data not shown). More-
over, we found no foamy oligodendrocytes in the CNS white
matter (including the spinal cord, cerebellum, and corpus callo-
sum) of adult PLP/Fv2E-PERK Tg/Tg mice treated with AP20187
(Fig. 5C). Although MBP immunostaining and Western blot
analysis showed that AP20187 treatment did not significantly
alter the degree of myelination in the CNS of adult PLP/Fv2E-
PERK Tg/Tg mice (Fig. 6 A, B), the sizes of the CNS white matter
(including the spinal cord, cerebellum, and corpus callosum)
were slightly reduced in AP20187-treated mice compared with
vehicle-treated mice (Fig. 6A). EM analysis showed that AP20187
treatment moderately but significantly reduced the percentage of
myelinated axons in the CNS white matter (including the spinal
cord, cerebellum, and corpus callosum) of adult PLP/Fv2E-PERK

axon diameter (um)

Impaired elF2B activity in oligodendrocytes had minimal effect on myelin in the CNS of adult mice. A, MBP immuno-
staining revealed that the degree of myelination in the cerebellum of adult PLP/Fv2E-PERK Tg/Tg mice treated with AP20187 was
comparable to vehicle-treated mice. B, Western blot analysis showed that AP20187 treatment did not significantly alter the level
of MBP in the brain of adult PLP/Fv2E-PERK Tg/Tg mice. C, D, EM analysis showed that AP20187 treatment significantly but
moderately decreased the number of myelinated axons in the brain of adult PLP/Fv2E-PERK Tg/Tg mice. E, Quantitative EM analysis
showed that AP20187 treatment did not alter the thickness of the myelin sheaths, but significantly reduced the diameter of axons
in the CNS of PLP/Fv2E-PERK Tg/Tg mice; N = 4 animals. Error bars represent SD. *p << 0.05. Scale bars: 4, 500 wm; C, 1 um.

for selectively attenuating eIF2B activity
in oligodendrocytes of young, myelinat-
ing mice has produced here a striking fac-
simile of the human disease, lending
strong support for the primacy of dimin-
ished eIF2B exchange activity in its patho-
genesis. We found that strong activation
of PERK specifically in myelinating oligo-
dendrocytes of young, developing mice
suppressed elF2B activity and led to severe
hypomyelination, foamy oligodendro-
cytes, and occasional oligodendrocyte ap-
optosis in the CNS, which resembles oligodendrocyte and myelin
pathology in VWMD patients (Scheper et al., 2006; van der
Knaap et al., 2006). Moreover, these mice displayed a severe
tremoring phenotype and premature death that recapitulates the
hypomyelinating phenotype of VWMD. As such, this finding
implies a cell-autonomous role of impaired eIF2B activity in my-
elinating oligodendrocytes in the pathogenesis of VWMD.
Interestingly, strong PERK activation in myelinating oligo-
dendrocytes during development did not significantly alter the
cell numbers. Moreover, strong PERK activation specifically in
oligodendrocytes of adult mice suppressed eIF2B activity, but did
not alter the number or morphology of oligodendrocytes in the
CNS. Adult PLP/Fv2E-PERK Tg/Tg mice treated with AP20187
appeared healthy and exhibited modest reduction of myelinated
axons in the CNS. Myelinating oligodendrocytes in young, devel-
oping mice must synthesize enormous amounts of membrane
protein molecules to assemble myelin sheaths. Mature oligoden-
drocytes in adult mice, however, only synthesize just enough
membrane protein molecules to maintain myelin integrity (Mo-
rell and Quarles, 1999). There is evidence that myelinating oligo-
dendrocytes are far more sensitive to the disruption of protein
translation than mature oligodendrocytes (Lin and Popko,
2009). Together, these data suggest that impaired eIF2B activity
selectively disturbs the myelinating function of oligodendrocytes
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during the active phase of myelination. On the other hand, a
recent study showed that myelinating oligodendrocytes are con-
stantly generated from oligodendrocyte precursors in the CNS of
adult animals, which replace dying oligodendrocytes and are en-
gaged in myelin remodeling (Young et al., 2013). Therefore, it is
possible that impaired eIF2B activity induced by strong PERK
activation does not affect the viability of mature oligodendrocytes
or their ability to maintain myelin integrity, but suppresses the my-
elinating function of newly generated oligodendrocytes, resulting in
modestly increased unmyelinated axons in the adult CNS.

Although AP20187 treatment did not alter the thickness of the
myelin sheaths in the CNS of adult PLP/Fv2E-PERK Tg/Tg mice,
there were significant reductions of axon diameter and slight
shrinkage of the CNS white matter in these animals. Recent stud-
ies have shown that oligodendrocytes support axon integrity and
neuron survival by producing neurotrophic and nutritional fac-
tors (Dai et al., 2003; Ubhi et al., 2010; Fiinfschilling et al., 2012;
Lee et al., 2012; Bankston et al., 2013). Thus, there is a possibility
that the suppressed production of oligodendrocyte-derived neu-
rotrophic and/or nutritional factors induced by impaired eIF2B
activity contributes to the reduction of axon diameter and the
shrinkage of the CNS white matter observed in adult PLP/Fv2E-
PERK Tg/Tg mice treated with AP20187.

Activation of PERK in response to ER stress coordinates an
adaptive program to promote cell survival under stressful condi-
tions (Walter and Ron, 2011; Pavitt and Ron, 2012). Neverthe-
less, PERK signaling is not exclusively beneficial to cells. In
addition to suppressing global protein translation, strong PERK
activation can be detrimental to cells through induction of
CHOP, a proapoptotic transcription factor (Tabas and Ron,
2011; Hetz, 2012). Interestingly, it has been shown that the level
of CHOP is increased in oligodendrocytes of VWMD patients
(van der Voorn et al., 2005; van Kollenburg et al., 2006). A pre-
vious study, however, showed that CHOP induction promotes
survival of ER-stressed myelinating oligodendrocytes in a mouse
model of Pelizaeus—Merzbacher disease (Southwood et al., 2002).
We showed here that strong PERK activation enhanced the ex-
pression of CHOP in a number of oligodendrocytes in both
young, developing mice and adult mice. Although apoptotic oli-
godendrocytes were occasionally observed in the CNS of young,
developing PLP/Fv2E-PERK Tg/Tg mice treated with AP20187,
the number of oligodendrocytes in these mice were not signifi-
cantly decreased compared with vehicle-treated mice. Moreover,
there was no evidence that AP20187 treatment induced oligoden-
drocyte apoptosis or reduced the cell numbers in the CNS of adult
PLP/Fv2E-PERK Tg/Tg mice. Additionally, we found that none of
CHOP-positive oligodendrocytes were active-caspase-3-positive
or TUNEL-positive in the CNS of AP20187-treated PLP/Fv2E-
PERK Tg/Tg mice (data not shown). Therefore, it is unlikely that
CHOP is involved in the detrimental effects of strong PERK ac-
tivation on oligodendrocytes. On the other hand, EM analysis
showed foamy oligodendrocytes in young, developing PLP/Fv2E-
PERK Tg/Tg mice treated with AP20187, but not in adult
AP20187-treated mice. Importantly, we found that all apoptotic
oligodendrocytes in young, developing AP20187-treated mice
were accompanied with foamy morphology, which indicates that
the foamy morphology change precedes cell apoptosis. Collec-
tively, these data suggest that suppression of protein biosynthesis
induced by impaired eIF2B activity leads to foamy morphology
change of oligodendrocytes and subsequent cell apoptosis during
development. Nevertheless, the mechanisms by which disruption
of protein biosynthesis causes foamy oligodendrocytes remain
unknown and deserve additional study.
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In contrast to dire consequences of strong PERK activation in
myelinating oligodendrocytes, moderate PERK activation in re-
sponse to ER stress preserves the viability and function of myelin-
producing cells in various myelin disorders (Lin and Popko,
2009). It has been shown that PERK haploinsufficiency exacer-
bates apoptosis of both mature and myelinating oligodendro-
cytes in immune-mediated demyelinating diseases (Lin et al.,
2005, 2006, 2007). Our recent studies showed that treatment with
a low dose of AP20187 (0.5 mg/kg) moderately activates PERK
signaling in oligodendrocytes of PLP/Fv2E-PERK Tg/+ mice and
that moderate PERK activation slightly reduces eIF2B activity
and promotes survival of both mature and myelinating oligoden-
drocytes in immune-mediated demyelinating diseases (Lin et al.,
2013,2014). We also showed that GADD34 inactivation moderately
enhances PERK activation and protects myelinating oligodendro-
cytes against the cytotoxicity of IFN-vy in young, developing mice
(Lin et al., 2008). Moreover, a recent report showed that GADD34
inactivation moderately enhances PERK activation in Schwann cells
and improves myelination in the peripheral nervous system of a
mouse model of Charcot-Marie-Tooth 1B disease (D’Antonio et al.,
2013). The lesson emerging from these findings is that impaired
elF2B activity has biphasic effects on oligodendrocytes, which is
highly context-dependent in the degree of the impairment. In the
context of diseases associated with ER stress, modest attenuation of
elF2B activity (promoted by PERK activation or GADD34 inactiva-
tion) is protective, whereas in the context of VWMD, diminished
elF2B activity is highly detrimental.

VWMD is chronic and progressive, and most individuals with
VWMD display episodes of rapid deterioration after febrile in-
fections or minor head trauma (Scheper et al., 2006; van der
Knaap et al., 2006). Several studies have shown that the levels of
phosphorylated PERK and p-elF2a are increased in oligodendro-
cytes of VWMD patients (van der Voorn et al., 2005; van Kollen-
burg et al., 2006). Our observations, which point to the primacy
of diminished eIF2B activity in generating the VWMD pheno-
type, also suggest a role for transient intercurrent stress, such as
that promoted by febrile infections or head trauma in the acute
exacerbation of the disease observed clinically, as moderate acti-
vation of eIF2a kinases like PERK or double-stranded RNA-
dependent protein kinase (Pavitt and Ron, 2012), that are
normally well tolerated by normal oligodendrocytes promote a
unsustainable drop in eIF2B activity in the oligodendrocytes of
VWMD patients.
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