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Abstract
Vanishing white matter (VWM) disease (OMIM#306896) is an autosomal recessive neurodegenerative leukodystrophy 
caused by hypomorphic mutations in any of the five genes encoding the subunits of eukaryotic translation initiation factor 2B 
(eIF2B). The disease is manifested by loss of cerebral white matter and progressive deterioration upon exposure to environ-
mental and physiological stressors. “Foamy” oligodendrocytes (OLG), increased numbers of oligodendrocytes precursor cells 
(OPC), and immature defective astrocytes are major neuropathological denominators. Our recent work using Eif2b5R132H/

R132H mice uncovered a fundamental link between eIF2B and mitochondrial function. A decrease in oxidative phosphorylation 
capacity was observed in mutant astrocytes and fibroblasts. While an adaptive increase in mitochondria abundance corrects 
the phenotype of mutant fibroblasts, it is not sufficient to compensate for the high-energy demand of astrocytes, explaining 
their involvement in the disease. To date, astrocytes are marked as central for the disease while eIF2B-mutant OLG are cur-
rently assumed to lack a cellular phenotype on their own. Here we show a reduced capacity of eIF2B-mutant OPC isolated 
from Eif2b5R132H/R132H mice to conduct oxidative respiration despite the adaptive increase in their mitochondrial abundance. 
We also show their impaired ability to efficiently complete critical differentiation steps towards mature OLG. The concept 
that defective differentiation of eIF2B-mutant OPC could be a consequence of mitochondrial malfunction is in agreement 
with numerous studies indicating high dependency of differentiating OLG on accurate mitochondrial performance and ATP 
availability.
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Introduction

Mutations in any of the genes encoding the five subunits of 
eukaryotic translation initiation factor 2B (eIF2B) cause a 
leukoencephalopathy called vanishing white matter (VWM) 
disease, also known as childhood ataxia with diffuse central 
nervous system hypomyelination (CACH) (Schiffmann et al. 
1994; Leegwater et al. 2001; van der Knaap et al. 2002). 
CACH/VWM disease is an autosomal recessive neurode-
generative disorder associated with > 160 mutations in 
eIF2B genes (OMIM#603896). The disease widely varies 

in onset, progression and symptoms severity, affects both 
genders, and has no cure. The classical form is manifested 
by progressive deterioration followed by death at early 
teens. The common denominator of all forms of the dis-
ease is progressive loss of cerebral white matter, detected by 
magnetic resonance imaging (MRI), leading to neurological 
deficits including motor dysfunction, cerebellar ataxia, and 
cognitive decline. An important feature is the deterioration 
of clinical symptoms upon exposure to environmental and 
physiological stressors such as febrile illness, head trauma, 
or acute fright. The prevalence of known living affected 
individuals is ~ 1.4:1,000,000 inhabitants, while the preva-
lence of individuals carrying two mutant alleles of a gene 
encoding a specific eIF2B subunit has been estimated to be 
1:80,000–100,000 live births (Fogli and Boespflug-Tanguy 
2006; Hamilton et al. 2018).

eIF2B is a master regulator of protein synthesis under 
normal and stress conditions (Pavitt 2018). It serves as 
a guanine nucleotide exchange factor (GEF) of eIF2, to 
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guarantee the ongoing formation of eIF2-GTP-methio-
nyl-tRNA ternary complex required for translation initia-
tion. After each round of translation initiation, eIF2-GDP 
released from the ribosome is recycled back to eIF2-GTP 
by the enzymatic activity of eIF2B, to enable the next 
translation initiation round. Under diverse cellular stress 
conditions, the α subunit of eIF2 is phosphorylated by 
one of four protein kinases (HRI, GCN2, PKR, or PERK) 
depending on the stress, and turns eIF2-GDP from a sub-
strate to a competitive inhibitor of eIF2B. The resulting 
lower level of ternary complexes leads to decreased global 
protein synthesis accompanied by effective translation of 
specific mRNAs encoding proteins responsible for induc-
tion of the integrated stress response (ISR). Depending on 
the stress severity, ISR can promote either cell rescue or 
apoptosis (Pavitt 2018). Hypomorphic mutations in eIF2B 
genes render cells hypersensitive to stress, since eIF2B 
enzymatic activity is already partially inhibited due to 
the mutation. The hyper-sensitivity of primary fibroblasts 
isolated from CACH/VWM patients to ER-stress (Kantor 
et al. 2005) and the presence of ER-stress markers in post-
mortem brains (van der Voorn et al. 2005) is in agreement 
with this notion.

The presence of oligodendrocytes (OLG) with “foamy” 
cytoplasm and increased abundance of immature atypical 
astrocytes are major pathological hallmarks of the disease. 
Data collected from post-mortem brains of CACH/VWM 
patients demonstrated a disproportionately high number 
of oligodendrocyte precursor cells (OPC) compared to 
mature OLG, suggesting inhibition of OLG maturation as 
an explanation for myelin deficiency (Wong et al. 2000; 
Francalanci et al. 2001; Dietrich et al. 2005; Bugiani et al. 
2011, 2018; Leferink et al. 2018). The observations of insuf-
ficient astrogliosis, dysmorphic immature astrocytes together 
with increased numbers of OPC, have led to the notion that 
affected astrocytes secrete unknown factor(s) causing inhi-
bition of OLG maturation (Bugiani et al. 2018; Leferink 
et al. 2018). The molecular and cellular mechanisms of the 
disease were further analyzed following generation of mouse 
models (Geva et al. 2010; Dooves et al. 2016). Co-culture 
experiments using mixed glia isolated from Eif2b5R191H/

R191H, Eif2b4R484W/R484W, and wild-type (WT) mice showed 
that eIF2B-mutant astrocytes negatively affect the develop-
ment of WT OLG, while WT astrocytes support normal dif-
ferentiation of mutated OLG. This phenomenon is in agree-
ment with the notion that the OLG maturation defect, at least 
in part, results from malfunction of astrocytes (Dooves et al. 
2016). However, it was not ruled out that mutated OPC also 
suffer from an inborn, cell autonomous defect due to eIF2B 
mutation.

The energetic requirements that OPC face during their 
differentiation to mature myelinating-OLG is satisfied by 
an increase in oxidative phosphorylation (Sanchez-Abarca 

et al. 2001; Rinholm et al. 2011; Schoenfeld et al. 2010). 
A fundamental insight related to CACH/VWM disease was 
the discovery of a link between eIF2B and mitochondrial 
function; using Eif2b5R132H/R132H mice we showed impaired 
stoichiometry between protein subunits of the electron trans-
port chain complexes, thereby causing decreased oxidative 
phosphorylation (Gat-Viks et al. 2015; Raini et al. 2017). 
As expected, this fundamental mutation-linked outcome 
was observed in different cell types regardless of their 
involvement in the disease. However, while an increase in 
mitochondrial abundance corrects the phenotype of mutant 
fibroblasts, it is not sufficient to compensate for the high-
energy demand of astrocytes, enlightening the latter as 
highly sensitive to eIF2B mutations (Raini et al. 2017). In 
the current study we assessed the mitochondrial function 
and abundance of primary CD140a-expressing OPC isolated 
from Eif2b5R132H/R132H and WT newborn mice. We show 
that Eif2b5R132H/R132H OPC present: (i) a decrease in oxida-
tive phosphorylation; (ii) an increase in mitochondrial abun-
dance; (iii) defective maturation with impaired capacity to 
proceed beyond stages I and II of the differentiation process; 
and (iv) abnormal morphology with shorter neurites length.

Materials and Methods

Mice

Wild-type (WT; C57BL strain) and Eif2b5R132H/R132H (Mut; 
mutant) mice of both sexes were bred and housed in Tel 
Aviv University animal facility with 14/10 h light/dark cycle 
in groups of four animals per cage in individually ventilated 
cages (Lab Products Inc., Seaford, DE, USA) supplemented 
with autoclaved wood chips. Animals were fed with auto-
claved rodent pellet (Koffolk 19-510; Koffolk Ltd, Petach 
Tikva, Israel) and sterile water ad libitum. All experimen-
tal procedures were approved by the Tel Aviv University 
Animal Care Committee according to national guidelines 
(permit #04-17-022). Breeding and genotyping were per-
formed as previously described (Geva et al. 2010). Each 
generation was established by back cross of homozygous 
Mut with WT C57BL/6 J (Harlan Labs, Jerusalem, Israel) 
to prevent genetic drift.

OPC Isolation and Differentiation

OPC were isolated from newborn (P0–P2) WT and Mut 
mice. Brains were dissociated to single-cell suspension by 
papain digestion using MACS Neural Tissue Dissociation 
kit (Miltenyi Biotec 130-092-628) and Gentle-MACS dis-
sociator according to the manufacturer’s protocol. First, 
astrocytes were positively selected from the cell suspen-
sion using anti-ACSA2 MicroBead Kit (Miltenyi Biotec 
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130-097-678). Next, OPC were isolated from the astrocytes 
depleted flow-through using the anti-CD140a (PDGFRα) 
MicroBead Kit as recommended by the supplier (Miltenyi 
Biotec 130-101-502). After isolation, cells were stained 
with mouse CD140a-PE antibody (Miltenyi Biotec 130-
102-502) for 10 min at 4 °C in the dark followed by flow 
cytometry analysis. Cell debris and dead cells were excluded 
from the analysis based on the scatter signals. The yield 
was 23,000 OPC per brain. OPC were seeded directly for 
experiments in plates pre-coated with 10 ug/mL of Poly-
d-Lysine (PDL) (Sigma P0899) and maintained over-night 
in proliferation medium consisting of BASE medium (Dul-
beco Modified Eagel’s Medium containing 25 mM glucose, 
2 mM l-glutamine, 100 U/mL penicillin, 100 ug/mL strep-
tomycin, 1 mM sodium pyruvate, 5 ug/mL insulin [Sigma 
I6634], 5 ug/mL N-Acetyl-l-cysteine [Sigma A8199], 1X 
trace elements B [Cellgro 99-175-CI], 10 ng/mL d-Biotin 
[Sigma B4639], 1X B27 [Invitrogen 17504-044], 0.1 mg/mL 
BSA [Sigma A4161], 0.1 mg/mL transferrin [Sigma T1147], 
16 µg/mL putrescine [Sigma P5780], 60 ng/mL progesterone 
[Sigma P8783], 40 ng/mL sodium selenite [Sigma S5261]), 
supplemented with 10 µg/mL CNTF [Peprotech 450-02], 
4.2 mg/mL Forskolin [Sigma F6886], 10 µg/mL PDGF [Pep-
rotech 100-13A], and 1 µg/mL NT-3 [Peprotech 450-03]. 
Differentiation to mature OLG was induced by a change to 
differentiation medium consisting of BASE medium sup-
plemented with 10 µg/mL CNTF, 4.2 mg/mL Forskolin, and 
4 µg/mL thyroid hormone T3 (Sigma T6397)] as previously 
described (Emery and Dugas 2013).

Measurements of Mitochondria Abundance 
and Oxygen Consumption Rate (OCR)

OPC plated at a density of 30,000 cells per well of a 24-well 
plate or 12,000 cells per well of a XF96-well cell cul-
ture microplate, both pre-coated with 10 ug/mL of PDL, 
were incubated in proliferation medium for 24 h followed 
by a change to differentiation medium. 24 h  later mito-
chondrial abundance and oxygen consumption rate (OCR) 
were measured. Total DNA was extracted from the 24-wells 
using GenElute™ Mammalian Genomic DNA Miniprep 
Kit (Sigma-Aldrich G1N350) followed by quantification of 
mitochondrial per nuclear DNA ratio using qPCR with oli-
gonucleotide primers specific for mitochondrial 12S rRNA 
and nuclear 18S rRNA genes, as previously described (Raini 
et al. 2017). OCR for basal respiration was measured by 
XF96 Extracellular Flux Analyzer (Seahorse Bioscience, 
Billerica, MA, USA) using the Mito Stress Test Kit (Agilent 
Technologies, Santa Clara, CA, USA) as recommended by 
the supplier and as described previously (Raini et al. 2017) 
using the following injections: 1 µM oligomycin (Sigma 
O4876), 1.5 µM FCCP (Sigma C2920), 0.5 µM antimycin 
A (Sigma A8674), and 0.5 µM rotenone (Sigma R8875). The 

OCR data were normalized per biomass, obtained by Crystal 
Violet staining as previously described (Heiss et al. 2014) 
and to mtDNA content. P values were calculated using two-
tailed t-test.

Transcriptome and Proteome Data Analysis

Transcriptomes of P21 brains of WT and Eif2b5R132H/R132H 
Mut mice (Marom et al. 2011) were used to compare the 
distribution of Log(2) fold change (Mut vs WT) mRNA 
expression values of 67 OLG-specific genes (Lein et al. 
2007) and 40 genes encoding OLG-differentiation markers 
(Dugas et al. 2006), to all the rest of the transcripts in the 
dataset, which served as background. Proteomes of brains 
of WT and Mut adult mice (Gat-Viks et al. 2015) were used 
to compare the distribution of Log(2) fold change (Mut vs 
WT) expression values of 20 OLG-upregulated and 84 OLG-
downregulated differentiation markers (Gobert et al. 2009), 
to background proteins. P values were calculated using Wil-
coxon’s test. Transcriptome and proteome datasets of cer-
ebellums of WT and Eif2b5R191H/R191H mice at the age of 
6–11 weeks (pre-symptomatic phase) and 27–32 weeks 
(post-symptomatic phase) (Wong et al. 2019) were used 
to compare the distribution of Log(2) fold change (Mut 
vs WT) mRNA expression values of 51 OL-specific genes 
(Lein et al. 2007) and of 67 genes encoding ETC subunits 
(GO:0070469) (Ashburner et al. 2000) to the background. 
P values were calculated by Wilcoxon’s test.

Immunofluorescent Staining of Brain‑Derived OPC 
Along in Vitro Differentiation

OPC were seeded at a density of 5000 cells per well of a 
4-well plate on coverslips pre-coated with 10 ug/mL of PDL 
and maintained over-night in proliferation medium followed 
by change to differentiation medium (Emery and Dugas 2013) 
in which the cells were maintained for 3 or 5 days. At day 3 
or 5, OPC were rinsed with phosphate-buffered saline (PBS) 
and fixed by incubation with 4% paraformaldehyde for 10 min 
at room temperature. For MBP and GFAP staining, a step of 
permeabilization was performed by 10 min incubation in ice-
cold Methanol followed by washing with PBS, before block-
ing for 1 h at room temperature (RT) with PBS supplemented 
with 5% bovine serum albumin (BSA), 0.2% Triton X-100, 
and 1% normal goat serum. For staining of surface antigens 
(A2B5, O4 and GalC), the cells were directly blocked by 1 h 
incubation at RT with PBS supplemented with 5% BSA and 
1% normal goat serum for A2B5 and GalC or only 5% BSA 
for O4. The coverslips were then incubated over-night at 4 °C 
in humidified conditions with primary antibodies, diluted in 
PBS supplemented with 5% BSA for A2B5, O4 and GalC 
staining or with 5% BSA and 0.2% Triton X-100 for MBP and 
GFAP staining. Incubation with O4 antibodies was performed 



306	 NeuroMolecular Medicine (2019) 21:303–313

1 3

for 1 h at RT. The cells were then washed with PBS followed 
by incubation with the appropriate fluorescently-labeled sec-
ondary antibodies in PBS supplemented with either 5% BSA 
(for A2B5, O4 or GalC staining) or with 5% BSA and 0.2% 
Triton X-100 (for MBP and GFAP staining) for 1 h at RT 
in the dark. Following three washes with PBS, the coverslips 
were mounted onto glass slides using Prolong Gold Antifade 
Reagent with DAPI (Molecular Probes P36935). The fol-
lowing primary and secondary antibodies were used: mouse 
anti-A2B5 (R&D Systems MAB1416, 1:50); mouse anti-O4 
(R&D Systems MAB1326, 1:25); rabbit anti-GalC (Sigma 
G9152, 1:500); chicken anti-MBP (Millipore AB9348, 1:100), 
rabbit anti-GFAP (Dako Z0334, 1:2000), AlexaFluor-488 
donkey anti-mouse IgG (Abcam ab150109, 1:1000), Alex-
aFluor-555 goat anti-rabbit IgG (Abcam ab150086, 1:1000), 
AlexaFluor-555 goat anti-chicken IgY (Abcam ab150170, 
1:1000), and AlexaFluor-488 goat anti-rabbit (Invitrogen 
A11034, 1:1000). 10X Images were captured using Nikon 
Eclipse 50i microscope. Identical exposure time was used for 
each marker in each independent experiment. Each differen-
tiation stage was evaluated by assessment of morphology and 
markers expression. Quantification of cells in each stage was 
performed by manual counting the number of positive cells for 
each specific marker, normalized to the total number of cells 
assessed by DAPI. ~ 80 cells per field were counted, using 10 
different fields in each experiment. P values were calculated 
using two-tailed t-test.

Live‑Cell Imaging and Analysis of Differentiating 
OPC

OPC were seeded at a density of 5,000 cells per well of a 
96-well Corning plate pre-coated with 10 ug/mL of PDL and 
maintained over-night in proliferation medium followed by 
change to differentiation medium and further incubated in 
IncuCyte ZOOM incubator. Morphological changes along 
the differentiation process were monitored by automatic cap-
ture of 10X images at 45 min intervals. The images were then 
analyzed using IncuCyte NeuroTrack software to assess neu-
rite length (NL) and neurite branch points (NBP). NBP were 
normalized per cell number quantified by ImageJ software. P 
values were calculated using two-tailed t-test.

Results

Primary OPC Isolated from Eif2b5R132H/R132H Mice 
Exhibit Defective Mitochondrial Function

The challenging energy metabolism of astrocytes involves 
excessive rates of oxidative respiration and glycolysis 
(Belanger et al. 2011). Likewise, OLG depend on mito-
chondrial functions and increased energy demands during 

differentiation and myelination (Sanchez-Abarca et  al. 
2001; Rinholm et al. 2011; Schoenfeld et al. 2010). In 
previous studies, we used Eif2b5R132H/R132H (Mut) mice to 
demonstrate the negative effect of mutated eIF2B on oxida-
tive respiration and mitochondrial performance in whole 
brain tissue, cultured primary astrocytes, and cultured pri-
mary mouse embryonic fibroblasts (MEFs) (Gat-Viks et al. 
2015; Raini et al. 2017). To test if Mut OPC have the nec-
essary energy produced by mitochondrial oxidative phos-
phorylation during their differentiation, CD140a-positive 
OPC were isolated from WT and Eif2b5R132H/R132H (Mut) 
mice. The low abundance (3–8% in the brain of newborn 
rodents) and high sensitivity of OLG turn their isolation 
and maintenance into a challenging task in terms of yield 
and viability. Using immuno-selection, we first depleted 
the astrocytes by negative selection, followed by pulling 
CD140a-expressing OPC from the flow-through by positive 
selection. Our cultures contained > 80% CD140a-positive 
cells, < 2% astrocytes, and some other cell types including 
fibroblasts (Fig. 1a, left panel). The cells were incubated 
in OPC proliferation medium, followed by addition of thy-
roid hormone 24 h later to induce differentiation. Following 
24 h in differentiation medium, mitochondrial DNA content 
and oxygen consumption rate (OCR) were quantified. The 
data show 1.36-fold increase in mitochondria abundance 
in Mut compared to WT cultures (Fig. 1b, left panel). The 
increase in mitochondria abundance is attributed primarily 
to OPC, since the presence of  other cell types (<20%) in 
the cultures cannot account for such an increase, based on 
our previous study related to MEFs and astrocytes (Raini 
et al. 2017). In addition to the increase in mitochondrial 
biogenesis in Mut OPC, the data show a 30% decrease in 
basal oxidative respiration rate per cell in Mut compared to 
WT OPC, despite the increase in mitochondria abundance 
(Fig. 1b, middle panel). The 50% decrease in basal oxi-
dative respiration per mitochondria in Mut OPC (Fig. 1b, 
right panel) clearly reflects their defective oxidative phos-
phorylation due to the mutation in eIF2B. This observa-
tion evidently demonstrates the mal-adaptation of Mut 
OPC to differentiation-linked high-energy requirements, 
as reflected by increased mitochondria abundance and yet 
only partial compensation for mitochondrial dysfunction. 
The inability of Mut OPC to produce sufficient available 
energy has raised the query about the efficiency of their 
differentiation into mature OLG, since it is a high-energy 
demanding process (Sanchez-Abarca et al. 2001; Rinholm 
et al. 2011; Schoenfeld et al. 2010).

Primary Eif2b5R132H/R132H OPC Present Impaired 
Differentiation Capacity and Abnormal Morphology

In a previous study, we focused on the transcriptomes 
of brains isolated from WT and Mut mice at the peak 
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of myelin formation (P21). We reported > 400 differen-
tially expressed mRNAs in Mut compared to WT brains 
(Marom et al. 2011). Further comparison of this dataset 
(21,909 transcripts) to genome-wide expression atlas of 
adult mouse brain (Lein et al. 2007) and to another data-
set of OLG differentiation (Dugas et al. 2006), revealed 
significant down regulation of 67 OLG-specific mRNAs 

and 40 OLG-differentiation mRNAs in Mut compared 
to WT brains (Fig. 2a, left panel), supporting impaired 
differentiation of OPC due to eIF2B mutation. To fur-
ther corroborate this insight, we checked the differential 
gene expression at the protein level. For this purpose, we 
used our proteomic dataset generated from adult WT and 
Mut brains (Gat-Viks et al. 2015) to check Mut/WT fold 

(A)

(B)

Fig. 1   Primary OPC isolated from Eif2b5R132H/R132H mice exhibit 
impaired mitochondrial function. a Left panel: a representative flow 
cytometry analysis of OPC sample following isolation from newborn 
mice brains. Black, CD140a-expressing cells (81.7% of the cells are 
CD140a-positive); gray, unstained control. Middle panel: OPC iso-
lated from WT (gray) and Mut (black) mice and incubated for 3 and 
5  days in differentiation medium were stained for GFAP. Shown is 
the average ± SEM of 4 independent experiments. Note the presence 
of < 2% and < 6% astrocytes after 3 and 5  days, respectively. Right 
panel: a representative image of CD140a-selected OPC grown for 
3 days in OPC differentiation medium followed by staining for MBP 
(red, top; note that most of the cells in the culture are OLG), and 

ACSA2-selected astrocytes followed by staining for GFAP marker 
(green, bottom; note the different morphology of astrocytes). DAPI 
(blue) used for nuclear staining. Scale bar, 10 μm. b Left panel: qPCR 
analysis of mitochondrial and nuclear DNA encoding mitochondrial 
12S rRNA and nuclear 18S rRNA genes, respectively. Shown is aver-
age relative quantity (RQ) of three independent experiments normal-
ized to WT ± SEM. *P < 0.05, two-tailed t-test. Middle and right pan-
els show oxygen consumption rate (OCR) at 24 h of differentiation. 
Shown is pmol of oxygen consumed per minute for basal respiration, 
normalized to biomass (middle) or to biomass and mtDNA content 
(right). Bars represent average values ± SEM of 6 replicates in a rep-
resentative experiment. *P < 0.05, two-tailed t-test
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change of 20 and 84 markers that had been reported to be 
up- or down- regulated, respectively, during OLG differ-
entiation (Gobert et al. 2009). The comparison revealed 
significant down regulation of both groups of proteins in 
Mut compared to WT brains (Fig. 2a, right panel), which 
could imply either lower expression per cell of such dif-
ferentiation-related proteins or overall lower number of 
mature OLG in adult brains due to eIF2B mutation. To 
confirm the predicted faulty differentiation process of 
OLG and test if this feature is an autonomous defect of 
eIF2B-mutated OPC regardless of astrocytes involve-
ment, we induced in vitro differentiation of OPC isolated 
from WT and Mut newborn mice brains to mature OLG 
(Emery and Dugas 2013). OPC differentiation to myeli-
nating-OLG is a complex process involving changes in 
morphology, specific gene expression programs (Buchet 
and Baron-Van Evercooren 2009) and epigenetic modi-
fications (Liu et al. 2010). After 3 and 5 days in special-
ized differentiation medium, the differentiation status of 
the cells was assessed by morphology and expression of 
A2B5, O4, GalC, and MBP markers, which are typically 
expressed along four rudimentary differentiation stages 
(Buchet and Baron-Van Evercooren 2009). According to 
this crude classification, bipolar morphology and A2B5 
expression represent early OPC (stage I); Multipolar mor-
phology with short processes and O4 expression represent 
late OPC/pre-OLG (stage II); Multipolar morphology with 
long and ramified branches and Gal C expression represent 
immature OLG (stage III); and myelin sheaths morphol-
ogy with MBP expression represent mature OLG (stage 
IV) (Fig. 2b, upper panel). Since expression gain/loss of 
these representative markers is gradual, cells between 
consecutive stages simultaneously express two markers, 
explaining a sum of > 100% in cell counts according to the 

above-chosen stage specification. Importantly, the pres-
ence of GFAP-positive cells in the differentiating OPC 
cultures did not exceed 8% at all times (Fig. 1a, middle 
panel). Even though a large number of both WT and Mut 
OPC could not survive the 5 days experiment, it was clear 
that WT OPC are able to exhibit the expected drop in 
A2B5, O4, and Gal C expression as they proceed from 
day 3 to day 5, while similar changes were not observed 
in Mut OPC (Fig. 2b, bottom panel), suggesting a slower 
differentiation process of Mut OPC. The lower percentage 
of O4-positive stage II Mut OPC compared to WT at day 
3, and the higher percentage of A2B5-positive stage I Mut 
OPC compared to WT at day 5, is consistent with their 
lagging progression from stage I to stage II. Similarly, the 
lack of decreased percentage of O4-positive stage II Mut 
OPC compared to WT from day 3 to day 5, is consist-
ent with their lagging progression from stage II to stage 
III. The marked decrease in Mut MBP-positive stage IV-
mature OLG from day 3 to day 5 implicates their higher 
sensitivity and vulnerability compared to WT (Fig. 2b, 
bottom panel). To analyze the morphological aspects of 
Mut OLG along their differentiation process, OPC cultures 
maintained in differentiation medium were continuously 
visualized along 3-days. A representative image of a typi-
cal Mut OPC culture in differentiation medium is shown 
in Fig. 1a (right panel, top). Note the different morphology 
of astrocytes, which is not observed in the OPC cultures 
(Fig. 1a, right panel, bottom). Automatic image captur-
ing followed by computerized analyses of neurite branch 
points (NBP) and neurite length (NL) revealed an increase 
in both parameters until 62 h, a time point at which both 
parameters started to decrease as an indication of viability 
decay of the cultures. Within the first 62 h in culture, both 
WT and Mut OPC produced the same number of NBP per 
cell (Fig. 3, left panel) however Mut OPC had shorter NL 
at each time point (Fig. 3, right panel). Moreover, while 
the WT steady increase in NL reached plateau around 
40 h, Mut OPC did not exhibit a plateau of this parameter 
during the entire duration of the experiment. This observa-
tion is in agreement with an abnormal morphology in OLG 
due to the mutation in eIF2B. 

Impaired Oxidative Respiration is Verified by Omics 
Analysis of an Additional VWM Mouse Model 
Harboring a Different Mutation in eIF2B

Transcriptome and proteome datasets of cerebellums of 
WT and Eif2B5R191H/R191H mice (Dooves et al. 2016) were 
recently published (Wong et al. 2019). Analysis of these 
datasets provided an additional support to our findings 
related to the effect of mutated eIF2B on the mitochondrial 
respiratory chain complex. The analysis revealed a signifi-
cant lower abundance of ETC-related gene products on the 

Fig. 2   Differentiation of Eif2b5R132H/R132H OLG is impaired. a Data-
sets analyses. Left panel: Analysis of the transcriptome dataset of 
P21 brains of WT and Mut mice (Marom et al. 2011). Shown is the 
distribution of Log(2) fold change (Mut vs WT) mRNA expression 
values of 67 OLG-specific genes (Lein et  al. 2007) (left) and of 40 
genes encoding OLG-differentiation markers (Dugas et  al. 2006) 
(right), compared to background. Right panel: Analysis of proteome 
dataset of brains harvested from adult WT and Mut mice (Gat-Viks 
et al. 2015). Shown is the distribution of Log(2) fold change (Mut vs 
WT) expression values of 20 OLG-upregulated differentiation mark-
ers (right) and 84 OLG-downregulated differentiation markers (left) 
(Gobert et  al., 2009), compared to background. P values calculated 
by Wilcoxon’s test. b OPC isolated from WT (gray) and Mut (black) 
newborn mice cultured in differentiation media for 3 or 5  days fol-
lowed by immunofluorescent staining with antibodies specific for 
A2B5, O4, GalC and MBP, as indicated. DAPI (blue) was used for 
nuclear staining. Shown are representative images (×40) of WT OPC 
along I–IV differentiation stages (top). Scale bar, 10 μm. % of posi-
tive cells for each differentiation marker at day 3 and day 5 was quan-
tified within total of > 300 WT (gray) and Mut (black) cells. Shown 
is the average ± SEM of 4 independent experiments. *P < 0.05, two-
tailed t-test (bottom)

◂
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mRNA level at both pre-symptomatic (6-11 weeks) and post-
symptomatic (27–32 weeks) phases. The proteomics data, 
obtained only from 27–32 weeks old mice, also show a simi-
lar trend (Fig. 4, upper panel). These data further support 
oxidative phosphorylation dysfunction in VWM disease, as 
was claimed earlier for Eif2B5R132H/R132H mice (Raini et al. 
2017; Elroy-Stein 2017). Importantly, further analysis of 
Eif2B5R191H/R191H datasets also revealed down regulation, 
in both pre- and post- symptomatic phases, of OLG-specific 
markers (Lein et al. 2007) (Fig. 4, lower panel), as reflected 
in the Eif2b5R132H/R132H transcriptome (Fig. 2a, left panel).

Discussion

Mitochondrial Dysfunction in VWM Disease

Previously we provided evidence that a mild mutation in 
the catalytic subunit of eIF2B leading to ~ 20% decrease in 
its enzymatic activity (Geva et al. 2010) is associated with 
defective mitochondrial oxidative respiration in primary 
MEFs and astrocytes. We also showed that both cell types 
employ a compensatory response of increased mitochondria 
abundance in order to meet energy requirements. However, 
while this adaptive approach is sufficient for Mut MEFs, 
it is not the case for Mut astrocytes which exhibit three-
fold lower oxidative respiration per cell despite ~ two-fold 
higher mtDNA content compared to WT, explaining the 
involvement of astrocytes but not fibroblasts in the disease 
(Elroy-Stein 2017; Raini et al. 2017). These findings are 

in agreement with abnormal expression level of proteins 
involved in oxidative phosphorylation, found by unbiased 
proteomic analyses using whole brains and primary MEFs 
isolated from the Eif2B5R132H/R132H mice (Gat-Viks et al. 
2015; Raini et al. 2017). The low expression level of respira-
tory proteins in brains isolated from Eif2B5R191H/R191H mice 
harboring a more severe eIF2B mutation (Wong et al. 2019 
and Fig. 4), together with their more severe clinical signs 
(Wong et al., 2019), further support our insight related to 
the association of eIF2B mutations with mitochondria mal-
function. The current study provides evidence that eIF2B-
mutant OPC suffer from mitochondrial malfunction (Fig. 1). 
As in the case of Mut primary astrocytes, the increase in 
mitochondria abundance observed in Mut OPC is probably 
not sufficient to fully compensate for their defective basal 
oxidative respiration, known to be important for efficient 
differentiation to mature OLG. The abnormal morphology 
exhibited by shorter neurites length and the lack of ability to 
gain sufficient O4 expression required for passing a critical 
differentiation step provide evidence for the mal differentia-
tion of Mut OPC (Figs. 2, 3). The notion that the defective 
differentiation could be a consequence of mitochondrial 
malfunction is in agreement with numerous studies indi-
cating high dependency of differentiating OLG on accurate 
mitochondrial performance and ATP availability. The transi-
tion from OPC to mature myelinating-OLG relies on exten-
sive mitochondrial respiration. This renders differentiating 
OLG especially dependent on mitochondrial biogenesis and 
particularly sensitive to mitochondrial inhibition (Sanchez-
Abarca et al., 2001, Schoenfeld et al., 2010, Rinholm et al., 
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Fig. 3   Abnormal morphology in Eif2b5R132H/R132H OPC. OPC iso-
lated from WT (gray) and Mut (black) mice. Morphological changes 
monitored by continuous imaging along 62  h in IncuCyte ZOOM 
incubator, starting at differentiation medium addition. Shown is 

average of Neurite length and Neurite branch points/cell per time 
point ± SEM. 5000 cells were analyzed per each of 4 replicates. 
*P < 0.05, two-tailed t-test
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2011). The ATP requirement for myelin sheath formation 
in vivo (Bizzozero et al. 1999) and the impaired differentia-
tion of neural stem cells to OLG upon genetic mitochondrial 
impairment (Diaz-Castro et al. 2015) further support this 
concept. The connection between mitochondrial membrane 
potential interference in mature OLG by the copper chela-
tor cuprizone, further underlines the importance of proper 
mitochondrial function for remyelination (Benardais et al. 
2013). The defective differentiation of Mut OPC observed in 
the current study is in line with the involvement of OLG in 
CACH/VWM disease, as reflected by the disproportionately 
high number of OPC compared to mature OLG in patients, 
explanation for the continuous loss of white matter and mye-
lin deficiency (Van Haren et al. 2004; van der Knaap et al. 

2006; Rodriguez et al. 1999; Wong et al. 2000; Bugiani et al. 
2011; Leferink et al. 2018).

Mitochondrial dysfunction is generally regarded as 
a secondary phenomenon caused by cellular dysfunc-
tion in multiple neurodegenerative diseases. However, we 
believe that this is not the case for VWM disease, which is 
caused by mutations in eIF2B, a master regulator of cyto-
plasmic protein synthesis. While only 37 genes (encoding 
rRNA, tRNA and 13 proteins) constitute the mitochon-
drial genome, > 1000 nuclear genes encode the rest of the 
mitochondrial proteins, which include hundreds that play 
important roles in oxidative respiration and the mitochon-
drial translation machinery itself (Taanman 1999; Vafai and 
Mootha 2012; Calvo et al. 2015). The expression from both 
genomes must be tightly coordinated to adapt mitochondrial 
content and performance to cellular energetic requirements 
(Jacobs and Turnbull 2005; Quiros et al. 2016). It seems 
that eIF2B functions as an important coordinator (Elroy-
Stein 2017). Hypomorphic mutations in eIF2B leading to 
partial loss of its enzymatic activity are associated with 
hyper-active ISR, increased ER-stress (induced by hyper-
activity of PERK arm in the absence of appropriate coor-
dination with the IRE-1 and ATF6 arms), and eventually 
increased mitochondrial stress (Kerkhofs et al. 2018). We 
believe this cellular scenario occurs in all types of cells upon 
eIF2B mutations. However, some cell types are more sensi-
tive than others with glial cells being the most sensitive of 
all. Strong support to this concept is provided by the fol-
lowing findings: (i) fibroblasts, representing cell types that 
are not involved in the disease, also suffer from impaired 
mitochondrial function; and (ii) there is a low expression 
level of proteins involved in oxidative respiration in brains 
of Eif2B5R191H/R191H mice at a pre-symptomatic age.

The Mechanistic Role of Astrocytes in CACH/VWM 
Disease Remains an Open Question

The current study widens the angle of the existing view 
about the role of astrocytes in CACH/VWM disease. While 
astrocytes were marked as central for the disease, it was sug-
gested that eIF2B-mutant OLG lack a cellular phenotype on 
their own (Dooves et al. 2016). The correlation between the 
enrichment of CD44-expressing astrocytes and accumulation 
of high molecular weight (HMW) hyaluronan, especially 
in the demyelinated brain areas, has led to the suggestion 
that HMW hyaluronan is responsible for the glial matura-
tion inhibition and white matter pathology (Bugiani et al. 
2013). However, since high hyaluronan levels correlate only 
with the late, more severe stages of the pathology observed 
in Eif2b5R191H/R191H mouse model, it could not explain the 
inhibitory effect on OLG maturation at earlier stages of the 
disease.
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Fig. 4   Defective OLG differentiation and mitochondrial func-
tion in Eif2b5R191H/R191H mice. Analysis of transcriptome and pro-
teome datasets of mRNAs and proteins isolated from the cerebel-
lum of Eif2b5R191H/R191H (Mut) and WT mice at pre-symptomatic 
(6–11  weeks) and post-symptomatic (27–32  weeks)  phases (Wong 
et al. 2019). Shown is the distribution of Log(2) fold change (Mut vs 
WT) values of the products of 67 genes encoding respiratory chain 
proteins (GO:0070469) (Ashburner et  al. 2000) (top), and 51 OLG-
specific genes (Lein et al. 2007) compared to the background. P val-
ues were calculated by Wilcoxon’s test
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Importantly, the study of Lin et al. (2014) provides an 
additional indication in favor of an intrinsic defect in OLG 
due to eIF2B mutation. This study clearly links PERK acti-
vation specifically in OLG during early development, with 
activation of ISR and induction of symptoms highly reminis-
cent of CACH/VWM (Lin et al. 2014). This observation sug-
gests an autonomous role of OLG in the disease, particularly 
in conjunction with cellular stress related to hyper-activation 
of the ISR arm of UPR, as expected from eIF2B hypomor-
phic mutations. In line with this notion is the significant 
enrichment of ISR markers specifically in myelinating-OLG, 
as obtained by single-cell mRNA sequencing of cells iso-
lated from Eif2b5R191H/R192H mice brains (Wong et al. 2019), 
given the well-known reciprocal link between ER-stress and 
mitochondrial stress (Kerkhofs et al. 2018). Although the 
defective differentiation of Mut OPC observed in the current 
study cannot be explained by the presence of < 8% astro-
cytes in our OPC cultures, the possibility that astrocytes are 
solely responsible for this effect cannot be completely ruled 
out. Since previous co-culture experiments suggested the 
ability of factors secreted from WT astrocytes to mediate 
normal maturation of mutant OLG (Dooves et al. 2016), 
future experiments will hopefully assess the ability of such 
factors to overcome the energetic deficits generated in OPC 
due to mutation in eIF2B.
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