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Chapter 2.4

Astrocytes are central in the pathomechanisms of
leukoencephalopathy with vanishing white matter
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A van de Kreeke, G Jacobs, C Vuong, J Klooster, M Kamermans, J Wortel, M
Loos, TEM Abbink, GC Scheper, VM Heine** and MS van der Knaap** (*shared
first authors; **shared last authors)
submitted

163

Abstract:
Vanishing white matter (VWM) is a fatal leukodystrophy, caused by mutations in
the house-keeping factor “eukaryotic translation initiation factor 2B” (eIF2B); for
unknown reasons VWM almost exclusively affects brain white matter astrocytes
and oligodendrocytes. VWM may occur at any age and the genotype influences
disease onset and severity. Despite intensive studies on the pathophysiology for
over a decade, the disease mechanisms are still unclear. In this study we
investigated whether astrocytes or oligodendrocytes are the primarily affected cell
type by using new VWM mouse models, patient tissue and cell cultures. We
Arg191His/Arg191His
Arg484Trp/Arg484Trp
generated two mouse models (Eif2b5
and Eif2b4
)
using mutations that cause severe disease in humans, and crossed them into
double-mutants. Mutant mice had neurological signs of highly variable severity,
depending on the genotype, reproducing the full clinical spectrum of human VWM.
In all mutant mouse strains impaired maturation of white matter astrocytes
preceded onset and paralleled disease severity and progression. Bergmann glia
and retinal Müller cells, non-forebrain types of astrocytes, were also affected. The
abnormality of these cells has not been recognized before and was now confirmed
in VWM patients. Co-culture studies demonstrated that VWM astrocytes inhibit
oligodendrocyte maturation by secreted factors, whereas wild-type astrocytes allow
normal maturation of VWM oligodendrocytes. These studies demonstrate that
astrocytes are central in VWM pathomechanisms and constitute potential
therapeutic targets. Astrocytes are probably also part of the pathophysiology of
other brain white matter disorders and should be included in studies on this
subject.

Introduction
Vanishing white matter (VWM, OMIM 603896), one of the most prevalent
genetically determined brain white matter disorders (“leukodystrophies”) in children
(van der Knaap et al., 2006), is clinically characterized by progressive motor
dysfunction, mainly cerebellar ataxia, and less prominent cognitive decline.
Occasional epileptic seizures may occur, but severe epilepsy is not a feature (van
der Knaap et al., 2006). Brain Magnetic Resonance Imaging (MRI) shows a diffuse
leukoencephalopathy with evidence of progressive cerebral white matter
rarefaction and cystic degeneration (van der Knaap et al., 2006). VWM is caused
by mutations in the genes EIF2B1-EIF2B5, encoding subunits α- of eukaryotic
translation initiation factor 2B (eIF2B) (Leegwater et al., 2001, van der Knaap et al.,
2002). Although eIF2B has a housekeeping function and is ubiquitously expressed,
VWM almost exclusively affects the brain white matter. Investigations into how
eIF2B gene mutations cause specifically a brain disorder and the development of
therapy for VWM are hampered by lack of representative mouse models for the
disease. In this study we use new mouse models for VWM to generate insight into
VWM pathology and show that astrocytes are the central cell type in the disease
pathomechanisms.
VWM may present at any age between birth and senescence (van der Knaap et
al., 2006; Labauge et al., 2009). Age of onset and clinical severity are inversely
related and are influenced by the genotype (van der Lei et al., 2010; Fogli et al.,
2004a). Antenatal onset VWM presents with intrauterine growth restriction and at
birth severe encephalopathy, cataracts and abnormalities of internal organs; death
occurs within a few months (van der Knaap et al., 2003). The most common form
has its onset between 2 and 6 years; death occurs within a few years ((van der
Knaap et al., 2006). Adult-onset VWM is characterized by slowly progressive
encephalopathy and death after decades (Labauge et al., 2009). Apart from
ovarian failure, extracerebral organs are not affected in patients with onset after
infancy. The disease is incurable (van der Knaap et al., 2006).
eIF2B is essential for the initiation of translation of mRNAs into protein and
regulates the translation rate in diverse conditions (Scheper et al., 2006). It
.
mediates the guanine nucleotide exchange on eIF2, converting inactive eIF GDP
.
.
into active eIF2 GTP. During each round of translation initiation, eIF2 GTP brings
initiator methionyl-tRNA to the ribosome to recognize the start codon. eIF2B is
therefore referred to as a guanine nucleotide exchange factor (GEF). Most but not
all eIF2B mutations decrease its GEF activity (Liu et al., 2011; Li et al. 2004;

Richardson et al 2004). No correlation has been found between the degree of
reduction of eIF2B GEF activity and clinical severity (Liu et al., 2011; Horzinski et
al., 2009) and no evidence has been found that eIF2B mutations cause decreased
protein synthesis or compromise the viability of human patient skin fibroblasts and
lymphoblasts (van Kollenburg et al., 2006; Kantor et al., 2005; Fogli et al., 2004b).
No clear clue for VWM pathophysiology has been obtained from these biochemical
and molecular studies. Of note, eIF2B has a second independent activity as a
displacement factor that can recruit eIF2 from a complex with GDP and eukaryotic
translation initiation factor 5 (eIF5), which has GDP dissociation inhibitor functions
(Jennings et al., 2013). The pathogenic potential of this recently described eIF2B
activity in the context of VWM is unclear.
Neuropathology of human VWM brains at end-stage disease shows diffuse lack of
myelin and rarefaction or cystic degeneration of the white matter (van der Knaap et
al., 2006; Bugiani et al., 2010). Reactive astrogliosis is disproportionately meager
considering the degree of tissue damage. The few astrocytes present are
dysmorphic, immature and show an anomalous intermediate filament composition
with absolute over-expression of the δ-isoform of glial fibrillary acidic protein
(GFAP) (Wong et al., 2000; Rodriguez et al., 1999; Bugiani et al., 2011). Lack of
myelin coexists with a striking increase in number of pre-myelinating
oligodendrocyte progenitor cells (OPCs) (Bugiani et al., 2011 & 2013). Hyaluronan,
an extracellular matrix component produced by astrocytes and known to inhibit
OPC maturation (Back et al., 2005), accumulates in VWM white matter (Bugiani et
al., 2013). Recent findings show a correlation between amounts of hyaluronan
locally present, degree of white matter damage and increase in OPC numbers
(Bugiani et al., 2013).
To explore in-depth the cellular pathophysiology of VWM and its dynamics
throughout the disease course, and in view of future treatment strategies we
generated two mutant mouse strains with a homozygous mutation in Eif2b4 or
Eif2b5 and crossed these mice into double-mutants. These mutant strains
replicated the human disease spectrum from early-onset severe disease to lateonset slow disease and allowed us to study the disease progression over time.
Patient material was used to confirm novel findings. We employed co-cultures of
astrocytes and OPCs derived from wild-type (WT) and mutant mice to identify the
primarily affected cell type in VWM.

Materials and Methods

Study design
The objective of this study was to develop mouse models for VWM in order to
study disease pathomechanisms and therapies. We selected mutations that are
known to cause a severe variant of VWM in patients, and developed two mouse
models that later were bred to obtain heterozygous-homozygous and homozygoushomozygous double-mutant mice. In accordance with local animal ethics policies
the experiments were designed to use the smallest number of mice needed to
obtain the requested data, which were generally 2-3 animals per age and
ho
genotype. The behavioral tests were performed on 7 WT and 8 2b5 male animals
which were tested at 2- and 5-months-of-age. A more detailed overview of the
number of animals used per experiment is given in supplementary table 1. For coculture studies 3 replicates were performed for each condition; each replicate
represents a different batch of astrocytes and a different OPC isolation.
Animals were collected at the humane endpoint (HEP) as described in the
ho
“Animals” section. The 2b5 mice were analyzed during development at weekly
ho
ho
intervals (P0, P7, P14 and P28). Both 2b4 and 2b5 mice were also collected at
regular intervals throughout their lifespan (see supplementary table 1).
For behavioral tests, PCR, immunohistochemistry, Western blot, ELISA, EM and in
situ hybridization all data collected was used for analysis. For the culture
experiments data was excluded when cultures did not make it to the end point of
the study (determined as described in the astrocyte-OPC co-culture section) due to
i.e. infection or when the batch of OPCs did not show MBP expression in all
conditions, which occasionally happened. No outliers were detected.

Animals
We generated two mouse strains with a homozygous point mutation in the Eif2b5
Arg191His/Arg191His

ho

Arg484Trp/Arg484Trp

(Eif2b5
, referred to as 2b5 ) or Eif2b4 gene (Eif2b4
,
ho
referred to as 2b4 ). Detailed information about the strategy employed to generate
the mutant strains is provided in fig. 1 and the Supplementary Materials and
Methods.
Mutant and WT animals were weaned at P21 and had ad libitum access to food
pellets and water. The animals were sacrificed at different ages for the studies
planned or when they became unable to take food or water or lost more than 15%
of their body weight. Supplementary table 1 reports the number and ages of the
animals employed for each experiment. All procedures were carried out in strict

compliance with the policies of animal welfare of the Dutch government and
approved by the Animal Care and Use Committee of the VU University of
Amsterdam.

Behavioral testing
At 2 and 5 months of age, spontaneous behavior of 10 2b5

ho

and 10 WT male

littermates measured in an instrumented home cage (Noldus Information
Technology, Wageningen, The Netherlands) for three consecutive days as
described previously (Loos et al., 2014). Motor behavior was tested with the grip
strength meter, balance beam tests and the paw-print test (Meyer et al., 1979;
Dean et al., 1981; Carter et al., 1999). Further details of behavior and motor tests
are provided in the supplementary Materials and Methods.

Astrocyte-OPC co-cultures
ho

Astrocyte-enriched cultures were obtained from the forebrain of E18 WT, 2b4 or
ho
2b5 mice by papain digestion on the GentleMACS dissociator according to the
manufacturers’ protocol (Miltenyi Biotec). After isolation, astrocytes were cultured
for 4 passages in astrocyte medium (DMEM/F12 +10% FBS +L-glutamine
+Pen/Strep). Passaging was done by trypsin incubation for 5-10 min at 37°C, after
which cells were split 1:2 or 1:3 to a new flask. At passage 4, cells were frozen and
stored in liquid nitrogen until further use. Before starting a co-culture, astrocytes
were plated on a PLO-laminin coated plate in astrocyte medium and given a week
to recover from the freezing. At this point, astrocyte cultures were devoid of Olig2and MBP-immunopositive cells (supplementary fig. 6A)
OPCs were isolated by papain digestion of E18 mouse forebrain on the
GentleMACS dissociator according to manufacturers protocol (Miltenyi Biotec).
After isolation, cells were plated overnight on a non-adherent culture plate in M41
medium (described as DMEM/F12/N1 in Sim et al. [2011]) supplemented with 20
ng/ml bFGF. The following day, cells were sorted for PDGFaR expression to
specifically isolate OPCs. Cells were washed with Miltenyi Wash Buffer (Miltenyi
Biotec) and, after pre-incubating with FcR blocking reagent (Miltenyi Biotec),
7

incubated with biotinylated-CD140a antibody (eBioscience; 1.5 μl per 1x10 cells)
for 10 min at 4°C. Cells were washed again, and incubated with anti-biotin
microbeads for 15 min at 4°C. After another wash, step cells were put over a
column inside a magnetic field to specifically catch the cells attached to the

microbeads. When the sample had run through, the column was washed twice with
Miltenyi Wash Buffer and removed from the magnetic field. The cells bound to the
microbeads were washed out of the column with Miltenyi Wash Buffer, centrifuged,
resuspended in M41 medium and plated on the astrocytes. Before plating the
OPCs, the astrocyte medium was removed and the astrocytes were washed with
PBS.
The medium of the astrocyte-OPC co-cultures was refreshed after 3 days. Cultures
were maintained for 1 week, at which point inhibition and promotion of OPC
maturation by interventions would be measurable (supplementary fig. 6B). After 1
week, cultures were either fixed with 2% PFA for 20 min for immunostaining or
lysed with TRIzol® for 5-10 min at RT for RNA isolation. For each experiment,
cultures were repeated at least 3 times.

Conditioned medium
Conditioned medium from astrocyte cultures was collected after maintaining
previously frozen astrocytes in astrocyte medium for 1 week. Cells were then
washed with PBS and the medium was changed to M41 medium. After 1 week, this
medium was collected and stored at -20°C, and cells were again incubated for 1
week with M41 medium, which was also collected. Before being used in
experiments, the conditioned medium was filtered through a 0.2 μm filter and
diluted 1:1 with fresh M41 medium to prevent exhaustion of important factors. For
the conditioned medium experiments the medium was refreshed every day.
For hyaluronan experiments, conditioned medium was treated with 50U/ml
hyaluronidase from Streptomyces hyalurolyticus (Sigma Aldrich) o/n at 37°C prior
usage. ACM was treated with hyaluronidase diluent (20 mM sodium phosphate,
0.45% NaCl, 0.01% BSA; “vehicle”) o/n at 37°C as control. The following day, the
medium was diluted 1:1 with fresh M41 medium and used for experiments.

Histochemistry and immunohistochemistry
Mice were anesthetized and perfused transcardially with 4% paraformaldehyde.
The brain was post-fixed for 24h-48h, removed and longitudinally cut along the
midline. One half was embedded in paraffin for histochemical and
immunohistochemical staining. The other half was cryoprotected in 30% sucrose,

snap-frozen in Optimal Cutting Temperature mounting medium (Sakura Finetek
Europe BV) and conserved at −80°C for fluorescence immunohistochemistry.
Six-μm-thick formalin-fixed paraffin-embedded tissue sections were deparaffinized
and stained for Hematoxylin & Eosin according to standard protocols. After heatinduced antigen retrieval by microwave irradiation for 15 min on low setting in
0.01M citrate buffer (pH6), immunohistochemical staining was performed with
antibodies against the glial fibrillary acidic protein (GFAP; Sigma, 1:1000), isoform
delta of GFAP (GFAPδ; kind gift of E. Hol, University Medical Center Utrecht, 1:250
(33)), myelin basic protein (Millipore, 1:50), proteolipoprotein (PLP; AbD Serotec,
1:3000), and b-amyloid precursor protein (bAPP; Sigma Aldrich, 1:750).
Immunopositivity was detected with 3’,3’-diaminobenzidine as chromogen.
Frozen tissue sections of 12 μm thickness were mounted on glass slides. Antigen
retrieval was achieved as described above. SMI32 staining required no antigen
retrieval, but rather blocking of endogenous peroxidase activity by 20 min
incubation in methanol containing 3% H2O2. Tissue sections were then cooled,
blocked with blocking solution for 1 hour (PBS + 5% normal goat serum + 0.1%
bovine serum albumin + 0.3% Triton X-100) and incubated with the primary
antibody diluted in blocking solution overnight at 4°C. For cell culture stainings, no
antigen retrieval was performed, and slides were immediately incubated in blocking
solution for 1 hour and then in primary antibody overnight. The antibodies used
target GFAP (Sigma, 1:1000), GFAPδ, nestin (Hybridoma Bank, 1:100), Nk2
homeobox 2 (NKX2.2; Hybridoma Bank, 1:50), non-phosphorylated neurofilaments
(SMI32, Covance, 1:1000), MBP (SMI99, Covance, 1:2000), MOG (Millipore,
1:500) and Olig2 (kind gift of J.H. Alberta, Harvard University, Boston, USA,
1:10000). After incubating with secondary antibodies (Alexa Fluor 488- or 594tagged; Molecular Probes, 1:1000), sections were counterstained with 4’,6diamidino-2-phenylindole (DAPI; Molecular Probes, 10 ng/ml) and embedded in
Fluoromont G (Southern Biotech).
Human tissue was immunostained as described above for GFAP (Millipore,
1:1000), GFAP (kind gift of E. Hol, Netherlands Institute for Neuroscience,
Amsterdam, 1:250), S100

-200 kDa (Monosan,

1:10) and vimentin (Dako, 1:100).
Tissue sections and cell cultures were photographed using a Leica DM6000B
microscope (Leica Microsystems). Omitting primary antibodies yielded no
significant staining. The pictures were acquired as TIFF files and images were

optimized for brightness and contrast using Photoshop, version 7.0 (Abode
systems, San Jose, CA).

In situ hybridization
Antisense probes for the platelet derived growth factor alpha receptor (Pdgfrα)
were generously provided by D.H. Rowitch (UCSF, San Francisco, USA).
Digoxigenin-labeled anti-sense RNA probes were made using plasmid DNA as
template and T7 as RNA polymerase. RNA in situ hybridization was performed on
frozen sections as previously described (Heine & Rowitch, 2009). Briefly, brain
sections from mutant and WT mice were fixed with 4% paraformaldehyde for 20
min, digested with Proteinase K (10 μg/ml) for 5 min and post-fixed with 4%
paraformaldehyde for 15 min. After washing with PBS, sections were prehybridized in hybridization buffer for 2 h at 65°C, and incubated with the anti-sense
probes overnight at 65°C in hybridization buffer. The following day, sections were
washed with High Stringency wash (0.2x SSC + 0.1% Tween) for 1 h at 65°C and
with maleic acid buffered solution (100 mM maleic acid, 150 mM NaCl, 2 mM
levamisole, 0.1% Tween) for 40 min at room temperature. After blocking with 2%
BM blocking reagent (Roche) and 20% sheep serum in maleic acid buffered
solution for 1 h, the slides were incubated with anti-digoxygenin antibody (Roche,
1:2000) for 2 h. Slides were then washed with maleic acid buffered solution for 3
hr, a solution containing 100 mM NaCl, 100 mM Tris, 0.1% Tween, 2 mM
levamisole for 20 min, and then incubated with BM purple (Roche) overnight at
room temperature. The next day, slides were washed in PBS, counterstained with
0.5% methylgreen at 60°C, dehydrated and embedded with Depex (Serva).

Cell counts for immunohistochemistry and in situ hybridization
For tissue sections, the total numbers of nestin-positive astrocytes and Pdgfrα- and
NKX2.2-positive oligodendrocytes were counted in at least 6 standardized fields
per animal using a 10x objective lens. For cell cultures, the total amount of GFAP-,
Olig2, MBP- and MOG-expressing cells were counted in 10 randomly picked fields
within 1 well using a 20x objective lens. Immunopositive cells were counted
individually and expressed as a percentage of the total number of DAPI- or
methylgreen-positive nuclei.

Electron microscopic analysis
Mice were transcardially perfused with saline buffer followed by 2% glutaraldehyde,
4% paraformaldehyde in 0.1M sodium cacodylate buffer (pH 7.4). The brains were
removed and the corpus callosum was dissected, post-fixed in 1% osmium
tetroxide supplemented with 1% potassium ferricyanide in 0.1M sodium cacodylate
buffer, dehydrated and embedded in epoxy resin. Longitudinally cut ultrathin
sections were contrasted with uranyl acetate and lead citrate and viewed in a FEI
Tecnai 12 electron microscope.
To evaluate myelination, we analyzed the thickness of the myelin sheaths on
ultrathin sections of the corpus callosum of WT and mutant mice. The axonal
diameters and g-ratios, defined as axon diameter / total fiber diameter, were
determined in at least 400 axons per genotype using the Image J software
(imagej.nih.gov/ij/). When the axons were not exactly circular, the shortest diameter
was measured.

RNA isolation and polymerase chain reaction
RNA was extracted from snap frozen forebrain of WT and mutant mice or cell
culture wells with TRIzol® (Life technologies) according to manufacturers’
specifications. Subsequent reverse transcription to complementary DNA was
performed with SuperScript® III reverse transcriptase (Life technologies).
Polymerase chain reactions (PCR) were performed by quantitative real-time PCR
with a LightCycler 480 (Roche).
Transcript-specific primers were generated with Primer Express software (Applied
Biosystems) and designed to overlap exon-exon boundaries to prevent genomic
DNA amplification (Table S5). The PCR reaction was carried out on a 10-ml
volume containing SYBR® green PCR mix (Roche), 3.0 mM primers and 0.03 mg
of complementary DNA. The relative abundance of transcript expression was
calculated using the cycle of threshold value and normalized to the endogenous
controls cyclophilin-b (Cypb) and ribosomal protein S14 (Rps14). Each reaction
was performed in duplicate.

Western blotting
Protein extracts were prepared from the forebrain of WT and mutant animals in
NP40 lysis buffer containing a protease inhibitor cocktail (Roche) with 1mM

dithiothreitol. Supernatants (40 or 80 μg total protein) were separated on 4-12%
sodium dodecyl sulpahte-polyacrilamide precast gel (Invitrogen) and transferred
onto

polyvinylidene

difluoride

membranes

(Immobilon-P,

Millipore).

The

membranes were incubated with antibodies against MBP, GFAP, and GFAPδ, and
reprobed with bactin (Sigma, 1:100,000) to ensure equal loading of samples.
Proteins were visualized using alkaline phosphatase-coupled secondary antibodies
and ECF western blot detection reagent (Amersham).

Hyaluronan ELISA
A sandwich ELISA for hyaluronan was performed according to manufacturers’
protocol (R&D systems). In brief, forebrain tissue was lysed in lysis buffer (50 mM
Hepes pH 7.5, 150 mM NaCl, 1mM EDTA, 2.5 mM EGTA, 0.1% Triton X-100, 10%
glycerol, 1 mM DTT) by grinding it 2-3 times (Dounce tissue grinder, Sigma)
followed by a 20 min incubation on ice. Protein concentrations were measured with
a Bradford assay and brains lysates were diluted to a concentration of 300 μg/ml in
lysis buffer. Immediately prior to performing the ELISA, lysates were further diluted
to a concentration of 60 μg/ml in RD5-18 (R&D systems). Conditioned medium
samples were collected as described above and diluted 1:5 in RD5-18. A mix of 50
μl RD1-14 (R&D systems) and 50 μl sample, standard or blank was added to each
well and incubated for 2 hours at room temperature at 200 rpm on a horizontal
orbital shaker (Innova 2000, New Brunswick Scientific). After incubation the plate
was washed 5 times with washing buffer, and 100 μl hyaluronan conjugate was
added to each well. The plate was incubated for 2 hours at room temperature on a
shaker. After washing 5 times, 100 μl substrate solution was added and the plate
was incubated for 30 min at room temperature protected from light. One-hundred μl
of stop solution was added to each well, gently mixed and the plate was measured
within 30 min on 450 nm with a wavelength correction at 540 nm. A 4 parameter
logistic standard curve was generated by the program, and samples were fitted on
the curve to acquire a concentration value. Further analyses were done with SPSS
as described in the statistics section.

Statistical analyses
Detection of a genotype effect in behavioral tests was performed using ANOVA
(genotype) or repeated measures ANOVA (genotype × time). For the multiple
parameters obtained in the home-cage, stringent Bonferroni correction was applied

to correct for multiple testing (i.e. significance level for ANOVA was set to
p<0.0025).
The difference in the life span of WT and mutant mice was examined by Kaplan–
Meier log-rank analysis. All data was analyzed with the SPSS software package
(IBM SPSS statistics 20). If the dataset met assumptions of a parametric test and
was not significant on the Shapiro Wilk test for normality, an independent Student’s
t-test was used to analyze the data. Otherwise, the Mann-Whitney U test was
used. Paired samples tests (paired samples t test or the non-parametric Wilcoxon
signed rank test) are used for co-culture experiments, in which the OPCs from a
single isolation are subjected to all the conditions tested in that specific experiment.
When multiple genotypes were tested, a Bonferroni correction of the α was
performed (standard α=.05). All data was analyzed using two-sided tests.
Pearson’s correlation coefficient r was used as effect size where r>.50 is
considered a large effect. For the percentages of small axons a Pearson ChiSquare test was used, with Cramer’s V as effect size (V>.50 is considered a large
effect). See Table S4 for all the tests used with descriptive statistics, p-values and
effect sizes. Data were expressed as mean ± standard error of the mean (SEM),
unless noted.

Results
New VWM mouse models recapitulate the human disease
Two single mutants were generated by insertion of a homozygous point mutation in
ho
Eif2b5 (c.572G>A, p.Arg191His; 2b5 mice) and Eif2b4 (c.1450C>T, p.Arg484Trp;
ho

2b4 mice) (fig. 1A,B). These mutations correspond to c.584G>A, p.Arg195His in
EIF2B5

(Fogli et al., 2002) and c.1447C>T, p.Arg148Trp in EIF2B4 (van der

Knaap et al., 2003) in humans, respectively. The first mutation is associated with
the Cree encephalopathy variant of VWM with onset soon after birth and death
before 2 years (Fogli et al., 2002). Patients homozygous for the second mutation
have a neonatal presentation and die within a few months (van der Knaap et al.,
2003). Double-transgenic animals with one homozygous and one heterozygous
mutation showed similar disease severity with respect to disease course, lifespan
he/ho
and pathology, and were grouped (2b42b5
mice). Animals homozygous for the
ho
ho
mutation in both genes are referred to as “2b4 2b5 ” mice.
Mutant strains developed a neurological phenotype with the following order of
ho
ho
he/ho
ho
ho
ho
increasing severity: 2b4 , 2b5 , 2b42b5
, and 2b4 2b5 . The 2b5 mice with

intermediate disease severity were analyzed in detail, and compared with less and
ho
ho
more severely affected mice. The 2b4 2b5 mice were troublesome to breed and
only employed for key experiments. All animals were analyzed at the disease endho
ho
point. Additionally, 2b5 and 2b4 mice were analyzed at different time points to
study the development of VWM pathology.

Figure 1. Generation of VWM mouse models. (A) 2b5ho mice were generated by introducing a
construct into the Eif2b5 gene locus consisting of exon 4-6, including a point mutation in exon 4. (B)
2b4ho mice were generated by introducing a construct into the Eif2b4 locus consisting of exon 12-13,
including a point mutation in exon 13. (C) A Kaplan-Meijer graph shows the reduced life span of VWM
mutant mice, with an average survival time of 19 months for the 2b4ho mice, 8 months for the 2b5ho
mice, 4 months for the 2b42b5he/ho mice and 3 weeks for the 2b4ho2b5ho mice. (D) Staining for MBP
shows vacuolization of the cerebellar white matter in 7-month-old 2b5ho, 4-month-old 2b42b5he/ho, and
P21 2b4ho2b5ho mice, but not in 7-month-old WT mice (scale bar=50 μm). (E) The distribution of axonal
diameters is skewed to the smaller diameters in 2b5ho and 2b42b5he/ho mice.

The number and age of VWM and WT animals used for the different experiments
are provided in Table S1 and in the Methods.

VWM mutants display growth restriction and variably severe neurological
dysfunction
All mutants reached lower body weights than WT littermates (supplementary fig.
1A) and developed progressive gait ataxia (supplementary fig. 1B, supplementary
movie 1-3) and sporadic tonic-clonic epileptic seizures.
Analysis of spontaneous behavior in an automated home-cage at 2 and 5 months
ho
of age showed that 2b5 mice displayed no overall change in activity, but
increased long arrests at 2 and 5 months and reduced activity per time interval with
respect to dark/light phase at 5 months (supplementary table 2, supplementary fig.
1C-E). At 5 months, behavioral tests indicated motor deficits with reduced grip
strength (n=15, t(12.98)=2.32, p=.04; supplementary fig. 1F), increased latency
(n=15, t(9.92)=-4.88, p<.01; supplementary fig. 1G; supplementary table 3) and
increased number of foot slips (n=15, t(8.98)=-3.4, p<.01; supplementary fig. 1H)
when traversing a narrow beam compared to WT mice. The 2b5

ho

mice died by 7-

10 months of age (fig.1C).
ho

The 2b4

mice had onset of similar clinical features around 7 months and survival
he/ho

until 18-20 months. The 2b42b5
mice had disease onset at 6 weeks and
ho
ho
average lifespan of 4-5 months. The 2b4 2b5 mice showed disease signs from
postnatal day 10 (P10) and survived less than 3 weeks (fig. 1C).

VWM mice show perturbed myelination and progressive myelin vacuolization
In 1- through 7-month-old 2b5

ho

mice, staining for the mature myelin proteins MBP

and PLP showed presence of myelin in all white matter structures. Increasing
intramyelinic vacuolization was detected from 5 months (fig. 1D, supplementary fig.
2A). MBP protein amounts (n=12, U=0, p<.01) and mRNA levels of Mbp (n=12,
t(6.29)=2.52, p=.04), Plp (n=12, t(10)=3.18, p=.01) and Mog (n=12, t(10)=2.80,
ho
p<.01) were lower in 2b5 mice than in age-matched controls (supplementary fig.
2B,C). Total MBP expression was already reduced at P28, before the clinical onset
(mRNA n=4, t(1.81)=19.96, p<.01; protein n=6, U=0, p=.05), while earlier than that
only a lower expression of the mature 14kDa MBP isoform at P21 was found.
mRNA levels of oligodendrocyte lineage transcription factor 2 (olig2) and the OPC-

specific marker Pdgfrα, as well as total numbers of NKX2.2- and Pdgfrα-positive
cells were unchanged (supplementary fig. 2D, supplementary table 4).
2b4

ho

mice only showed a slight decrease in MBP protein at 19 months and a

significant decrease in Plp mRNA at 7 months (n=4, t(1)=14.67, p=.04;
supplementary fig. 2B,C, supplementary table 4). Their white matter was intact and
without vacuoles.
The 4-month-old 2b42b5

he/ho

mice showed paucity of myelin with pronounced

vacuolization (fig. 1D, supplementary fig. 2A). MBP protein amounts and mRNA
levels of Mbp (n=4, t(2)=4.86, p=.04), Plp (n=4, t(1)=20.86, p=.03) and Mog (n=4,
t(2)=11.31, p<.01) were markedly lower than in WT mice (supplementary fig. 2B,C).
Pdgfrα mRNA-expressing cells were increased, although not significantly
ho
ho
(supplementary fig. 2D). P21 2b4 2b5 mice showed the most pronounced
decrease in MBP-immunoreactivity and myelin vacuolization with a significant
increase of Pdgfrα mRNA-expressing cells (n=6, t(4)=-7.03, p<.01; fig. 1D,
supplementary fig. 2D).
In summary, MBP protein and mRNA levels and expression of the mature MBP 14
ho
kDa isoform were decreased in P21 2b5 mice, indicating that myelin deposition is
deficient before clinical disease onset and is associated with delayed myelin
ho
maturation. In older 2b5 mice, expression of all mature myelin proteins was
decreased, indicating deficient myelin maintenance. The white matter of the most
ho
ho
he/ho
severely affected mice (2b4 2b5 and to a lesser degree 2b42b5
) contained
increased OPC numbers.

Small-caliber axons and scattered axonal swellings are observed in VWM mice
In 2b5

ho

mice staining against SMI32 and βAPP, highlighting axonal cytoskeletal

architecture and transport, showed a few scattered positive axonal swellings at 7
months only. Electron microscopy of the corpus callosum at 7 months revealed
decreased mean axonal diameter (n=97, U=322, p<.01) with increased
2

percentages of axons smaller than 0.6mm in diameter (n=192, X (5)= 86.8, p<.01;
fig. 1E). The ratio of axon-to-myelin diameter (g-ratio) was significantly lower in
ho
2b5 than in controls (n=97, U=666.5, p<.01; supplementary fig. 2E). Smaller
axonal diameter, higher percentages of small-caliber axons and significantly
he//ho
reduced g-ratio were also detected in the 4-month-old 2b42b5
mice (n=439,
2

U=11434.5, p<.01; n=183, X (5)=68.64,

p<.01 and n=439, U=15738, p<.01,

respectively; fig. 1E, supplementary fig. 2E). In all mutants, the smaller axons
appeared ultrastructurally normal.

VWM white matter astrocytes are immature with abnormal morphology and
intermediate filament composition
To assess the maturation status of mutant white matter astrocytes we doublestained for GFAP and the immature intermediate filament protein nestin. The
ho
number of GFAP/nestin double-positive cells in the white matter of 2b5 mice was
increased as early as 2 months and increased further after onset of clinical signs
2
(n=39, U=19, p<.01; R =.574; fig. 2A-C). Nestin mRNA levels were also increased
(n=12, t(10)=2.24, p=.05; supplementary fig. 3A).
Nestin-expressing astrocytes had thick, coarse processes and overexpressed
GFAPδ (n=8, U=0, p=.02; Fig. 2D-E, supplementary fig. 3B). Total levels of Gfap
mRNA were unchanged (supplementary fig. 3C), but the ratio of Gfapδ over the
ho

predominant isoform Gfapα was higher in 2b5 than in WT mice (n=12, t(10)=2.89, p=.02; fig. 2D). pSTAT3, a transcriptional regulator increased during classical
astrogliosis (Sofroniew, 2009), was not upregulated at 7 months. Overexpression
of nestin and GFAPδ in the absence of upregulation of total GFAP, GFAPα and
ho
pSTAT3 indicates that 2b5 white matter astrocytes are immature and reactive
gliosis is compromised.
Significantly increased numbers of GFAP/nestin double-positive astrocytes were
ho
also found in the white matter of 2b4 mice from 2 months onwards (n=40, U=43,
he/ho
ho
ho
p<.01), 4-month-old 2b42b5
(n=30, U=10, p<.01) and P21 2b4 2b5 mice
(n=8, t(2.09)=-8.08, p=.01) (fig. 2C). In 2b4

ho

animals that were analyzed at

multiple time points, the progressive increase in nestin-expressing astrocytes
ho
paralleled the clinical worsening, as in 2b5 mice. Nestin mRNA was significantly
increased in 2b42b5

he/ho

mice compared to WT (n=4, t(1.22)=-13.91, p=.03;

supplementary fig. 3A). Many nestin-expressing astrocytes had aberrant
morphology and stained strongly for GFAPδ (fig. 2E). The Gfapδ/Gfapα mRNA
ho
he/ho
ratio was higher in both 2b4 (n=4, t(2)=-4.32, p=.05) and 2b42b5
(n=4, t(2)=7.07, p=.02) mutants than in WT mice, while total Gfap mRNA levels were
unchanged (fig. 2D, supplementary fig. 3C).
The hippocampus and cerebral cortex of all mutant mice showed mild gliosis, the
expected morphological correlate of epilepsy. In these areas, reactive protoplasmic
astrocytes had normal morphology with delicate, branched cell processes and

Figure 2. White matter astrocytes are immature and have an abnormal morphology and
intermediate filaments composition. (A) Nestin-positive cells are present in the corpus callosum of 7month-old 2b5ho mice (middle) but not of 7-month-old WT mice (left). Double stain for GFAP confirms
that these cells are astrocytes (right). (B) The number of nestin-positive cells in the corpus callosum of
2b5ho mice increases from 2 months onwards, and keeps increasing during the disease progression. (C)
In all VWM mutant mice the number of nestin-expressing cells in the corpus callosum is significantly
increased at disease end-stage. (D) The Gfapδ/Gfapα ratio is significantly increased in 7-month-old
2b4ho, 7-month-old 2b5ho and 4-month-old 2b42b5he/ho mice. (E) Staining for GFAPδ shows increased
expression in white matter astrocytes of all mutant mice compared to WT. (C-D) mean ratio of WT ±
SEM. Scale bars: 50 μm. *=p<.05; **=p<.01. (B-C) Mann-Whitney U test, (D) Student’s t-test.

GFAPδ-immunoreactivity comparable to WT animals (supplementary fig. 3D).
In summary, all VWM mutant mice had abnormal white matter astrocytes, even
ho
2b4 mice that lacked clear myelin pathology. The number of immature astrocytes
increased before other histologic abnormalities like myelin vacuolization, and long

before onset of the clinical phenotype. The numbers of GFAP/nestin doublepositive immature astrocytes correlated with disease progression.

VWM astrocytes inhibit OPC maturation by secreted factors
To assess whether astrocytes disrupt OPC maturation in VWM, we cultured OPCs
ho
on an enriched astrocyte monolayer. Due to the lower breeding efficiency of 2b5
ho
mice, 2b4 animals were employed for most experiments. In co-cultures of VWM
astrocytes and WT OPCs, expression of MBP (n=16, Z=-2.38, p=.02) and MOG
(n=16, Z=-1.86, p=.04) protein (fig. 3A) and mRNA levels (supplementary table 4)
were decreased compared to WT astrocytes–WT OPC co-cultures. The number of
ho
MBP- and MOG-expressing mature oligodendrocytes was lower in 2b5 than in
ho
2b4 co-cultures (fig. 3A). GFAP and Olig2 protein and mRNA levels were
unchanged. This indicates that VWM astrocytes from both mutants inhibit OPC
ho
maturation in vitro. By contrast, co-cultures of WT astrocytes with 2b4 or WT
OPCs showed no difference in the number of cells expressing MBP (n=16,
t(7)=0.89, p=.41), MOG (n=16, t(7)=0.1, p=.92) and Olig2 (n=12, t(5)=-0.05, p=.97)
(fig. 3B,C, supplementary fig. 4A-C), indicating that in the absence of mutant
ho
astrocytes 2b4 OPCs are capable of normal maturation in vitro.
To determine if the observed OPC maturation defect is mediated by secreted
factors, co-cultures were exposed to astrocyte-conditioned medium (ACM)
ho
ho
collected from WT or 2b4 astrocytes. Co-cultures with 2b4 ACM showed a
significantly lower number of MBP- and MOG-expressing cells than cultures with
WT ACM (n=16, t(7)=4.94, p<.01 and n=16, t(7)=3.12, p=.02, respectively; fig. 4AC). In co-cultures of 2b4

ho

astrocytes with WT OPCs, oligodendrocyte maturation

was rescued by WT ACM. The numbers of GFAP- and Olig2-expressing cells were
similar in all conditions tested (supplementary fig. 4D-E, supplementary table 4).
ho
This indicates that 2b4 astrocytes inhibit OPC maturation through factors
secreted in the medium.

Hyaluronan expression is increased in some VWM mutants at the end stage
Hyaluronan inhibits OPC maturation in vitro (22) and is increased in white matter of
VWM patients (Bugiani et al., 2013). We measured hyaluronan in mouse forebrain
ho
ho
lysates. Hyaluronan was significantly increased in P21 2b4 2b5 (n=6, t(4)=-2.77,
ho

p=.05) and 7-month-old 2b5 (n=6, t(4)=-7.18, p<.01) mice compared to ageho
matched controls, but not in 1- and 4-month-old 2b5 mice (fig. 5A-B). Forebrain

Figure 3. VWM astrocytes inhibit OPC maturation in vitro. (A) Compared to WT astrocytes-WT
OPCs co-cultures (left), co-cultures of 2b4ho astrocytes and WT OPCs (middle) show a decrease in
MBP- and MOG-expressing cells. 2b5ho astrocytes–WT OPCs co-cultures show the least MBP and
MOG expression (right). (B) The number of MBP-expressing cells is significantly decreased in cocultures with 2b4ho astrocytes. There are no significant differences between cultures with WT or 2b4ho
OPCs. A similar pattern is observed for MOG-expressing cells (C). (B-C) mean ± SEM. Scale bars:
50μm. *=p<.05, paired samples t-test.

lysates of 2b42b5

he/ho

and 2b4

ho

mice also showed hyaluronan levels similar to WT

mice (fig. 5A).
In ACM of 2b4

ho

astrocytes hyaluronan levels were variable and not significantly

increased (fig. 5C). To further assess the impact of hyaluronan on OPC maturation,
ho
ACM pre-treated with hyaluronidase was applied to co-cultures of WT or 2b4
astrocytes with WT OPCs. Hyaluronidase pre-treatment completely degraded

Figure 4. Wild-type astrocyte-conditioned medium rescues OPC maturation. (A) Immunostaining
for Olig2, MBP, GFAP and MOG shows decreased expression of MBP and MOG in the co-cultures with
2b4ho ACM, but not with WT ACM. (B-C) The numbers of MBP- (B) or MOG-expressing cells (C) is
significantly lower in co-cultures with WT and 2b4ho astrocytes when grown in 2b4ho ACM, but numbers
increase with exposure to WT ACM. (B-C) “wk refresh” indicates refreshment of the medium once per
week, as is done for all other co-cultures. “d refresh” indicates a daily refreshment of the medium, as a
control for the daily refreshment in the conditioned medium experiments. (B-C) mean ± SEM. Scale
bars: 50μm. *=p<.05; **= p<.01, paired samples t-test.

ho

hyaluronan (fig. 5C). Hyaluronidase pre-treatment of both WT and 2b4 ACM
increased the number of MBP-expressing cells (n=24, t(10)=-4.44, p<.01; fig.
5D,E), while the number of MOG-, Olig2- and GFAP-expressing cells was
unchanged (supplementary table 4). To explore whether hyaluronidase preho
treatment improves OPC maturation more in 2b4 than in WT ACM, difference
scores were calculated by dividing the number of MBP- and MOG-expressing cells
in the vehicle-treated ACM by the hyaluronidase-treated ACM (fig. 5F,
supplementary table 4). The difference scores were similar, indicating that

Figure 5. Hyaluronan expression in VWM mutant mice. (A) Hyaluronan amounts are significantly
increased in 7-month-old 2b5ho and P21 2b4ho2b5ho mice, but not in 19-month-old 2b4ho and 4-month-old
2b42b5he/ho mice. (B) Brain lysates of younger (1 and 4 month-old) 2b5ho mice show no significant
differences in hyaluronan amounts compared to WT animals. (C) ACM of WT and 2b4ho mice show no
significant differences in hyaluronan levels, although in 2 out of 6 2b4ho ACM samples hyaluronan is
highly increased. After treatment with hyaluronidase (ACM+HYAL), no hyaluronan signal is detected by
ELISA in any of the samples. (D-E) In cultures of WT astrocytes and WT OPCs, hyaluronidase
treatment of the ACM increases the number of MBP positive cells. (F) Difference scores are calculated
by dividing the number of MBP-positive cells in the hyaluronidase-treated ACM by the number of MBPexpressing cells in the vehicle-treated ACM. There is no difference between WT en 2b4ho ACM in the
increase in MBP expression after hyaluronidase treatment. (A) mean ratio of WT ± SEM. (B-C)
individual data points with a trend-line in (B). (D,F) mean ± SEM. *=p<.05; **=p<.01. (A-C) Student’s ttest, (D) paired samples t-test (F) Wilcoxon signed rank test.

hyaluronidase pre-treatment improved OPC maturation in vitro equally for WT and
2b4

ho

ACM.

Figure 6. Astrocyte pathology outside the brain white matter. (A) In the cerebellum of 7-month-old
2b5ho mice Bergmann glia overexpress GFAPδ with displacement of the cell bodies to the molecular
layer and abnormal morphology with short thick cell processes. (B-C) A similar Bergmann glia pathology
is also present in VWM patients as shown on double staining for GFAP and GFAPδ (B) and S100β (C).
(D) Histology of the WT retina shows linear organization of the retinal layers (a, ganglion cell layer; b,

Bergmann glia are abnormal in VWM mice
In the cerebellar cortex of 5- and 7-month-old 2b5

ho

mice increasing numbers of

Bergmann glia were mislocalized to the molecular layer. They had abnormally
oriented, thicker, and more intensely GFAPδ-immunoreactive processes than WT
ho
mice (fig. 6A). No ectopic Bergmann glia were seen in younger 2b5 mutants. The
ho

2b5 cerebellar cortex was otherwise normal (supplementary fig. 5A).
GFAPδ-overexpressing ectopic Bergmann glia were also seen in the other
ho
ho
mutants’ cerebella. Especially in P21 2b4 2b5 mice virtually all Bergmann glia
were mislocalized to the molecular layer and overexpressed GFAPδ (fig. 6A,
supplementary fig. 5B).
These findings in mice prompted re-examination of the cerebella of 12 VWM
ectopic
Bergmann glia in the cerebellar cortex of all patients (fig. 6B,C), most prominent in
infantile- and early-childhood-onset cases. Also in patients, ectopic Bergmann glia
overexpressed GFAPδ. As in mice, the cerebellar cortex of VWM patients was
otherwise normal (supplementary fig. 5C,D).

The retina is disorganized in VWM mice
Antenatal onset VWM is associated with cataract (van der Knaap et al., 2003). We
therefore examined the eyes of VWM mice. None of the mutants had cataract, but
all showed signs of retinal laminar disorganization (fig. 6D-F). Retinal changes
consisted of uneven margins of the inner and outer nuclear layers with thinned
inner plexiform layer, ectopic inner nuclear cells and displaced granule cells from
the outer nuclear to the photoreceptor layer. These findings were most pronounced
ho
ho
in the 3-week-old 2b4 2b5 mice (fig. 6D-F) where staining for glutamine
synthetase (GS), a marker for Müller glia, was virtually negative. In mutant mice,

Figure 6 (cont.). inner plexiform layer; c, inner nuclear layer; d, outer plexiform layer; e, outer nuclear
layer; f, photoreceptor layer). The VWM mutant retinas show increasing laminar disorganization with
ectopic neurons in the plexiform layers and severe displacement of outer nuclear cells in the P21
2b4ho2b5ho animals (bottom). (E) Stain against GFAP shows decreased immunoreactivity in the outer
plexiform layer of the 2b5ho mice (middle), whereas the P21 2b4ho2b5ho retina contains hypertrophic
Müller cells with coarse processes spanning across the outer nuclear and photoreceptor layer (bottom).
(F) Stain against glutamine synthetase (GS) shows markedly reduced immunoreactivity in the Müller
glia of the 2b5ho and 2b4ho2b5ho mutants. Scale bars: (A,C, E-F) 50μm; (B) 20μm; (D) 200μm.

GFAP stain showed that Müller glia had thick processes crossing the inner and
outer nuclear layers and reaching the inner limiting membrane and the
photoreceptor layer (fig. 6D).

No involvement of extra-cerebral organs in VWM mice
Histochemical analysis of internal organs, skeletal muscle and peripheral nerves
showed no differences between mutant and WT animals (not shown).

Discussion
Since the identification of the genes mutated in VWM more than a decade ago
(Leegwater et al., 2001; van der Knaap et al., 2002), its pathophysiology has been
addressed at different levels, including genetic, biochemical, histopathologic and
immunohistochemical levels (van der Lei et al., 2010; Li et al., 2004; Richardson et
al., 2004; Horzinski et al., 2009; van Kollenburg et al., 2006; Kantor et al., 2005;
Jennings et al., 2013; Bugiani et al., 2011 & 2013; Marom et al., 2011). Despite
eIF2B being indispensable in all cell types of the human body, astrocytes and
oligodendrocytes are selectively affected. They are immature and fail in their
normal function of scar tissue formation (astrogliosis) and myelin deposition and
maintenance (Bugiani et al., 2011). We developed VWM mouse models and
confirmed their relevance by showing that they recapitulate the clinical and
neuropathological features of the human disease and the variation in disease
severity. With these mice we provide for the first time proof that astrocytic
dysfunction is at the basis of VWM pathology.
In VWM patients the white matter disease course is documented by MRI. In young
pre-symptomatic VWM patients, MRI shows mild signal abnormalities in the
subcortical white matter indicating deficient myelination and more prominent signal
abnormalities in the periventricular white matter, suggestive of myelin vacuolization
(van der Lei et al., 2010; van der Knaap et al., 1998). Over time, MRI shows
extension of the prominent white matter abnormalities and evidence of rarefaction
and cystic degeneration. At autopsy at end-stage disease, the white matter is
variably cavitated. The relatively intact white matter displays vacuolization, paucity
of myelin and increased numbers of OPCs, which proliferate (Wong et al., 2000;
Rodriguez et al., 1999; Bugiani et al., 2011) but do not mature into myelin-forming
cells (Bugiani et al., 2011 & 2013). VWM mutant mice similarly display deficient

myelin deposition, maturation and maintenance as well as vacuolization, increasing
in severity with age and disease severity.
In human VWM white matter, axonal swellings and loss are observed in severely
affected areas; axons in recent lesions are devoid of myelin but microscopically
intact (van der Knaap et al., 2006; Bugiani et al., 2010). Reduced axonal diameter
has been reported (van der Knaap et al., 1998). VWM mice have a higher
proportion of small-caliber axons than WT animals (present study, [Geva et al.,
2010]). Except for scattered swellings in the oldest mutants, the axonal
cytoskeleton appears intact. Most likely the axonal changes are secondary to the
myelin pathology (Bjartmar et al., 1999; Robain, 1977; Rosenfeld & Freidrich,
1983).
Human VWM white matter astrocytes have abnormal morphology with blunt
processes (Bugiani et al., 2010 & 2011). Their immunohistochemical profile
indicates immaturity rather than reactive gliosis (Bugiani et al., 2011 & 2013;
Sofroniew, 2009). Immature astrocytes are most preponderant in the most severely
affected white matter areas (Bugiani et al., 2013). VWM mutant mice have
ho
abnormal white matter astrocytes, even 2b4 mice that lack clear myelin
pathology. These astrocytes have abnormally blunt processes and
immunohistochemical profile indicating arrested maturation. The number of
immature astrocytes increases before other histologic abnormalities, long before
clinical disease onset and correlates with disease progression.
Human VWM astrocytes overexpress GFAPδ. GFAP has different splice variants.
GFAPα is the most abundant isoform in human and mouse brains (Kamphuis et al.,
2012; Middeldorp & Hol, 2011). GFAPα has the best intrinsic capacity to form
cytoskeletal intermediate filaments, whereas increased GFAPδ yields condensed
cytoskeletal networks (Kamphuis et al., 2012). The stoichiometry of GFAP isoforms
does not change during ageing or reactive gliosis and disease (Kamphuis et al.,
2012; Mamber et al., 2012). In VWM patients, dysmorphic white matter astrocytes
overexpress GFAPδ, whereas total GFAP and GFAPα levels are unchanged
(Bugiani et al., 2011; Huyghe et al., 2012). The same occurs in VWM mouse
astrocytes. VWM is the only known disease showing absolute overexpression of
GFAPδ with unchanged total GFAP. The abnormal GFAPδ/GFAPα ratio may have
functional consequences for the cytoskeletal architecture of astrocytes, their ability
to scar damaged tissue and their interaction with other cell types, including
oligodendrocytes (Middeldorp & Hol, 2011).

Until now, abnormal astrocytes in VWM have only been reported within the brain
white matter. Strikingly, in VWM mice two additional astrocytic populations were
found to be affected: Bergmann glia in the cerebellar cortex and Müller cells in the
retina. Both these specialized astroglia are morphologically reminiscent of radial
glia present during development.
Cell bodies of Bergmann glia are located in the Purkinje cell layer and processes
end at the pial surface. They guide migration of granule cells during development
(Xu et al., 2013). In VWM mice, Bergmann glia show displacement of cell bodies to
the molecular layer, withdrawal of endfeet at pial surface, increased process
thickening and lateral branching and strong GFAPδ-immunoreactivity. These
abnormalities become apparent with increasing disease severity. Consistent with
this, cerebellar cortical development is unaffected without granule cell migration
defects or Purkinje cell abnormalities. Strikingly, the same Bergmann glia
pathology, not noted before, was confirmed in VWM patients.
Müller cells are the main glia of the retina. Their cell bodies are located in the inner
nuclear layer and processes span the retina (Metea & Newman, 2006). VWM mice
show retinal disorganization with displacement of outer nuclear neurons to the
ho
ho
photoreceptor layer. In 2b4 2b5 mice, these changes are associated with
abnormal Müller glia morphology with thick coarse processes and loss of GS
immunoreactivity. Retinal dysfunction has not been reported in VWM and is rarely
investigated, because patients do not show clinical signs of retinal involvement.
However, a retrospective inventory of available electroretinographic data in our
patient database reveals that the patients investigated had abnormalities
compatible with a reduced activity of outer nuclear bipolar neurons, as observed in
case of Müller glia dysfunction with reduced GS activity (Eckstein et al., 1997),
indicating that retinopathy is also part of the human VWM phenotype and caused
by Müller glia pathology.
The combined above human and mouse data indicate that astrocytic abnormality is
a core feature of VWM. Our present co-culture studies confirm the primary role of
VWM astrocytes in determining oligodendrocyte pathology by inhibiting their
maturation through secreted factors. While maturation of VWM OPCs is normal in
the presence of WT astrocytes, medium conditioned by VWM astrocytes inhibits
OPC maturation also in the presence of WT astrocytes and the maturation block is
lifted by medium conditioned by WT astrocytes. It is known that astrocyte-secreted
factors influence OPC maturation and myelination (Hammond et al., 2014; Wang et
al., 2011; Arai & Lo, 2010). One such factor is high molecular weight hyaluronan

(Back et al., 2005). We recently showed that hyaluronan is increased in the white
matter of deceased VWM patients and that its level correlates with severity of the
white matter involvement (Bugiani et al., 2013). Hyaluronan was upregulated in
brain tissue of some, but not all mutant mice and only in the end-stage. In line with
ho
this, hyaluronan content in conditioned medium of 2b4 mice was not consistently
increased, and hyaluronidase treatment improved OPC maturation equally in cocultures with WT or VWM astrocytes. Together, these data suggest that
hyaluronan is upregulated in later disease stages, and that VWM astrocytes
secrete more factors with negative influence on OPC maturation than hyaluronan
alone.
While developmental leukodystrophies with defective myelin deposition are
recapitulated by mutant mice, e.g. jimpy (Robain, 1977) and shiverer (Chernoff,
1981) mice, mouse models for degenerative white matter disorders often lack
success (Lu et al., 1997; Hess et al., 1996; Behrendt & Roers, 2014; Hagemann et
al., 2006). Major mouse-human species differences, including life span, amount of
cerebral hemispheric white matter and differences in physiology and biochemistry
are limiting factors. With the major life span difference, it is not surprising that
leukodystrophies with onset in or after childhood are typically not recapitulated in
mutant mice (Lu et al., 1997; Hess et al., 1996; Behrendt & Roers, 2014;
Hagemann et al., 2006). Additional manipulations may force mice to develop a
phenotype better matching the human disease (Verheijden et al., 2013;
Ramakrishnan et al., 2007; Messing et al., 1998; Lin et al., 2014), but these also
influence disease mechanisms as unwanted side-effect. In the field of VWM there
are two such examples. Geva et al. (2010) previously generated VWM mice by
insertion of Arg132His in eIF2B, a mutation that in the homozygous state in
humans is associated with childhood-onset disease and death in adolescence.
This mutant mouse had a normal life span, at most subtle motor impairment and
white matter abnormalities that only became manifest after experimental
demyelination (Geva et al., 2010). Using transgenic mice that allow activation of
PERK specifically in oligodendrocytes, Lin et al. (2014) came to the conclusion that
PERK activation in oligodendrocytes plays a cell-autonomous role in VWM
pathology. PERK activation decreases eIF2B activity via phosphorylation of
initiation factor eIF2, while in VWM eIF2B activity is affected by mutations in eIF2B
subunit genes and, as pointed out above, not invariably decreased. The conclusion
of Lin et al. is not compatible with our results.
To obtain valid pathophysiological insight, mouse models need to truly represent
the human disease and be based on the same pathomechanisms. The 5-subunit

complex eIF2B and its role in mRNA translation are highly conserved in all
eukaryotes up till yeast (Dever, 2002), increasing the chance of a successful
mutant mouse model, if factors as life span are taken into account. We chose
mutations that lead to early infantile fatal disease. A potential problem remains that
mouse astrocytes are different from human astrocytes in many aspects, including
size, protein expression and calcium signaling (Mamber et al., 2012; Oberheim et
al., 2012; Matyash & Kettenmann, 2012). It is therefore possible that results
obtained on mouse VWM astrocytes do not directly apply to human VWM
astrocytes. However, given the striking similarity of the leukoencephalopathy in our
mouse models as compared to human VWM, especially regarding the phenotype
of the astrocytic abnormality and the astrocytic cell types affected, it can be
concluded that VWM astrocytes of the two species are affected in a similar way
and that these mouse models are suitable to study human VWM pathophysiology.
VWM is a devastating disease, mainly affecting young children and lacking
effective therapeutic strategies. Our data indicate that astrocytes or factors
secreted by astrocytes should be targeted in future treatment, possibly in
combination with cell-based therapies to repopulate the white matter with healthy
glia progenitors. Our results have general implications: astrocytes should be
considered for a role in the pathophysiology of other white matter disorders.
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Supplementary Methods

Generation of mutant strains
Arg484Trp/Arg484Trp

Eif2b4

: The RP23-119J7 BAC clone was used to generate the 5’

homology arm (~3.5 kb), 3’ homology arm (~5.3 kb), and conditional region (~0.5
kb). The c.1450C>T (NM_010122.2) point mutation, located in 3’ homology arm,
was introduced by site-directed mutagenesis. The fragments were cloned in the
LoxFtNwCD vector sequentially and confirmed by restriction digestion and endsequencing. The final vector also contained loxP sequences flanking the
conditional KO region (~0.5 kb), the Neo expression cassette (for positive selection
of the ES cells) flanked by FRT sequences (for the subsequent removal of the Neo
cassette), and a diphtheria toxin (DTA) expression cassette (for negative selection
of the potentially targeted ES cells). Not-linearized vector DNA was electroporated
into C57BL/6 ES cells and selected with G418. One hundred and ninety-two ES
clones were selected for PCR based screening and six potential targeted clones
were selected for expansion and further analysis. Based on additional Southern
and PCR/sequencing confirmation analysis, two clones were confirmed to be
correctly targeted. Southern blot confirmation of targeting was performed using a
300bp BamHI/AvrII 5’ fragment and a 230bp BamHI/AvrII 3’ fragment as probes. 5’
probe detected a WT band of 12.9 kb and a mutant targeted band of 5.0 kb. 3’
probe detected a WT band of 12.9 kb and a mutant targeted band of 8.7 kb. The
following male chimeras had been generated: 98% (4), 90% (6), 85% (2), 80% (2),
75% (2), 70% (3), 60% (2), 50% (1), and 20% (1).
Arg191His/Arg191His

Eif2b5

: The RP23-5E22 BAC clone was used to generate the 5’

homology arm (~3.5 kb) and the 3’ homology arm (~3.6 kb). The c.572G>A
(NM_172265) point mutation, located in exon 4 of 5’ homology arm, was
introduced by site-directed mutagenesis. The fragments were cloned in the
LoxNwCD vector sequentially, and were confirmed by restriction digestion and
end-sequencing. The final vector also contains loxP sequences flanking the Neo
expression cassette (for positive selection of the ES cells), and a DTA expression
cassette (for negative selection of the potentially targeted ES cells). Not-linearized
vector DNA was electroporated into C57BL/6 ES cells and selected with G418.
One hundred and ninety-two ES clones were selected for PCR based screening
and two potential targeted clones were selected for expansion and further analysis.
Based on additional Southern and PCR/sequencing confirmation analysis, only one
clone was confirmed to be correctly targeted. Southern blot confirmation of

targeting was performed using a 280bp HindIII 5’ fragment and a 410bp SpeI 3’
fragment as probes. 5’ probe detected a WT band of 10.6 kb and a mutant targeted
band of 4.6 kb. 3’ probe detected a WT band of 12.3 kb and a mutant targeted
band of 8.3 kb. The following male chimeras had been generated: 85% (2), 80%,
75%, 60%, 55%, 50% (2), 45% (2), 40% (2).
Targeting and ES cell work was performed by Caliper Discovery Alliances and
Services (Hanover, MD, USA). The neo cassette was removed by crossing the
R484W/WT
R191H/WT
heterozygous Eif2b4
or Eif2b5
mice with Cre recombinase
expressing mice. Genotyping for routine maintenance was performed by PCR
ho
using for the 2b4 mice the forward 5’-AAC AAA CAG GTT TCT AAG GTG CTA
TTG G-3’ and reverse primer 5’-TGG GAG TGC CAC TCT GCC TGG-3’. The
primers produce a 738bp product from the WT and a ~838bp product from the
ho
mutant allele. For the 2b5 genotyping for routine maintenance was performed by
PCR using forward 5’-GGT TCA TAG GAC TCT TTG AAA CCA G-3’ and reverse
primer 5’-GAC AAA ACC CTA GAT TTG GTT CC-3’. The primers produce a 936bp
product from the WT and a ~800bp product from the mutant allele.

Behavioral testing
The top unit of each cage contained an array of infrared LEDs and an infraredsensitive video camera used for video-tracking. The behavior of mice was videotracked (Noldus Information Technology, Wageningen, The Netherlands) and
parsed into 20 behavioral parameters (Synaptologics BV, Amsterdam, The
Netherlands) as described previously (53) (supplementary table 2).
Neuromuscular function was assessed by sensing the peak amount of force (N)
mice applied in grasping a pull bar connected to a force meter (Columbus
instruments, Columbus, OH, USA). Mice were allowed to grasp the pull bar 5 times
with front paws only, followed by grasping 5 times with front and hind paws. The
mean of each 5 repetitions was taken as grip strength (56).
Motor function was tested in a balance beam test (57) and the paw-print test (58).
To obtain footprints, the hind- and forefeet of the mice were coated with blue and
red nontoxic paints, respectively. The animals were then allowed to walk along a
100-cm-long, 10-cm-wide runway into an enclosed box. A fresh sheet of white
paper was placed on the ﬂoor of the runway for each run. The footprint patterns
were analyzed for four step parameters (all measured in centimeters). (1) Stride
length was measured as the average distance of forward movement between each

stride. (2) Hind-base width and (3) front-base width were measured as the average
distance between left and right hind footprints and left and right front footprints,
respectively. These values were determined by measuring the perpendicular
distance of a given step to a line connecting its opposite preceding and proceeding
steps. (4) Distance from left or right front footprint/hind footprint overlap was used
to measure uniformity of step alternation. When the center of the hind footprint fell
on top of the center of the preceding front footprint, a value of zero was recorded.
When the footprints did not overlap, the distance between the center of the
footprints was recorded. For each step parameter, three values were measured
from each run, excluding footprints made at the beginning and end of the run
where the animal was initiating and terminating movement, respectively. The mean
value of each set of three values was used in subsequent analysis.
The balance beam test scores the ability of mice to traverse a stationary horizontal
rod and measures sensorimotor coordination as assessed by the latency to cross
the beam and number of foot slips. Mice were placed at a platform at the start of a
wide training beam (100 cm long, 5 cm wide) and allowed to walk along a into an
enclosed box. All mice had three training runs on a wide beam, and on the
subsequent day were given 3 runs on a narrow beam (1 cm wide). An observer
scored the latency to traverse the beam, as well as the number of times a paw
slipped off the beam.

Supplementary figure 1. Behavioral phenotyping of VWM mouse models. (A) All VWM mutant mice
reach a significantly lower body weight than WT animal. Shown are the data for male mice; each data
point represents one mouse with a trend-line representing the average weight for each genotype. (B) In
the paw-print test the 2b5ho mice show gait ataxia with a wider base of the hind limbs (blue prints). (C-E)
Analysis of spontaneous behavioral phenotypes of WT and 2b5ho mice in the home-cage show
significant differences in mean long arrest duration (C), long arrest threshold (D) and increase in activity
at the onset of the dark phase (E). (F-H) Compared to WT littermates, the 2b5ho mice show impaired
grip strength (F) and performance on balance beam (G-H) tests. Error bars represent ± SEM (C-D) and
± SD (E-F). *=p<.05; **=p<.01. (A) Mann-Whitney U test, (D-F) ANOVA

Supplementary figure 2. Affected myelin and oligodendrocyte maturation in VWM mutant mice.
(A) Electron microscopy of 2b5ho and 2b42b5he/ho mice confirms the presence of intramyelinic vacuoles,
which are absent in WT mice (scale bar=1μm). (B) mRNA levels of the major mature myelin proteins
Mbp, Plp and Mog are significantly decreased in 7-month-old 2b5ho and 4-month-old 2b42b5he/ho mice. In
7-month-old 2b4ho mice, only Plp mRNA is significantly decreased. (C) MBP protein amounts are
decreased in all mutant animals on Western blot. The different MBP isoforms have molecular weights of
(from top to bottom) 21.5, 18.5, 17 and 14kDa. (D) In situ hybridization shows significantly increased
numbers of Pdgfrα-expressing cells in P21 2b4ho2b5ho mice compared to age-matched controls. (E) In
7-month-old 2b5ho and 4-month-old 2b42b5he/ho mice, the g-ratio is significantly lower compared to 7month-old WT mice. (B,D) Bars show the mean ratios (± SEM) compared to age-matched controls,
which are represented by the line. *=p<.05; **=p<.01; (E) mean ± SEM. (B, D) Student’s t-test, (E)
Mann-Whitney U test.

Supplementary figure 3. Nestin and GFAP expression in VWM mouse models. (A) In forebrain
lysates, nestin mRNA levels are increased in 7-month-old 2b5ho and 4-month-old 2b42b5he/ho mice, but
not in 2b4ho mice. (B) GFAPδ protein levels are increased in forebrain lysates of 2b5ho mice at all ages
examined. The level of Gfap mRNA is not changed (C). Staining for GFAPδ shows normal expression in
gray matter astrocytes (D). (A, C) mean ratio of WT ± SEM. Scale bars: 50 μm. *=p<.05; **=p<.01. (A,C)
Student’s t-test.

Supplementary figure 4 (cont.). “wk refresh” indicates a once per week refreshment of the medium, as
is done for all other co-cultures. “d refresh” indicates a daily refreshment of the medium, as a control for
the daily refreshment in the conditioned medium experiments. (B-E) mean ± SEM. Scale bars: 50μm,
paired samples t-test.

Supplementary figure 4. VWM OPCs are capable of normal maturation in vitro. (A) Lower numbers
of MBP+ and MOG+ cells are present in co-cultures with 2b4ho astrocytes independent of the OPC
genotype. No differences are seen between cultures with WT astrocytes and WT or 2b4ho OPCs. (B-E)
Cell counts for GFAP+ and Olig2+ cells show no significant differences in any condition for both WT and
2b4ho OPCs (B-C) and WT and 2b4ho conditioned medium in cultures with WT OPCs (D-E). (D-E)

Supplementary figure 5. Abnormal Bergmann glia in VWM. (A) In the cerebellum of 7-month-old
2b5ho mice the Purkinje cells and small neurons in the granular layer show no abnormalities. (B)
GFAPδ-overexpressing ectopic Bergmann glia are present in the cerebellar cortex of 19-month-old
2b4ho (left) and 4-month-old 2b42b5he/ho (right) mice. (C) Normally located Bergman glia in VWM patients
are GFAPδ-negative. (D) Also in human VWM cerebella, the Purkinje cells show no abnormalities.
Scale bars: (A-B, D) 50 μm; (C) 20 μm.

Supplementary figure 6. Astrocyte-OPC co-culture system. (A) Enriched astrocyte cultures derived
from WT (left), 2b4ho (middle) and 2b5ho mice (right) show no Olig2- or MBP-positive cells on
immunostainings. (B) In co-cultures of WT or 2b4ho astrocytes and WT OPCs fixed after 7 (left), 14
(middle) or 21 days (right), the number of MOG- or MBP-expressing cells increases between day 7 and
14 in culture, and decreased slightly at 21 days due to degeneration of the culture. Scale bars: 50μm.

Supplementary table 1. Number of animals used per experiment and ages analyzed
Immunohistochemistry
WT

3

P21, 1m, 2m, 4m, 5m, 7m, 12m, 19m

2b5ho

3

1m, 2m, 4m, 5m, 7m

2b4ho

3

1m, 2m, 5m, 7m, 12m, 19m

2b42b5he/ho

3

4m

2b4ho2b5ho

3

P21

WT

3

P21, 1m, 2m, 4m, 5m, 7m

2b5ho

3

1m, 2m, 4m, 5m, 7m

2b42b5he/ho

3

4m

2b4ho2b5ho

3

P21

WT

2

P0, P7, P14, P21, 1m, 2m, 4m, 7m

2b5ho

2

P0, P7, P14, P21, 1m, 2m, 4m, 7m

2b4ho

2

7m

2b42b5he/ho

2

4m

WT

4

7m

2b5ho

4

7m

2b42b5he/ho

2

4m

WT

10

2m, 5m

2b5ho

10

2m, 5m

WT

3

P21, 1m, 4m, 7m, 19m

2b5ho

3

1m, 4m, 7m

2b4ho

3

19m

2b42b5he/ho

3

4m

2b4ho2b5ho

3

P21

In situ hybridization

Western blot and qPCR

Electron microscopy

Behavioral tests

Hyaluronan ELISA

P = postnatal day; m = months

Supplementary table 2. Behavioral screening in home cage by 20 parameters of
spontaneous behavior
Behavior

2m
WT

5m
2b5ho

WT

2b5ho

Sheltering behavior
Short shelter visit threshold

4.67±0.25

4.69±0.28

4.92±0.21

5.00±0.33

Long shelter visit threshold

10.4±0.27

10.1±0.32

10.1±0.24

9.58±0.22

Long shelter visit fraction of

0.06±0.01

0.08±0.01

0.08±0.01

0.12±0.01

14912±993

16676±2508

18274±2564

22561±1433

Activity duration – dark

8220±563

7204±679

6680±648

5255±298

Activity duration – light

2152±1043

909±214

478±114

533±102

Mean activity duration – dark

22.7±1.37

24.3±1.18

22.7±1.55

24.2±1.44

Mean activity duration - light

97.3±78.7

18.2±1.58

17.9±4.28

17.7±2.88

OnShelter zone number -

169±42.9

122±26.4

82.4±22.7

41.0±6.78

Long arrest threshold

4.91±0.17

5.99±0.30#

5.32±0.23

7.03±0.29*

Mean long arrest duration –

37.5±9.35

38.0±2.66

23.0±1.99

114±72.8

Long movement threshold

1.68±0.11

1.47±0.12

1.33±0.12

1.25±0.08

Long movement max. velocity

20.1±0.41

20.0±0.46

16.9±0.78

16.6±0.64

0.81±0.07

0.89±0.02

0.93±0.01

0.91±0.02

0.98±0.07

1.15±0.10

0.6±0.05

0.60±0.03

2.91±1.96

0.78±0.13

1.06±0.27

1.14±0.18

total visits
Long shelter visit duration dark
Activity

dark
Kinematic parameters
(move and arrest
segments)

light

DarkLight index of activity
Activity duration – darklight
index
Habituation across three
days in the home cage
Activity duration – habituation
ratio dark
Activity duration – habituation
ratio light

Supplementary table 2 (cont.). Behavioral screening in home cage by 20
parameters of spontaneous behavior
Behavior

2m

5m

WT

2b5ho

WT

2b5ho

-0.06±0.06

0.01±0.01

0±0

0.01±0.01

0.11±0.02

0.08±0.04

0.09±0.04

0.09±0.03

0.31±0.04

0.25±0.02

0.2±0.02

0.12±0.01*

-0.12±0.02

-0.10±0.03

-0.1±0.04

-0.07±0.02

Change in activity
surrounding dark/light
phase transitions
Activity change in anticipation
of dark
Activity change in anticipation
of light
Activity change in response
to dark
Activity change in response
to light

Mean +- SEM are indicated. Significant values are given in bold. # = p<.05; *= significant at Bonferroni
corrected p<.0025.

Supplementary table 3. P-values of behavioral tests
Test

Parameter

P-value 2m

P-value 5m

.0004

.0001

Front Paws only

.0563

.2905

Front and hind paws

.0938

.0372

Distance moved

.0017

.0706

Average Velocity

.0015

.0716

Distance moved in center

.2584

.2622

Time spent in center

.2463

.469

Visits in center

.1639

.3174

Number of slips

.6671

.0005

Latency

.31

.0008

Body Weight
Grip Strength test

Open Field

Balance Beam

m = months; values in bold are significant at p<.05.

Supplementary table 4. Statistical analyses other than behavioral tests
Body weight
(male mice)

N

Median ±
range

Test

Teststatistic

11

34.8 ± 5.50

2b5ho 2-7m

13

20.3 ± 5.45

test

WT 2-19m

18

37.88 ± 6.58

Mann-

2b4ho 2-19m

24

23.34 ± 4.9

test

WT 4m

5

34.6 ± 8.34

Mann-

2b42b5he/ho 4m

3

16.14 ± 2.14

test

qPCR

N

Mean ± SD

Test

Mbp WT P7

2

1.76 ± 0.31

Student’s t

t(1.78) =
4.67

Whitney U

Whitney U

Whitney U

<.001*

r =.85

U=5

<.001*

r =.81

U=0

.025#

r =.79

Teststatistic

Mbp 2b5 P7

2

0.50 ± 0.22

Mbp WT P14

2

17.1 ± 0.85

Student’s t

t(1.43) =
4.83

Mbp 2b5 P14

2

13.90 ± 0.40

test

Mbp WT P21

2

36.32 ± 1.53

Student’s t

t(1.91) =
4.42

Mbp 2b5 P21

2

28.67 ± 1.92

test

Mbp WT P28

2

34.56 ± 0.21

Student’s t

t(1.81) =
19.96

ho

Mbp 2b5 P28

2

29.41 ± 0.30

test

Mbp WT 2-7m

6

17.22 ± 1.65

Student’s t

t(6.29) =
2.52

ho

Mbp 2b5 2-7m

6

12.25 ± 4.54

test

Plp WT 2-7m

6

10.02 ± 1.68

Student’s t

t(10) =
3.18

ho

Plp 2b5 2-7m

6

5.83 ± 2.75

test

Mog WT 2-7m

6

0.32 ± 0.06

Student’s t

t(10) =
2.80

ho

Mog 2b5 2-7m

6

0.20 ± 0.07

test

Olig2 WT 2-7m

6

0.02 ± 0.00

Student’s t

t(10) =

0.02 ± 0.00

test

1.15

ho

ho

Olig2 2b5 2-7m

6

size

U=0

test

ho

Effect

Mann-

WT 2-7m

ho

p-value

p-value

Effect
size

.053

r =.96

.075

r =.96

.052

r =.95

.004*

r >.99

.044#

r =.62

.010*

r =.71

<.001*

r =.72

.278

r =.34

Supplementary table 4 (cont.). Statistical analyses other than behavioral tests
Test-

qPCR

N

Mean ± SD

Test

Pdgfrα WT 2-7m

6

0.05 ± 0.01

Student’s t

t(10) =
1.29

statistic

Pdgfrα 2b5 2-7m

6

0.04 ± 0.01

test

Gfap WT 2-7m

6

0.26 ± 0.03

Student’s t

t(10) =
-0.56

ho

Gfap 2b5 2-7m

6

0.28 ± 0.07

test

Gfapδ WT 2-7m

6

0.13 ± 0.02

Student’s t

t(10) =
-1.01

ho

Gfapδ 2b5 2-7m

6

0.15 ± 0.04

test

Gfapδ/α WT 2-7m

6

0.12 ± 0.01

Student’s t

t(10) =
-2.89

ho

Gfapδ/α 2b5 2-7m

6

0.13 ± 0.01

test

nestin WT 2-7m

6

0.06 ± 0.01

Student’s t

t(10) =
-2.24

ho

nestin 2b5 2-7m

6

0.07 ± 0.02

test

Mbp WT

2

0.06 ± 0.01

Student’s t

Mbp 2b4

2

0.05 ± 0.00

test

Plp WT

2

22.91 ± 0.03

Student’s t

t(1.003) =
14.67

ho

ho

Plp 2b4

2

15.5 ± 0.71

Mog WT

2

0.01 ± 0.00

Student’s t

t(1.06) =

test

0.82

Student’s t

t(1.78) = -

test

0.46

Student’s t

t(1.27) =

test

0.53

ho

Mog 2b4

2

0.01 ± 0.00

Gfap WT

2

0.79 ± 0.19

Gfap 2b4ho

2

0.87 ± 0.13

Gfapα WT

2

13.43 ± 2.31

Gfapα 2b4ho

2

12.52 ± 0.86

Gfapδ WT

2

1.31 ± 0.27
Student’s t

t(1.26) = -

Gfapδ 2b4ho

2

1.37 ± 0.10

test

0.28

Gfapδ/α WT

2

0.10 ± 0.00

Student’s t

t(2) =

0.11 ± 0.00

test

-4.32

ho

Gfapδ/α 2b4

2

Effect
size

.226

r =.38

.591

r =.17

.338

r =.30

.016*

r =.67

.049#

r =.58

t(2) = 1.93 .194

test

ho

p-value

r =.81

.043#

r >.99

.556

r =.50

.693

r =.33

.676

r =.43

.818

r =.24

.050#

r =.95

Supplementary table 4 (cont.). Statistical analyses other than behavioral tests
Test-

qPCR

N

Mean ± SD

Test

nestin WT

2

0.03 ± 0.00

Student’s t

t(1.64) =

test

0.0

ho

statistic

nestin 2b4

2

0.03 ± 0.01

Olig2 WT

2

0.34 ± 0.01

Olig2 2b4ho

2

0.29 ± 0.04

Pdgfrα WT

2

0.11 ± 0.01
Student’s t

t(1.01) =

Pdgfrα 2b4ho

2

0.11 ± 0.00

test

0.25

Mbp WT

2

0.06 ± 0.01

Student’s t

t(1.03) =
4.86

Student’s t
test

Mbp 2b42b5

2

0.04 ± 0.01

Plp WT

2

22.91 ± 0.03

Student’s t

t(1,002) =
20.86

Plp 2b42b5

2

9.98 ± 0.88

test

Mog WT

2

0.12 ± 0.01

Student’s t

t(2) =

test

11.31

Student’s t

t(1.07)=

test

-1.21

Student’s t

t(1.02) =

test

-0.45

he/ho

he/ho

Mog 2b42b5

2

0.04 ± 0.01

Gfap WT

2

0.79 ± 0.19

Gfap 2b42b5he/ho

2

0.96 ± 0.04

Gfapα WT

2

13.43 ± 2.31

Gfapα 2b42b5he/ho

2

14.17 ± 0.24

Gfapδ WT

2

1.31 ± 0.27
Student’s t

t(1.01) =

Gfapδ 2b42b5he/ho

2

1.43 ± 0.02

test

-0.66

Gfapδ/α WT

2

0.98 ± 0.01

Student’s t

t(2) =
-7.07

Gfapδ/α 2b42b5

2

1.03 ± 0.01

test

nestin WT

2

0.25 ± 0.01

Student’s t

t(1,22) =

test

-13.91

Student’s t

t(2) =

test

-3.54

he/ho

he/ho

nestin 2b42b5

2

0.69 ± 0.04

Olig2 WT

2

0.34 ± 0.01

Olig2 2b42b5he/ho

2

0.50 ± 0.06

1

t(2) = 1.74 .225

test

he/ho

p-value

Effect
size

r =.00

r =.78

.844

r =.24

.040#

r =.96

.030#

r >.99

.008*

r >.99

.428

r =.76

.729

r =.41

.628

r =.55

.019#

r =.98

.027#

r =.99

.071

r =.93

Supplementary table 4 (cont.). Statistical analyses other than behavioral tests
N

Mean ± SD

Pdgfrα WT

2

0.11 ± 0.01
Student’s t

t(1.99) =

Pdgfrα 2b42b5he/ho

2

0.11 ± 0.01

test

0.43

N

Median ± IQR

Test

WT P7 MBP

4

100 ± 0.9

Mann-

2b5ho P7 MBP

4

30.5 ± 16.5

test

WT P14 MBP

4

100 ± 0.9

Mann-

2b5ho P14 MBP

4

33.05 ± 41.95

test

WT P21 MBP

4

100 ± 0.9

Mann-

2b5ho P21 MBP

4

43.15 ± 9.83

test

WT P28 MBP

3

100 ± 0.9

Mann-

2b5ho P28 MBP

3

50 ± 31

test

WT 2-7m MBP

6

100 ± 0.9

Mann-

2b5ho 2-7m MBP

6

57.85 ± 8.08

test

WT GFAP 2-7m

4

100 ± 0.9

Mann-

2b5ho GFAP 2-7m

4

124 ± 96.75

test

WT 2-7m GFAPδ

4

100 ± 0.9

Mann-

2b5ho 2-7m GFAPδ

4

156.5 ±56.25

test

Cell counts - Pdgfαr

N

Mean ± SD

Test

WT 2-7m

14

5.97 ± 2.18

Student’s t

t(25) =
0.32

WB semi-quantitative
analysis

Test

Test-

qPCR

Whitney U

Whitney U

Whitney U

Whitney U

Whitney U

Whitney U

Whitney U

statistic

Teststatistic

Effect
size

U=0

.020

r =.82

U=0

.020

r =.82

U=0

.050

r =.80

U=0

.002

r =.85

U=0

.020

r =.82

U=0

.020

r =.82

Teststatistic

13

5.72 ± 1.70

WT 2-7m

14

5.97 ± 2.18

Student’s t

t(16.59) =

2b42b5he/ho 4m

6

7.17 ± 0.59

test

-1.91

WT P21

3

12.8 ± 1.47

Student’s t

t(4) =

19.67 ± 0.83

test

-7.03

3

r =.29

r =.82

2b5 2-7m

2b4 2b5 P21

p-value

size

.020

test

ho

.709

Effect

U=0

ho

ho

p-value

p-value

Effect
size

.749

r =.06

.074

r =.42

.002*

r =.96

Supplementary table 4 (cont.). Statistical analyses other than behavioral tests
Cell counts - nestin

N

Median ± IQR

Test
Mann-

Teststatistic

WT 2-19m

24

0.57 ± 2.27

2b5ho 2-7m

15

5.85 ± 5.62

test

WT 2-19m

24

0.57 ± 2.27

Mann-

2b4ho 2-19m

16

6.1 ± 5.34

test

WT 2-19m

24

0.57 ± 2.27

Mann-

2b42b5he/ho 4m

6

5.30 ± 3.05

test

WT P21

5

0.38 ± 0.32

Student’s t

t(2.09) = 8.08

Whitney U

Whitney U

Whitney U

r =.75

U = 43

<.001*

r =.65

U = 10

.001*

r =.59

.013*

r =.98

3

8.23 ± 1.67

Cell counts - Nkx2.2

N

Mean ± SD

Test

WT 2-7m

17

5.43 ± 1.92

Student’s t

t(24) =

2b5ho 2-7m

9

5.02 ± 1.52

test

0.55

Electron microscopy

N

Median ± IQR

Test

35

0.72 ± 0.34

Mann-

Mean axonal diameter WT
7m
Mean axonal diameter
2b5ho 7m
Mean axonal diameter
he/ho

2b42b5

4m

Distribution axonal
diameter WT 7m
Distribution axonal

Whitney U
62

0.38 ± 0.13

404

0.37 ± 0.18

100

0.38 ± 0.13

91

0.37 ± 0.18

g-ratio WT 7m

35

0.76 ± 0.07

g-ratio 2b5ho 7m

62

0.73 ± 0.07

g-ratio 2b42b5he/ho 4m

404

0.72 ± 0.11

diameter 2b5ho 7m
Distribution axonal
diameter 2b42b5he/ho 4m

Whitney U
test

0.72 ± 0.34

Teststatistic

Teststatistic

U = 322

p-value

.589

p-value

Effect
size

r =.11

Effect
size

<.001*

r =.46

<.001*

r =.41

<.001*

V =.67

<.001*

V =.60

.002*

r =.49

test
Mann-

92

size

<.001*

2b4 2b5 P21

ho

Effect

U = 19

test

ho

p-value

U=
11434.5

Pearson Chi-

X²(5) =

Square

86.80

Pearson Chi-

X²(5) =

Square

68.64

MannWhitney U

U = 666.5

test
MannWhitney U

U = 15738 <.001*

r =.28

Supplementary table 4 (cont.). Statistical analyses other than behavioral tests
Astrocyte-OPC cultures

N

Median ± IQR

Test

8

4.17 ± 9

Wilcoxon

2b4 astrocytes MOG

8

1±4

signed rank

WT astrocytes MBP

8

11.7 ± 10

Wilcoxon

2b4 astrocytes MBP

8

6±4

signed rank

WT astrocytes Olig2

7

23.21 ± 1.7

Wilcoxon

2b4 astrocytes Olig2

7

20.02 ± 0.22

signed rank

WT astrocytes GFAP

7

21.71 ± 9

Wilcoxon

2b4 astrocytes GFAP

7

20.6 ± 13

signed rank

WT OPCs MOG

8

2.21 ± 2.41

Paired

2b4ho OPCs MOG

8

2.17 ± 2.14

test

WT OPCs MBP

8

8.81 ± 5.48

Paired

2b4ho OPCs MBP

8

7.66 ± 4.14

test

WT OPCs Olig2

6

15.99 ± 3.42

Paired

cell counts
WT astrocytes MOG
ho

ho

ho

ho

samples t

samples t

samples t
ho

2b4 OPCs Olig2

6

16.05 ± 4.46

test

WT OPCs GFAP

6

18.96 ± 3.84

Paired

2b4ho OPCs GFAP

6

18.65 ± 6.31

test

WT ACM MOG

8

4.27 ± 4.15

Paired

2b4ho ACM MOG

8

0.96 ± 1.30

test

WT ACM MBP

8

8.84 ± 3.88

Paired

2b4ho ACM MBP

8

4.36 ± 3.04

test

WT ACM Olig2

8

43.06 ± 6.37

Paired

2b4ho ACM Olig2

8

37.96 ± 15.91

samples t

samples t

samples t

samples t
test

Teststatistic

p-value

Effect
size

Z = -1.86

.042

r =.59

Z = -2.38

.017

r =.84

Z = -0.73

.463

r =.28

Z = -0.09

.933

r =.03

t(7) = 0.10 .923

r =.04

t(7) = 0.89 .405

r =.32

t(5) = 0.05

.965

r =.02

t(5) = 0.15 0,89

t(7) = 3.12 .017

r =.76

t(7) = 4.94 .002

r =.78

t(7) = 1.40 .205

r =.47

Supplementary table 4 (cont.). Statistical analyses other than behavioral tests
Astrocyte-OPC cultures
cell counts

N

Mean ± SD

Test
Paired

WT ACM GFAP

8

17.33 ± 5.30

2b4ho ACM GFAP

8

15.07 ± 7.91

test

N

Median ± IQR

Test

Hyal-treated ACM MOG

12

1.35 ± 2.05

Wilcoxon

Vehicle-treated ACM MOG

12

1.65 ± 1.48

signed rank

Hyal treated ACM MBP

12

12.37 ± 4.08

Paired

samples t

Hyaluronidase treatment
versus vehicle

samples t
Vehicle treated ACM MBP

12

10.22 ± 3.19

test

Hyal treated ACM Olig2

12

42.35 ± 9.38

Paired
samples t

Vehicle treated ACM Olig2

12

40.18 ± 9.74

test

Hyal treated ACM GFAP

12

49.91 ± 11.20

Paired
samples t

Vehicle treated ACM GFAP

12

51.72 ±12.23

test

N

Median ± IQR

Test

WT ACM MOG

6

0.76 ± 9.87

Wilcoxon

2b4ho ACM MOG

6

2.92 ± 13.85

signed rank

WT ACM MBP

6

1.27 ± 0.28

Wilcoxon

2b4 ACM MBP

6

1.23 ± 0.2

signed rank

WT ACM Olig2

6

1.01 ± 0.63

Wilcoxon

2b4ho ACM Olig2

6

0.94 ± 0.27

signed rank

WT ACM GFAP

6

0.99 ± 0.31

Wilcoxon

6

1.01 ± 0.11

signed rank

Hyaluronidase difference
scores

ho

ho

2b4 ACM GFAP

Teststatistic

p-value

Effect
size

t(7) = 0.96 .372

r =.34

Test-

Effect

statistic

Z = -1.18

t(10) = 4,44

t(10) = 0.83

t(11) =
0.37
Teststatistic

p-value

size

.239

r =.34

.001

r =.66

.425

r =.06

.716

r =.01

p-value

Effect
size

Z = -1.15

.249

r =.47

Z = -.67

.500

r =.30

Z = -.41

.686

r =.18

Z =-1.26

.207

r =.51

Supplementary table 4 (cont.). Statistical analyses other than behavioral tests
Astrocyte-OPC cultures
qPCR

N

Mean ± SD

Test
Paired

WT astrocytes Mog

6

2.64 ± 0.50

2b4ho astrocytes Mog

6

1.72 ± 0.65

test

WT astrocytes Mbp

6

0.78 ± 0.36

Paired

2b4ho astrocytes Mbp

6

0.26 ± 0.28

test

WT astrocytes Olig2

6

0.02 ± 0.01

Paired

2b4ho astrocytes Olig2

6

0.01 ± 0.00

test

WT astrocytes Gfap

6

0.51 ± 0.18

Paired

samples t

samples t

samples t

samples t
ho

2b4 astrocytes Gfap

6

0.80 ± 0.45

test

Elisa

N

Mean ± SD

Test

WT P21 brain lysate
ho

3

ho

2b4 2b5 P21 brain lysate 3
WT 1m brain lysate
ho

3

2b5 1m brain lysate

3

WT 4m brain lysate

3

Teststatistic

t(5) = 5.03 .004

r =.91

t(5) = 1.38 .228

r =.52

t(5) = 2.35
Teststatistic

98.15
3405 ± 807.79

Student’s t

t(4) = -

test

2.77

305.01

Student’s t

2626.67 ±

test

t(4) = 1.36 .246

r =.56

710.66

0.48

2b5ho 4m brain lysate

2

2075 ± 544.47

Student’s t

t(3) = -

test

0.43

WT 7m brain lysate

3

231.53

Student’s t

t(4) = -

4001.67 ±

test

7.18

3

ho

2b4 19m brain lysate

3

size

3233.33 ±

2070 ± 639.3

WT 19m brain lysate

Effect

r =.82

3

3

p-value

r =.72

.050

t(4) = -

2b5ho 7m brain lysate

.065

2103.33 ±

test

4m brain lysate

size

r =.96

Student’s t

2b42b5

Effect

t(5) = 7.36 .001

1760 ± 911.98

he/ho

p-value

.655

r =.22

.698

r =.24

.002*

r =.96

2001.67 ±

422.98
2345 ± 398.97
2123.33 ±
275.79

Student’s t
test

t(4) = 0.79 .473

r =.37

Supplementary table 4 (cont.). Statistical analyses other than behavioral tests
Test-

Elisa

N

Mean ± SD

Test

WT ACM

6

19.42 ± 12.29

Student’s t

t(10) = -

ho

6

36.01 ± 35.48

test

1.08

2b4 ACM

statistic

p-value

.319

Effect
size

r =.40

Significant values are given in bold. # = p<.05; * = significant at Bonferroni corrected p value (p<.017 for
all tests performed on WT, 2b5ho, 2b4ho and 2b42b5he/ho; p<.013 for all tests performed on WT, 2b5ho,
2b4ho, 2b42b5he/ho and 2b4ho2b5ho).

Table S5. Primer sequences for polymerase chain reactions
Forward primer

Reverse primer

Gfap

AAGCCAAGCACGAAGCTAACGA

TTGAGGCTTTGGCCCTCC

Gfapα

GGAGATGCGGGATGGTGAG

ACCACGTCCTTGTGCTCCTG

Gfapδ

TCTCCAACCTCCAGATCCGA

TGACTTTTTGGCCTTCCCCT

nestin

CTACAGAGTCAGATCGCTCAG

AGCAGAGTCCTGTATGTAGC

Mbp

AAGGGAAGGGAGGAAGAG

GCAGTTATATTAAGAAGCCGAG

Plp

CTTCAATACCTGGACCACCT

GGGAGAACACCATACATTCTG

Mog

ACTTGTGCCTACGATCCTC

GGAGATTCTCTACTTCTGCAC

Olig2

TGTGGATGCTTATTACAGACC

ATCTAAGCTCTCGAATGATCC

Pdgfrα

CTGGAGAAGTGAGAAACAAAGG

TGGACAGAAATGGTGACTC

Cyp-b

AAGGACTTCATGATCCAGGG

TGAAGTTCTCATCTGGGAAG

Rps14

CAGGACCAAGACCCCTGGA

ATCTTCATCCCAGAGCGAGC

