VU Research Portal

Towards a better understanding of Vanishing White Matter disease
van Kollenburg, B.C.A.E.

2008

document version
Publisher's PDF, also known as Version of record

Link to publication in VU Research Portal

citation for published version (APA)
van Kollenburg, B. C. A. E. (2008). Towards a better understanding of Vanishing White Matter disease. [PhDThesis - Research and graduation internal, Vrije Universiteit Amsterdam].

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.
• Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
• You may not further distribute the material or use it for any profit-making activity or commercial gain
• You may freely distribute the URL identifying the publication in the public portal ?
Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.
E-mail address:
vuresearchportal.ub@vu.nl

Download date: 09. Jan. 2023

VRIJE UNIVERSITEIT

Towards a better understanding of Vanishing White Matter
disease

ACADEMISCH PROEFSCHRIFT
ter verkrijging van de graad Doctor aan
de Vrije Universiteit Amsterdam,
op gezag van de rector magnificus
prof.dr.L.M. Bouter,
in het openbaar te verdedigen
ten overstaan van de promotiecommissie
van de faculteit der Geneeskunde
op dinsdag 25 maart 2008 om 15.45 uur
in de aula van de universiteit,
De Boelelaan 1105

door
Barbara Cornelia Antonetta Elisabeth van Kollenburg
geboren te Eindhoven

promotor:
copromotoren:

prof.dr. M.S. van der Knaap
dr. G.C. Scheper
dr. A.A.M. Thomas

Towards a better understanding of Vanishing
White Matter disease

Barbara van Kollenburg

The studies described in this thesis were performed for the Department Child
Neurology of the VU Medical Center in Amsterdam at the Department of Genome
Analysis of the Vrije Universteit in Amsterdam, the Department of Pathology and
Post mortem medicine of the University of Rochester Medical Center (Rochester,
NY), and the Department of Neurology of the University of Rochester Medical
Center (Rochester, NY).

The research described in this thesis was funded by: “Prinses Beatrix Fonds”
(PBF), “Stichting Spieren voor Spieren”, Dr. W.M. Phelps Stichting, Stichting
Onderzoek Stofwisselingsziekten, and the Optimix Foundation for Scientific
Research.

Financial support for printing this thesis was kindly provided by:
Vrije Universiteit Amsterdam
Department of Pediatrics and Child Neurology VuMC
Schering-Plough B.V.
Immunologic B.V.

Printed by: Gildeprint, Enschede
ISBN: 978-90-9022840-2

No part of this thesis may be reproduced in any form, without written permission
from the author.

Insanity:
doing the same thing over and over again
and expecting different results.
Albert Einstein

Voor Papa en Mama

CONTENTS
Chapter 1

General Introduction

9

Chapter 2

Regulation of protein synthesis in
lymphoblasts from Vanishing White
Matter Patients

39

Chapter 3

The Unfolded Protein Response in
Vanishing White matter disease

59

Chapter 4

Glia Specific activation of all pathways
of the Unfolded Protein Response in
Vanishing White Matter disease

74

Chapter 5

Abnormal mitosis in the cerebellar white
matter of Vanishing White Matter disease:
A comparative morphologic study
with ploidy analysis

95

Chapter 6

Defect in glial maturation in Vanishing
White Matter disease

113

Chapter 7

Summary, discussion and future perspectives

133

Nederlandse Samenvatting

145

Abbreviations

154

Curriculum Vitae

156

List of Publications

157

Dankwoord

159

Color Figures

164

CHAPTER 1

GENERAL INTRODUCTION

Published in part as:
Vanishing white matter disease: a review with focus on its genetics.
Pronk JC, van Kollenburg B, Scheper GC, van der Knaap MS.
Ment Retard Dev Disabil Res Rev. 2006;12:123-128

General Introduction

I Vanishing White Matter
Description of clinical symptoms and pathology
In 1993 a novel type of leukoencephalopathy was described in three
patients, of whom two were siblings. They shared common clinical features, diffuse
white matter abnormalities on magnetic resonance imaging (MRI) and unique
proton magnetic resonance spectroscopy (1H MRS) findings [1]. The spectra
displayed absence of all normally present resonances related to certain brain
metabolites and the presence of abnormal resonances representing lactate and
glucose. The disease has subsequently been described by several other groups
[2,3], and is referred to as childhood ataxia with central hypomyelination (CACH)
[2] or leukoencephalopathy with vanishing white matter (VWM) [3]. It turned out to
be one of the most prevalent inherited childhood white matter disorders [4]
Hanefeld (1993) and Schiffmann (1994) described the MRI and MRS
findings, but it was not until 1997 that researchers realized the MRI and MRS were
indicative of white matter rarefaction and cystic degeneration, as confirmed by
autopsy [3]. In 1998, it was realized that the disease had been known for decades
through postmortem tissue examinations [5]. As far as we know, the first study
describing pathology and clinical aspects, now recognized as typical for VWM, was
by W. J. Eicke in 1962. He described a 36-year-old female whose illness remained
unclassified during life but who had neuropathologic findings that, in retrospect,
showed all typical features of VWM [6]. Subsequently, several similar cases
appeared in the neuropathology literature [7-12].
The age of onset for VWM is most common in late infancy or early
childhood [1-3], but it soon became evident that the age of onset and rate of
progression is highly variable [5]. Characteristic for the disease is an initially normal
or only mildly delayed motor and mental development of the affected individuals [13,5]. Neurologic deterioration follows a chronic progressive course with additional
episodes of rapid deterioration following minor head trauma and febrile infections.
These episodes may end in unexplained coma. Most patients recover only partially
after coma, and not all patients survive [1-3,5]. Neurological signs include
progressive cerebellar ataxia and spasticity with relatively well-preserved mental
abilities. Optic atrophy is a late feature and does not occur in all patients. Epileptic
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seizures may occur, but are usually not a prominent feature. MRI shows a diffuse
abnormality of the cerebral white matter, beginning in the presymptomatic stage
[3,5]. Over time, MRI analysis shows that the white matter disappears and is
replaced by a CSF-like fluid, while the gray matter is relatively well preserved [3,5].
Another characteristic MRI feature of the disease is the presence of radiating
stripes within the cystic white matter of VWM patients (Figure 1).
Although all VWM brains show most of the described neuropathologic
features, the structures involved and the severity of the involvement can vary
between patients. The most prominent neuropathologic changes are always in the
cerebral white matter. At autopsy, the VWM brain shows a soft, discolored, and
rather gelatinous cerebral white matter, mainly in the frontal and parietal areas
[13,14]. The white matter has a gray background coloration with fine radiating white
stripes, resembling a cobweb, due to the preserved sparse and thinly myelinated
bundles [13]. Myelin in the U-fibers, corpus callosum, anterior commissure, internal
capsule, external capsule, brain stem, and cerebellum is better preserved [5,13].
Microscopically, the white matter shows profound myelin loss with relative
preservation of the axons [14]. In all VWM brains some form of reactive astrocytes
(astrogliosis) is noted [2,5,13,14] and most reports describe hyperplastic
astrocytes, proliferating in the relatively spared white matter and being reduced in
the cavitated areas [2,3,5,6,8-11,13-15]. The response of oligodendrocytes,
however, seems to be less constant. In some VWM brains an augmentation in the
number of oligodendrocytes is observed [5,6,8,10,11,13,15] whereas others found
the number to be reduced [3,7,9,12]. Another remarkable feature of the VWM
oligodendrocytes

is

that

they

are

morphologically

aberrant

[14].

These

oligodendrocytes were designated ‘foamy oligodendroglial cells’ (FODC) and
characterized by increased cytoplasmic volume filled with circular membranous
structures [14]. FODC are believed, at least by some, to be a diagnostic feature of
VWM [14,16]. Their occurrence has not only been observed in classical cases, but
has been confirmed in some severe cases as well [16].
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Figure 1.
Magnetic resonance Images (MRI) of a VWM patient and a healthy control person. The T2-weighted
images show that in the patient almost all cerebral white matter has a high signal intensity, whereas the
normal signal intensity is low. The fluid attenuated inversion recovery (FLAIR) images show that part of
the abnormal white matter has a low signal intensity, similar to that of cerebrospinal fluid.
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Mutational analysis and the discovery of the gene
The mode of inheritance for VWM is autosomal recessive. This was
concluded from family data in VWM patients [5,17]. A genome-wide scan with
polymorphic micro-satellite markers was performed on DNA material from VWM
patients and their families. Only informative families were included: families with
more than one affected patient or with consanguineous parents. A common
haplotype was found that was shared by several Dutch VWM patients [18]. A
genealogical study showed that the ancestors of 9 different families came from the
eastern part of the Netherlands with a common ancestor around 1800. This finding
limited the location of the responsible gene to a region of about 2 cM on
chromosome 3 (3q27) [17]. Mutational analysis of candidate genes in this region
eventually showed that the EIF2B5 gene was involved in the etiology of VWM [18].
The EIF2B5 gene encodes the ε-subunit of the eukaryotic initiation factor eIF2B.
The other 4 subunits (α-δ) of this complex are encoded by EIF2B1-EIF2B4 (for a
review see [19]).
Some patients with VWM did not show linkage to chromosome 3q27. A
new genealogical survey showed that some patients shared an ancestor in the
southern part of the Netherlands. The patients and families were genotyped and
found to share a haplotype on chromosome 14q24, where the EIF2B2 gene is
located. DNA sequence analysis showed that these patients were indeed
homozygous for a mutation in the EIF2B2 gene [18].
Other patients, who did not have mutations in the genes for either the
eIF2Bε or eIF2Bβ subunits, were subsequently screened for mutations in the three
remaining genes, encoding subunits α, γ, and δ. For these patients, mutations
were indeed found in these remaining genes [20].
Thus, mutations in each of the five genes encoding the five subunits of the eIF2B
protein can independently cause VWM. The mutations can either occur either in
the homozygous or compound-heterozygous state, and are most frequently
missense mutations. Mutations that prevent the expression of the full-length eIF2B
subunit are only observed in the compound heterozygous state with a missense
mutation as a second mutation. Mutations in the EIF2B5 gene are encountered in
approximately 70% of all cases [18,20,21] and unpublished data].
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The list of mutations found in the five eIF2B genes for VWM patients is extremely
long and still growing . An overview of the different mutations known at present is
listed in Figure 2.
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Figure 2.
Schematic overview of the distribution of the VWM mutations in the five subunits of eIF2B. The
mutations are indicated as vertical lines. The dashed vertical lines and the numbers on top of the figure
delineate regions of 100 amino acids to indicate the size of the different subunits.
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Phenotype and genotype
It is becoming more evident that there is a wide spectrum of clinical
manifestations in VWM. Age of onset, disease severity, and progression can differ
between patients [22-24], as well as the involvement of other organs than the brain
[3,5,22,25]. Whereas it was previously thought that no genotype-phenotype
correlation existed in VWM [18,20], recent papers describe that some mutations
are consistently associated with either a severe [16,22,26] or a mild disease course
[23,24,27,28]. The mutation p.Arg113His in the ε-subunit of eIF2B has been
correlated with a relatively benign form [23] and adult onset of the disease
[24,28,29]. Even asymptomatic adults with this mutation have been reported [23].
At the other end of the spectrum, the picture is somewhat less clear, but the
p.Arg195His mutation, also in the ε-subunit of eIF2B, has been coupled to a severe
form called Cree leukoencephalopathy (CLE) [16]. CLE is an infantile
leukoencephalopathy among the native Cree and Chippewaya Indians with onset
always in the first year of life and death in 100% of the patients by 21 months [30].
Mutational analysis, showing the involvement of eIF2B in this disease, classified
this condition as a severe variant of VWM [29]. In addition to CLE, a number of
patients with antenatal onset and involvement of organs other than brain have
been described [22]. However, severe variants of the disease could not be related
to just one mutation or one subunit. It seems that all severe mutations involve a
conformational change of eIF2B, due to mutation of a conserved amino acid [22].
All mutations, despite affecting different parts of the eIF2B complex, seem
to have in common that they all reduce the activity of the eIF2B complex [29]. An
attempt was made to classify all phenotypes to certain genotypes. This, however,
mainly resulted in grouping the patients according to the age of onset of the clinical
symptoms and connecting them to a more or less progressive form of the disease
rather than an assignment to a specific genotype, underlining the complexity of the
disease [29].
Several other parameters have been defined to affect the clinical
progression of VWM patients. Although the age of onset is the best predictor of the
severity of the disease, the occurrence of episodes of major deterioration seems to
be related to other factors than age. These episodes usually result in a rapid loss of
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motor function and decreased consciousness. Provoking factors for these episodes
are febrile infections and head trauma [1-3,5]. With a febrile infection the patients
deteriorate within the next few days, but for head trauma this happens almost
instantaneously. Recently, fright was reported to be another provoking factor for
immediate neurological decline in VWM patients [31,32].
II VWM, eIF2B and protein synthesis
Proteins and protein synthesis
Proteins account for 44% of the human body’s dry weight. Accordingly, a
large proportion of the cell’s resources is devoted to protein synthesis [33]. Proteins
serve numerous structural, transport, regulatory, and other roles in organisms.
They can be embedded in the plasma membrane to form channels and pumps,
carry messages from one cell to the other, or act as signal integrators. Specialized
proteins can act as antibodies, toxins or hormones. From a chemical point of view,
proteins are by far the most structurally complex and functionally sophisticated
molecules known, and their synthesis is equally complex [34].
Protein synthesis is one of the major energy-consuming processes in the
cell and is tightly regulated [35,36]. The heteropentameric complex eIF2B is one of
the key regulators of translating messenger RNA (mRNA) into proteins. Proper
functioning of eIF2B is of vital importance to all living cells.
Translation of mRNA into protein is initiated by recruitment of mRNA and
Met-tRNAi, the initiator tRNA, to the ribosome. In the elongation phase the mRNA
is translated into protein, and during termination the ribosome dissociates from the
mRNA and the protein is released (Fig. 3). Every stage involves multiple protein
factors, but initiation is the most complex and most tightly controlled step, involving
12 different eIFs, some of which consist of multiple subunits [37].
In a nutshell, initiation of mRNA translation is the process to position the
Met-tRNAi and the ribosome correctly on the mRNA molecule [38]. In eukaryotes
the sequence and structure of all initiation factors are highly conserved, reflecting
their essential function. Binding of the ribosome to the mRNA requires several
factors. An overview of the different mammalian initiation factors and a brief
description of their function is given in Figure 3 and Table 1.
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Figure 3.
Schematic overview of the translation process. In the initiation phase, the initiation codon on an mRNA
7
is selected by a process called scanning [56]. The m (5’)GpppG cap-structure at the 5’ end of the
mRNA is recognized by eIF4F, a heterotrimeric complex comprising eIF4E, eIF4G and eIF4A. This
eIF4F complex, together with eIF4B, possesses ATP-dependent RNA helicase activity, which removes
secondary structures that are present in the mRNA upstream of the AUG initiation codon and facilitates
binding of other factors and the small ribosomal subunit (40S). Once the secondary structure of the
mRNA is removed, a 48S ribosomal complex is established. This 48S complex consists of the 40S
small ribosomal subunit, the mRNA, initiation factor eIF2, and the initiator Met-tRNAi [52]. The ribosomal
subunit is thought to move along the mRNA until the start codon is recognized through the codonanticodon interaction of the Met-tRNAi and the activities of eIF2, eIF1 and eIF1A [57]. Upon this
assembly at the start-codon, the GTP is hydrolyzed and eIF2 is released in its inactive GDP-bound
form. For the next round of initiation active eIF2 needs to be regenerated by the exchange of GDP for
GTP. This step is catalyzed by eIF2B, which makes eIF2B indispensable for the synthesis of all
proteins. Binding of the 60S ribosomal subunit to the 48S complex leads to an 80S ribosome at the
initiation codon, ready to start the translation of the coding sequence.
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eIF2B
eIF2B, previously designated GEF for guanine nucleotide-exchange factor, is a
protein that catalyses the exchange of GDP for GTP on eIF2. In translation
initiation, eIF2B is required to recycle the inactive eIF2·GDP complex to its active
eIF2·GTP form, which can participate in the recruitment of a new Met-tRNAi. The
mechanism by which this exchange is conducted has been a matter of debate; two
opposing mechanisms have been proposed [39]. One mechanism is the
substituted enzyme or ping-pong mechanism: binding of eIF2B to eIF2·GDP results
in the release of GDP, the subsequent binding of GTP to free eIF2 leads to the
formation of active eIF2·GTP binary complexes and release of free eIF2B. The
other proposed mechanism, called sequential mechanism, involves an intermediate
quaternary complex: eIF2B binds GTP and eIF2·GDP to form a quaternary
complex (GTP·eIF2B·eIF2·GDP). eIF2B then catalyzes the exchange reaction to
release GDP and eIF2·GTP. Kinetic measurements [40] and sequence analysis
favor the substituted enzyme mechanism [38,39]. A more recent study however,
shows that eIF2B acts as a GDP-dissociation stimulator protein (GDS) to promote
the release of GDP from eIF2 [41].
The activity of eIF2B plays a key role in regulating the initiation of
translation and can be controlled in several ways. The most important regulator of
eIF2B activity is phosphorylation of the α-subunit of initiation factor 2 (eIF2α), a
common mechanism through which all forms of cellular stress regulate eIF2B
activity and thereby protein synthesis (discussed below). Genetic and biochemical
methods have shown that two sub-complexes can be distinguished in eIF2B: a
catalytic sub-complex comprising eIF2Bγ and -ε, and a regulatory sub-complex
consisting of eIF2Bα, -β and -δ [42]. The regulatory complex interacts with eIF2
and, as such, mediates the effect of eIF2α phosphorylation.
eIF2B can be phosphorylated, which is thought to reduce the GDP/GTP
exchange activity of the protein. Four mammalian kinases have been described to
be able to phosphorylate eIF2B: casein kinase 1 (CK1), caseine kinase 2 (CK2),
dual specificity tyrosine phosphorylated and regulated kinase (DYRK), and
glycogen synthase kinase 3 (GSK3) [43]. GSK3 phosphorylates eIF2B at a single
serine residue in the ε-subunit as a result of insulin signaling [44]. Upon insulin
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induction, GSK3 is inactivated, leading to dephosphorylation and activation of
eIF2B [45,46]. The CK2 phosphorylation sites lie in an acidic region within the very
C-terminus of eIF2Bε, a region that is required for interaction with eIF2. The
influence of phosphorylation by CK2 under different physiological conditions on the
activity of eIF2B has not been further investigated.

Name
eIF1
eIF1A

Function
AUG recognition
Met-tRNAi binding to 40S subunit

eIF2α
eIF2β
eIF2γ

Affects eIF2B binding by its phosphorylation
eIF2B and eIF5 binding
Binds GTP, Met- tRNAi ; GTPase

eIF2Bα
eIF2Bβ
eIF2Bγ
eIF2Bδ
eIF2Bε

Assists in phosphorylated eIF2 recognition
Binds GTP, helps in phosphorylated eIF2 recognition
GDP/GTP exchange activity
Binds GTP, helps in phosphorylated eIF2 recognition
GDP/GTP exchange activity

eIF3
13 subunits

Binds 40S subunit. Prevents 60S binding. Function of individual subunits is hardly
known.

eIF4AI
eIF4AII
eIF4AIII
eIF4B
eIF4E
eIF4GI
eIF4GII

ATPase, RNA helicase
ATPase, RNA helicase
ATPase, RNA helicase
RNA binding, helicase stimulation
7
m G-cap binding
eIF4E binding, ploy A-tail bridging
eIF4E binding

eIF5
eIF5B

Stimulates eIF2-GTPase
GTPase

Table 1.
Overview of the eukaryotic initiation factors, their subunits, and their function.
Reviewed in [57-61].
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Translational control by eIF2
Regulation of the initiation step controls protein synthesis under diverse
conditions [47], such as growth versus heat stress, nutrient deprivation and viral
infection. Regulation of the activity of eIF2B plays a role under several of these
conditions. Changes in the activity of eIF2B modulate overall rates of protein
synthesis by regulating the availability of active eIF2·GTP, necessary to allow
initiation of translation. Decreased eIF2B activity leads to inhibition of translation.
Regulation of the activity of eIF2B through phosphorylation of eIF2α at
serine 51 (Ser51) has been described in many studies. An increase in the
phosphorylation state of eIF2α leads to an inhibition of protein synthesis. This
phosphorylation response is provoked by several extra- and intracellular stimuli,
such as heat shock [48], perturbation of the endoplasmic reticulum (ER) [38], viral
infection [49], and amino acid deprivation [50]. Each of these responses will be
discussed in further detail in the section ‘Translational control and stress’.
Phosphorylated eIF2α does not directly inhibit the formation of the ternary
complex (eIF2·GTP·Met-tRNAi) [51], but it increases the affinity of eIF2 for eIF2B.
The latter complex formed fails to carry out GDP-GTP exchange and acts thus as a
competitive inhibitor of eIF2B [38]. The amount of eIF2B in cells is lower than the
levels of eIF2. Therefore, even small increases in the levels of phosphorylated eIF2
can severely affect eIF2B activity [52,53].
eIF2B and VWM
VWM is caused by mutations in each of the genes encoding the subunits
of eIF2B. Multiple groups have shown that the activity of mutant eIF2B is
decreased [21,54,55] (see also chapter 2). The severity of the decrement in eIF2B
activity, as measured in extracts from patient-derived lymphoblasts, correlates with
the age at onset of the disease [21]. This strongly suggests that a deficiency in
eIF2B activity underlies the leukoencephalopathy observed in VWM.
This reason for decreased eIF2B activity is not uniform for all the
mutations. While some affect the catalytic activity directly, others affect binding to
eIF2 [55].
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The selective involvement of the brain in VWM is difficult to understand.
Protein synthesis is essential for every cell type, so it is unclear why a genetic
change in this complex does not harm the majority or even all cell types. The
sensitivity of VWM patients towards febrile infections and other stressful events
could possibly be explained by aberrant cellular stress responses in which eIF2B
plays a central role. The next section describes this response in detail.
III Translational control and stress
Heat shock
Experimental studies generally use hyperthermia to induce the cellular
stress response, which is, therefore, often referred to as the heat-shock response.
Besides exposure to increased temperature, a variety of other stress conditions
can induce the cellular stress response, which results in a decrease in protein
synthesis. Stress may lead to misfolding and denaturation of proteins, contributing
to cellular dysfunction and cell death. The main objective of the cellular stress
response is to down-regulate the synthesis of cellular proteins in order to restore
cellular homeostasis, and upon irreparable cell damage to induce apoptosis.
The heat-shock response causes, in addition to the general downregulation of protein synthesis, an up-regulation of the expression of a specific set
of proteins called heat-shock proteins [62,63]. These heat-shock proteins function
as chaperones that are involved in maintaining and mediating proper folding of
proteins, guiding transport of proteins to subcellular organelles, facilitating
renaturation of denatured proteins, and promoting degradation of severely
damaged proteins [64].
Stress and VWM
The inhibition of normal mRNA translation during stress is thought to
enhance cell survival by saving cellular energy and limiting the accumulation of
denatured proteins. eIF2B plays a pivotal role in the mechanism to down-regulate
protein synthesis under different stress conditions. Under mild physiological heat
stress conditions, protein synthesis is mainly regulated by phosphorylation of eIF2,
which decreases the activity of eIF2B (see above). In VWM patients, mutant eIF2B

General Introduction

may impair the ability of cells to regulate protein synthesis, especially in response
to cell stress and possibly even under normal physiological conditions. To which
extent a defect in this mechanism plays a role in VWM has not been investigated.
Regulation of protein synthesis in patient-derived cells is the main topic of
Chapter 2 of this thesis. We show that a decreased eIF2B activity has no effect on
protein synthesis in VWM patient derived-lymphoblasts. Studies in fibroblasts
corroborate our findings [65]. Whether VWM mutations affect levels of protein
synthesis in the cerebral white matter cells is still unanswered.
Inappropriate regulation of protein synthesis can lead to an overload of
misfolded and denatured proteins in the cell, disturbing endoplasmic reticulum (ER)
function. The ER is responsible for the folding of polypeptides and posttranslational
modification of proteins in the secretory pathway [66]. Eukaryotic cells have
evolved multiple regulatory mechanisms to maintain ER homeostasis. If the
amount of unfolded or malfolded polypeptides in the ER exceeds its folding or
processing capacity, the physiological state of the ER is perturbed [66]. Signaling
pathways, termed the Unfolded Protein Response (UPR), are activated to protect
cells against the accumulation of denatured proteins and to assist the ER to return
to its normal physiological state [66-69].
The Unfolded Protein Response
The UPR is an intracellular signaling pathway that transmits information
about the protein folding status in the ER lumen to the cytoplasm and the nucleus.
Three ER transmembrane proteins, IRE1, PERK, and ATF6, transduce the signals
triggering the UPR (for a schematic overview see Figure 4).
Under normal conditions, the luminal domains of IRE1, PERK, and ATF6
are associated with the ER-resident chaperone BiP (also called GRP78). Unfolded
proteins in the ER lumen bind BiP in a competitive manner, leading to dissociation
of BiP from IRE1, PERK, and ATF6 [66]. Subsequent oligomerisation of IRE1 and
PERK results in activation of these proteins [70-72]. These three proteins activate
the three different arms of the UPR
Activated

PERK

phosphorylates

the

α-subunit

of

eIF2 [73,74].

Phosphorylation of eIF2α inhibits protein translation because it sequesters eIF2B in
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an inactive state, blocking GDP-GTP exchange on eIF2 [74]. Paradoxically, eIF2α
phosphorylation and eIF2B inactivation may induce preferential translation of
mRNAs containing several short upstream open reading frames (uORF) [75], such
as the mRNA for the transcription factor ATF4 in mammalian cells [76]. Important
downstream targets of ATF4 are CHOP, mainly known as a pro-apoptotic protein,
and GADD34, which enables dephosphorylation of eIF2α [77].
Upon induction of the UPR, IRE1 recognizes and cleaves two specific stem
loop sequences in the XBP-1 mRNA, removing an internal 26-nucleotide sequence
from the XBP-1 mRNA, which results in a translational frame shift [78,79]. The
resulting larger XBP1 protein is a potent transcription factor that activates genes
involved in restoring ER homeostasis [80].
BiP regulates the activity of two independent and redundant Golgi
localization sequences on ATF6 that retain the protein in the ER [81]. Upon release
of BiP, ATF6 is constitutively translocated to the Golgi, where it is cleaved by two
proteases to release the cytosolic domain of the protein. ATF6 can then translocate
to the nucleus and activate transcription, leading to enhanced expression of
regulatory proteins including BiP, CHOP (also called GADD153), and ER
chaperones [66].
Activation of the UPR has been implicated in the pathophysiology of
several neurological disorders including Pelizaeus-Merzbacher disease (PMD) [82],
Alzheimer disease [83] and the neurological disorders caused by unstable
trinucleotide (CAG) repeats [84-87].
A possible role for activation of the UPR in VWM has been suggested by
two different studies. (1) Overexpression of VWM-mutated eIF2B in HEK293 cells
resulted in increased ATF4 expression [54] and (2) primary fibroblasts from VWM
patients exhibited an increased ER stress-related ATF4 induction compared to
normal controls [65]. To study whether activation of UPR pathways might play a
role in the pathophysiology in VWM, we have studied the three pathways of the
UPR in glia of VWM patients using immunohistochemistry and Western blot
analysis on post mortem VWM brain material. These studies are described in
Chapter 3 and 4 of this thesis. During these studies we noticed several
abnormalities in specific white matter cells.
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For an understanding of the last chapter of this thesis, the generation of
different neural cells is described in the next section.

Figure 4.
Schematic overview of the Unfolded Protein Response.
For detailed legend, see text.
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IV Brain maturation and regeneration
The human brain: a historical overview
Our knowledge of the development and the architecture of the human brain
has made enormous progress over the last century. Detailed overviews of the
development and architecture of the human brain can be found in several reviews
[88,89]. In brief, the presence of other cells than neurons was first described in
1846 [90]. It took until 1913 to characterize these “connective tissue” cells, when
Ramon y Cajal identified the astrocyte [91]. A few years later Rio Hortega found
two other cell types: microglia [92] and oligodendrocytes [93]. Our understanding of
the role of these three cell types, nowadays categorized as glial cells, has
improved considerably during the last few decades. Glia are indispensable for
normal neural development and function of mature neurons and, as a
consequence, for the nervous system as a whole.
Neurogenesis
Neurogenesis is the process of generating functional neurons from
progenitor cells. It has been a universally accepted dogma that the adult central
nervous system (CNS) is very limited in its regenerative capacity [91]. As neither
mitotic figures nor immature cells were observed in the adult human brain,
neurogenesis was traditionally believed to occur only during the embryonic stages
of the mammalian CNS. In the 1960’s the first evidence of neurogenesis in mature
nervous tissue was demonstrated in the olfactory bulb and hippocampus of rodents
[94,95]. Ever since, the neuron doctrine has ceased to exist and it has become
generally accepted that in discrete areas new neurons can be formed, also in the
adult human brain [96-98].
Newly generated neurons develop from multipotent neural stem cells
(NSCs, see also Figure 5), which have their principal source in the periventricular
subependymal layer (so-called subventricular zone, SVZ) [99,100]. Neural stem
cells are defined as cells that have the ability to self-renew and to give rise to any
of the three major cell types of the mammalian CNS: neurons, astrocytes, and
oligodendrocytes [101]. The multipotent NSCs of the human brain generate these
cells through intermediate restricted progenitor cells, the neuronal restricted
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precursors (NRPs) and glial restricted precursors (GRPs). NSCs and NRPs are
restricted to the SVZ, but GRPs seem to be widespread in the adult brain. For this
thesis on VWM, only the GRP lineage will be discussed further.
Data on in vivo generation and development of precursor cells present in
the adult human brain is limited. Most information has been obtained from studies
on glial development in rodents and from studies on the differentiation of in vitro
cell cultures of isolated NSCs. Maturation and differentiation occur in a series of
overlapping phases that are distinguished by morphological and biochemical
characteristics, such as the expression of transcription factors and the presence of
specific receptors [102]. The development and fate of precursor cells is controlled
and directed by the expression of several growth factors.
Glial Progenitor Cell differentiation
New neuronal and glial cells are primarily formed in the embryonic and
early postnatal stages of brain development. However, many immature precursor
cells remain present in the white matter throughout life. The GPCs of the adult
human white matter are restricted by their local brain environment and produce
only oligodendrocytes and astrocytes in response to local environmental signals,
which identities remain to be established [102].
Most of the information on GPC differentiation comes from a model system
using cultures of dissociated embryonic and perinatal rodent optic nerve [103].
Critical steps in the regulation of GPC development are timing of cell cycle arrest,
cell cycle exit, and initiation of differentiation [104]. The presence of platelet derived
growth factor (PDGF) results in cell division without differentiation. Combined with
thyroid hormone, a limited number of GPC cell divisions is observed and the cells
start to differentiate. Although cell cycle withdrawal is required for GPC
differentiation, it is by itself insufficient to initiate maturation. The intrinsic factors
that regulate GPC differentiation remain elusive and little is known about the
relationship

between

cell

cycle

related

pathways

and

oligodendroglial

differentiation [105,106]. This control must involve additional extra- and intracellular
factors that determine cell cycle exit and differentiation.
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Many different markers have been described to discriminate between the
different stages of GPC maturation. The major problem seems to be that no marker
is exclusive for a certain cell type. There is a great overlap between astrocyte and
oligodendrocyte maturation markers [102,107]. In this chapter only the most well
studied markers, also used in the experiments described in this thesis, are
explained.

NS

GP

Mature

Mature

Name,

Ki-67

Proliferation marker [110,111]

Msi-1

Musashi 1 [112, 113]

Sox 2

Transcription factor [114-116]

A2B5

Epitope, ganglioside [117-120]

NG2

Chondroitin sulphate proteoglycan NG2 [85]

PDGFαR

Platelet derived growth factor α-receptor [119-122]

CNP

2’3’-cyclic-nucleotide 3’-phosphodiesterase [123-127]

O4

Recognizes surface antigen [128,129]

GalC

Galactocerebrosidase [129]

PLP

Proteolipid protein [85]

Olig2

Transcription factor [103,130]

NKX2.2

Transcription factor [131,132]

P27 kip-1

Cell cycle regulating protein [133,134]

MBP

Myelin Basic Protein [85]

MAG

Myelin associated protein [85]

MOG

Myelin Oligodendrocyte protein [85]

Sox 10

Transcription factor [135,136]

CA II

Carbonic anhydrase [137]

Vimentin

Microtubule protein [138]

Nestin

Microtubule protein [138]

GFAP

Glial fibrillary acidic protein [139,141]

S100b

Calciprotein [140]

Table2.
Schematic overview of the expression pattern and function of the markers tested in his thesis.
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The human oligodendrocyte lineage
Adult GPCs for oligodendrocytes and astrocytes are also called O-2A
progenitors. They have been studied extensively in cultures of the rat optic nerve
system

[103,108].

Whether

O-2A

progenitors

can

give

rise

to

both

oligodendrocytes and astrocytes in vivo is still a topic of debate [102,109].
Oligodendrocyte

precursors

undergo

a

number

of

structural

and

biochemical changes as they mature [110]. The cells develop a more complex
morphology and develop multiple processes, although they retain a rather large cell
body. Oligodendrocyte precursors differentiate into immature oligodendrocytes
before they start to generate myelin. The maturing precursors begin to express
other antigens [111].
Axonal signals promote the differentiation of oligodendrocyte precursors
and axons are believed to provide signals to initiate and control the process of
myelination [112,113].
A summary of the different markers used in this thesis and their moment of
expression is listed in Table 2 [89,107,114-145].
The astrocyte lineage
Astrocytes continue to be generated in the adult CNS, but little or no net
accumulation is observed with age, in contrast to the oligodendrocyte population,
which continues to increase slowly over time [146,147]. Astrocytes start cell
division in response to abnormal conditions [148], but whether mature astrocytes
normally divide is not clear.
Two distinct pathways of astrocyte development have been recognized.
Astrocytes arise either from radial glia or from progenitors in the SVZ (see Figure 5
and Table 2). Only a small portion of the radial glia persists into adulthood and is
found in the cerebellar cortex (Bergmann glia), the hippocampus, in the brain stem,
and the spinal cord [149,150]. Throughout post-natal life, the SVZ is the major
source of astrocytes [147,151,152].
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Neurons
Neuronal restricted

NEURAL STEM
Glial restricted

Glial progenitor

Astrocytes
Oligodendrocytes
Microglia

Astrocytes
Oligodendrocytes

Embryonic brain

Adult brain

Figure 5.
Schematic interpretation of the different stages describing the maturation of neural stem cells into
mature brain cells.
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ABSTRACT
Leukoencephalopathy with vanishing white matter (VWM) is an inherited childhood
white matter disorder, caused by mutations in the genes encoding eukaryotic
initiation factor 2B (eIF2B). While the eIF2B activity is reduced in VWM
lymphoblasts, the expression levels of the eIF2B subunits were similar to control
lymphoblast lines. The mutations in eIF2B did not affect the interaction with eIF2.
Strikingly, no apparent differences for the regulation of protein synthesis, measured
by [35S]-methionine incorporation, were found between control and VWM
lymphoblasts. Western blotting showed that in some VWM cells exposure to heat
shock caused a decrease in the expression of specific eIF2B subunits. Most
importantly, the increase in phosphorylation of eIF2α in response to heat shock is
lower in VWM lymphoblasts than in control cells. These findings could form part of
the explanation for the episodes of rapid and severe deterioration in VWM patients
that are precipitated by febrile infections.
INTRODUCTION
Leukoencephalopathy with vanishing white matter (VWM), first documented by
Eicke in 1962 [1], also called childhood ataxia with central nervous system
hypomyelination (CACH), is one of the most prevalent inherited childhood white
matter disorders [2]. Neurological signs include progressive cerebellar ataxia and
spasticity, and relatively preserved mental abilities. Magnetic resonance imaging
(MRI) of the brain shows diffuse abnormality of the cerebral white matter beginning
in the presymptomatic stage [3-5]. With time, increasing amounts of white matter
disappear, to be replaced by fluid [4,5]. The mode of inheritance of this disease is
autosomal recessive [6].
Mutations in any of the five genes encoding the subunits of eukaryotic
initiation factor 2B (eIF2B) can cause VWM [7,8]. eIF2B plays a crucial role in
protein synthesis in all eukaryotic cells. Although in severe VWM variants multiple
organs can be affected [4,5,9,10], the fact that the cerebral white matter is
predominantly affected in VWM is still unexplained.
The process of eukaryotic translation initiation involves several essential
steps, including the formation of a 48S ribosomal complex consisting of the 40S
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small ribosomal subunit, the mRNA, several initiation factors and the initiator MettRNAi. Pairing between the anticodon of Met-tRNAi and the AUG start-codon on
the mRNA triggers hydrolysis of GTP on the initiation factor eIF2. The released
eIF2-GDP complex is inactive and has to be reactivated by eIF2B. Exchange of
GDP for GTP is essential for protein synthesis, as eIF2-GTP is required for each
initiation event [11].
eIF2B is a major target of translational control by the phosphorylation of
eIF2 [12]. When phosphorylated on Ser51 in its α-subunit, eIF2 binds eIF2B and
acts as a competitive inhibitor of eIF2B [13]. Phosphorylation can be induced by
various stress conditions, such as viral infections, amino acid deprivation, and
increased temperature [14-17].
Recent publications indicate a correlation between the eIF2B mutation and
the age of onset of VWM [18-20]. Three reports have addressed the functional
consequences of VWM mutations on eIF2B activity and eIF2·eIF2B complex
formation [21-23]. VWM mutations affected eIF2B activity in diverse ways in
transfected HEK293 cells [21] and in yeast [21,22] and, most importantly, caused a
decrease in eIF2B activity in patient-derived cells [23].
VWM patients experience considerable neurological deterioration following
fever. This prompted us to study eIF2B activity, the levels of expression of eIF2B,
eIF2·eIF2B complex formation, eIF2α phosphorylation, protein synthesis, and cell
survival under normal and heat shock conditions in lymphoblasts derived from
VWM patients, which express endogenous levels of the mutated eIF2B subunits.
MATERIALS AND METHODS
Cell culture
The lymphoblast cell lines were derived from patients carrying the following
homozygous mutations in different subunits; in eIF2Bε: T91A, and R113H; in
eIF2Bβ: E213G; and in eIF2Bδ: R374C. White blood cells were isolated using a
Lymphoprep column (Nycomed) and transformed with B95-8 Epstein-Barr virus
supernatant. The cells were cultured in suspension at 5% CO2 in RPMI medium
containing 10% Fetal Calf Serum (Gibco BRL). Cells were used at a density of 106
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cells/ml. Control cells were derived from healthy volunteers (Vu 0045 and Vu
0048). In this manuscript control 1 refers to Vu 0045 and control 2 to Vu 0048.
Measurement of the eIF2B activity
Cultured lymphoblasts were centrifuged at 800 g’ for 5 min, washed with PBS and
harvested in a buffer containing 20 mM Tris-HCl (pH 7.5), 50 mM βglycerophosphate, 100 mM KCl, 0.2 mM EDTA, 1% (v/v) Triton-X-100 and 10%
(v/v) glycerol. 1 mM dithiothreitol (DTT) and proteinase inhibitor cocktail (Roche)
were added freshly. The eIF2B assay was performed as described previously [24].
3
Briefly, eIF2 was purified from HeLa cell lysates and eIF2·[ H]-GDP complexes

were formed by incubation of 1 pmol eIF2 with 0.2 µCi [3H]-GDP (spec. act. 30,000
dpm/pmol). This complex was added to lymphoblast cell lysate and incubated for
15’ at 30°C. The mixture was subsequently filtered through nitrocellulose filters and
the filters thoroughly rinsed. Remaining filter-bound eIF2·[3H]-GDP was measured
with a scintillation counter.
Heat shock-induced phosphorylation of eIF2α
Cells were exposed to 39, 41 or 43oC in culture flasks (Cellstar, Greiner bio-one,
Germany) for 60 min. Control (37oC) cells were left in the incubator. Cells were
collected by centrifugation at 800 g’ for 5 min, washed with ice-cold PBS and
harvested in lysis buffer (20 mM HEPES-KOH (pH 7.4), 25 mM βglycerophosphate, 50 mM KCl, 0.2 mM EDTA, 1% (v/v) Triton-X-100, 10% (v/v)
glycerol) and containing a proteinase inhibitor cocktail (Roche) and 1 mM DTT. Cell
debris and nuclei were removed by centrifugation for one minute at 14,000 g’.
Statistics
Heat shock experiments were carried out three times independently for all
temperatures. The total amount of eIF2α and the amount of phosphorylated eIF2α
were determined by image analysis of the ECL images of the Western blots. Bands
on the films were quantified with a PC-based image system (developed in the
KS400 version 3.0 software package, Carl Zeiss Vision, Germany). After
geometrical calibration, films were scanned with a Sony b/w CCD camera type XC77CE (frame size 640 x 512; 256 gray levels). A dynamic discrimination technique
was applied; this method operates with a threshold dependent on the gray level of
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the neighboring region. Data were obtained from films with identical exposure
times. Graphs and regression lines were drawn using Microsoft Excel and
evaluated by Student’s t-test. Only P-values less than 0.05 were considered
statistically significant.
[35S]-methionine incorporation
Lymphoblasts (107 cells) were either left in the incubator at 37oC or exposed to
44oC in a water bath for 30 min. Subsequently, cells were placed at 37oC to
recover for 10 hours or harvested immediately. Labeling was carried out with 14.3
μCi of [35S]-methionine/cysteine (Pro-mix, Amersham Biosciences) in RPMI
medium with 10 % serum for 30 min prior to harvesting.
For harvesting, cells were washed with cold PBS and lysed in 100 μl lysis
buffer (described above). 5% of the sample was used to estimate the [35S]
methionine incorporation by hot TCA precipitation and 2% to determine the protein
concentration with the Bradford assay (Biorad), using BSA as a standard.
Western blot
Proteins were separated with SDS-PAGE and transferred onto polyvinylidene
difluoride (PVDF) membrane (Immobilon P, Millipore). Blots were incubated with
the appropriate antibodies. The monoclonal antibody against eIF2α was originally
made by the late Dr. E. Henshaw. Antibodies raised against eIF2Bβ, eIF2Bγ and
eIF2Bδ were from Santa Cruz biotechnologies; antibodies against phosphorylated
eIF2α (pSer51) were from Sigma. The antibodies against HSP72 were obtained
from Stressgen; anti-eIF2Bε was prepared as described earlier [25]. Antibodies
against α-tubulin (Sigma) or nucleolin (Santa Cruz biotechnologies) were used for
loading controls. Antibody complexes were visualized using ECL Western Blot
detection reagent (Amersham).
FPLC
Lymphoblasts from VWM-patients (108 cells) were pelleted at 800 g’ for 5 min,
washed with PBS, and harvested in 800 µl of 20 mM HEPES-KOH (pH 7.5), 50
mM KCl, 0.1 mM EDTA, 1 mM DTT, 0.5 % (v/v) Triton X-100 and a protease
inhibitor cocktail. Cells were left on ice for 10 min and centrifuged at 14,000 g’ at
4°C for 15 min. The protein concentration of the supernatant was determined using
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the Bradford assay [26]. Equal amounts of protein (400 µg) were loaded onto a
Pharmacia MonoQ HR5/5 column, equilibrated in 20 mM HEPES-KOH (pH 7.5),
100 mM KCl, 0.1 mM EDTA and 1 mM DTT. The flow-through was collected. A salt
gradient ranging from 100 mM to 1 M KCl was applied and twenty 500 µl fractions
were collected between 250 mM and 650 mM KCl. Proteins were precipitated in 1
ml acetone, stored at –20°C overnight and centrifuged for 10 min at 14,000 g’. The
dried pellet was dissolved in 50 µl of SDS-PAGE sample buffer and analyzed by
SDS-PAGE and Western blot.
MTT assay
3-(4,5-dimethylthiazol-2-yl) -2,5-diphenyltetrazolium bromide (MTT, Sigma) was
applied to determine cell survival [27]. Control and VWM cells were exposed to
40oC for 24 hours, and tested for survival. 100 μl MTT-solution was added to each
well (106 cells/ cm2) and plates were incubated for 4 h at 37°C. Formed crystals
were dissolved in acidified isopropanol and 100 μl of the resulting solution was
measured on an ELISA plate reader at 570 nm.

eIF2B activity (%)
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Figure 1. eIF2B activity in control and VWM derived lymphoblasts.
3
Cell extracts from the indicated cell lines were assayed for GDP/GTP exchange activity, using [ H]GDP-labeled eIF2 as a substrate. Experiments were carried out in duplicate. Data are presented as
percentage of exchange activity of control lymphoblasts (set at 100%). eIF2B activity in VWM cell lines
was significantly lower than in control cell lines (p<0.05).
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RESULTS
eIF2B Activity in VWM-derived lymphoblasts
To confirm the reduced eIF2B activity in VWM patient derived lymphoblasts, as
reported earlier [23], GDP-GTP exchange on eIF2 was measured in a number of
lymphoblast cell lines. eIF2B activity was moderately to severely reduced in VWM
lymphoblasts as compared to control cells (Fig. 1).
For many of the subsequent studies, immortalized lymphoblast cell lines
were used. To verify that the expression level of the subunits in lymphoblasts was
not altered upon viral transformation, as shown before for eIF2B

expression in

VSV-infected cells [28], we tested freshly obtained lymphocytes against control
lymphoblasts on Western blot for the expression of various eIF2 and
eIF2Bsubunits. Figure 2A shows that immortalization did not affect the expression
levels of these subunits. Although the bands for the lymphoblast cell lines look
stronger, when corrected for the amount of tubulin (Figure 2A, right-hand panel), it
is clear that the eIF2·eIF2B ratio was not significantly affected. In a separate
experiment similar results were obtained for the expression of eIF2B (data not
shown).
The reduced eIF2B activity in VWM cells could be the result of a lower
expression level of the subunits caused by a decreased stability of the mutated
subunits. Cell extracts of VWM lymphoblasts were therefore analyzed by Western
blot using antibodies against eIF2

and various eIF2B subunits, under control and

heat shock conditions. As expected, heat shock induced eIF2α phosphorylation
(Fig. 2B), while no differences were observed in the amount of total eIF2 . For
some VWM cell lines, the increase in eIF2α phosphorylation seemed less
pronounced, this is studied in more detail in figure 4. As shown in figure 2C, there
was some variation in the expression of eIF2B subunits between control cell lines.
The expression levels of eIF2B subunits in the VWM cell lines showed small
differences and were intermediate between the two controls. The eIF2B subunits
seemed to be slightly less stable upon heat shock in two VWM cell lines (εR113H
and εT91A). In particular, the levels of the ε-subunit in these cell lines were
decreased after heat shock.
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Figure 2. Expression of the eIF2B subunits in control and VWM lymphoblasts.
(A) Primary lymphocytes from two different healthy volunteers (indicated by ‘primary’) and two
lymphoblast cell lines (‘immortalized’) were analyzed for the expression of eIF2α, eIF2Bβ, eIF2Bγ and
eIF2Bδ. Anti α-tubulin was applied as a loading control. The images were quantified using ImageJ
software and the histograms on the right show the relative expression of the indicated subunits
compared to α-tubulin. (B) Cells were treated with (+) or without (-) heat shock (60 min at 43° C). The
phosphorylation of eIF2α was analyzed by Western blot. Total eIF2α represents the ‘loading control’ for
this. (C) Western blot analysis shows the expression levels of the indicated subunit proteins of eIF2B.
Western blotting using an antibody against C23 (nucleolin) (top panel) was used to confirm equal
loading of total protein in each lane.
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Figure 3. Separation of eIF2·eIF2B complexes by chromatography.
(A) Western blot analysis of MonoQ fractions. Cell extracts from the two indicated cell lines were
fractionated and analyzed by SDS-PAGE and eIF2α fractions containing eIF2 or eIF2B subunits are
shown. In the flow-through of the column and in other fractions these subunits were not detected. The
asterisks indicate non-specific signals of proteins, which run slightly below and above the eIF2Bε
subunit. (B) Quantification of FPLC results. Experiments similar to the ones shown in panel A, were
carried out three times with each of the six indicated cell lines. The resulting films were scanned and
analyzed using ImageJ software. The value obtained for each subunit in the peak eIF2·eIF2B fractions
(i.e. fraction 13-15) was divided by the total amount of each subunit. The standard deviation of the mean
of the three experiments is indicated. eIF2α, white; eIF2Bβ, light gray; eIF2Bδ, gray; eIF2Bε, dark gray.
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eIF2·eIF2B complex formation
Co-immunoprecipitation studies in transfected cells have indicated that some VWM
mutations cause defects in the formation of the eIF2·eIF2B complex [21,22]. We
therefore analyzed the endogenous amounts of free eIF2 and eIF2·eIF2B in VWM
and control lymphoblasts by anion-exchange chromatography, a relatively mild
technique for separating protein complexes. Fractions were analyzed by SDSPAGE and Western blot. All tested subunits showed a comparable expression and
distribution among the fractions of the FPLC-column (Fig. 3A). The resulting films
were analyzed by densitometry (Fig. 3B). Complex formation between eIF2 and
eIF2B did not differ between VWM lymphoblasts and controls. Analysis of the
eIF2Bγ subunit, in a single experiment, showed a distribution similar to the other
eIF2B subunits (not shown). This indicates that the VWM mutations tested do not
cause a significant change in the formation of eIF2·eIF2B complexes. It should be
noted that we unfortunately do not have patients with a homozygous V316D
mutation in eIF2Bβ, which showed significant effects on eIF2·eIF2B formation in
the studies by Richardson et al. and Li et al. [21,22]. A similar experiment was
carried out with one control and one VWM cell line in which the cells were exposed
to increased temperature (30’, 44°C). A small shift in the elution profile of the eIF2B
subunits was observed, but there was no difference in this effect between these
two cell lines (data not shown).

Figure 4. The effect of heat shock on the phosphorylation of eIF2α.
(A) Two control and six VWM cell lines (as indicated) were analyzed for eIF2α phosphorylation at four
different temperatures. For two mutations (εT91A and βE213G) a cell line from another patient, carrying
the same mutation, was additionally tested (indicated by (I) and (II)). HEK 293 cells were used to
confirm the established induction in phosphorylation of eIF2α upon heat shock. The total amount of
eIF2α is used as loading control and standardization. (B) The mean eIF2α-P/eIF2α ratio (in arbitrary
units) is plotted against the temperature for control and VWM lymphoblasts separately. The graphs
represent the average quantification values with standard deviations from the three independent
experiments. Slope values (b) of the regression lines are indicated. (C) Regression lines for all six VWM
cell lines separately and the mean regression line for the controls are drawn together in one graph to
facilitate comparison of the differences in slope. The values for the individual slopes of the VWM
patients are given in the table on the right.
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Effect of heat stress on eIF2α phosphorylation
eIF2B activity is tightly regulated by phosphorylation of eIF2α, such that
phosphorylated eIF2 inhibits eIF2B activity [17]. Exposure to elevated temperatures
leads to increased phosphorylation of eIF2α [29]. As VWM patients often
experience

neurological

deterioration

following

fever,

we

studied

the

phosphorylation state of this subunit in VWM cells. Cells were incubated at different
temperatures and analyzed by Western blotting with phospho-specific antibodies
against eIF2

as well as antibodies that recognize both phosphorylated and non-

phosphorylated eIF2 (Fig. 4A). At 37°C, the level of phosphorylation in VWM cells
did not differ from the level in control cells. However, the increase in
phosphorylation at the higher temperatures appeared to be smaller for VWM cells
than for control cells (Fig. 4A).
To verify this observation statistically, the experiment was repeated three
times independently for each cell type. The amount of phosphorylated eIF2α was
compared to the total amount of eIF2α at different temperatures (Fig. 4B). From
these graphs, regression lines were determined (Fig. 4B). The slopes of the
regression lines were significantly smaller for VWM cells (Fig. 4B lower panel) than
for the control cells (Fig. 4B upper panel) (student’s T-test, p<0.05). The smaller
value for the slope of VWM cells indicates that VWM cells have partially lost the
plasticity to respond to heat stress by phosphorylation of eIF2α.
Fig. 4C presents all separate VWM regression lines and the average
regression line of the controls, for comparison, to indicate the smaller slopes for all
VWM cell lines, except E213G(I).
Effect of heat stress on protein synthesis
The large decrease in eIF2B activity (Fig. 1) suggests that protein synthesis could
35
be severely hampered in VWM lymphoblasts. Therefore a [ S]-methionine

metabolic labeling experiment was carried out. Cells were exposed to 44°C for 30
min and left to recover at 37°C for a maximum of 10 hours (Fig. 5). At this relative
high temperature (44ºC) reproducible data on the inhibition and recovery of protein
synthesis were obtained.
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All cell lines, control as well as VWM-derived, showed similar protein synthesis
rates. Combined with the results of Fig. 1, this indicates that eIF2B activity is not
rate limiting for protein synthesis in this type of cell, at either normal or increased
temperature. Fig. 5 further indicates that the mutations in eIF2B did not influence
protein synthesis during or after heat shock, conditions known to interfere with
eIF2B

activity.

37°C control
30 min, 44°C
10h recovery at 37°C

[35S]-methionine incorporation / µg protein

600

500
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71
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200
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β E213G

δ R374C

ε R113H

ε T91A

Figure 5. Protein synthesis in control and VWM lymphoblasts.
35
[ S]methionine/cysteine incorporation in lymphoblasts under control conditions (light gray bars), after 30
min of heat shock at 44° C (gray bars) and with 10 h recovery at 37° C (dark gray bars). Counts are
normalized for the protein concentration of the corresponding sample. Normalization to the number of
cells gave a very similar result because the same number of cells was used for each cell line (data not
shown).

Chapter 2

DISCUSSION
The discovery that mutations in the translation initiation factor eIF2B cause VWM
suggests that the regulation of protein synthesis is likely to be affected in VWM
patients. Furthermore, the rapid deterioration of VWM patients after fever suggests
that the heat shock response could be compromised [8,9]. The heat shock
response is a protective reaction of cells to elevated temperatures and includes
inhibition of protein synthesis with the enhanced translation of heat shock protein
mRNAs [30]. We initiated studies to test whether this heat shock response is
indeed affected in cells derived from VWM patients.
We measured reduced eIF2B activity in lymphoblast cell lines of several
VWM patients (Fig. 1). eIF2B activity has previously been assessed in extracts
from mammalian and yeast cells expressing eIF2B mutations as well as in extracts
of lymphoblasts from VWM patients, similar to our studies [21-23]. These different
experimental approaches all showed that VWM mutations cause a decrease in
eIF2B activity. It is surprising that the severely decreased activity of eIF2B is
compatible with normal growth and prolonged survival of VWM patients.
35
Despite the reduced eIF2B activity, labeling studies with [ S]-methionine

of control and VWM-derived lymphoblasts indicated no major differences in protein
synthesis under normal or hyperthermic conditions, nor a failure of the ability to
recover from high temperature (Fig. 5). GDP-GTP exchange on eIF2 is therefore
apparently not rate-limiting for protein synthesis in lymphoblasts.
Fig. 2C demonstrates that none of the four homozygous mutations tested
significantly affects the expression levels of the corresponding eIF2B subunit
proteins in comparison to control cell lines. Fig. 3 shows that the observed
decrease in eIF2B activity cannot be explained by gross changes in the
interactions between the subunits of eIF2B, or by interactions of eIF2B with eIF2.
Heat shock does affect the stability of some of the subunits as shown by Western
blot analysis (Fig. 2C). In two VWM cell lines, εR113H and εT91A, the ε-subunit in
particular appears to be less heat-stable than in control cells. However, as the
differences only become apparent after exposure to elevated temperature, they
cannot explain the observed decreased activity of eIF2B as shown in figure 1. Of

course, this reduced stability could play an important role during the episodes of
fever-induced aggravation of the disease.
Survival of VWM lymphoblasts is normal (Fig. 6) and we found that HSP72
induction in VWM lymphoblasts is not different from that in control cells (Fig. 7).
This suggests that a defect in the control of overall protein synthesis during or after
heat stress is not the main cause of disease in VWM.
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0.6
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0.5
0.4
0.3
0.2
0.1

ε T91A

ε R113H

δ R374C

β E213G

Control 2

Control 1

Control 1 -

standard

0.0
standard -

MTT assay – Absorbance at 560 nm

0.7

Figure 6. Effect of heat stress on the survival capacity of lymphoblasts.
For heat shock, cells were exposed to 40° C for 24 h. Viability at the indicated time points (before heat
shock, immediately following heat shock and 48 hours after the end of heat shock) was determined by
performing the MTT assay as described in the Materials and Methods. ‘Standard’ indicates that the
experiment was carried out with medium alone, ‘-‘ indicates without MTT. Without MTT, the obtained
values were never significantly different than the standard and are therefore only shown for control 1
(control1-).
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Lymphoblasts can show considerable donor-to-donor variation. The
separate regression lines in Fig. 4C illustrate this variation. One of the cell lines
carrying the E213G mutation in its β-subunit showed a different eIF2α
phosphorylation profile upon heat shock than the other VWM cell lines, including
one cell line carrying the same mutation, but derived from another patient (Fig. 4C,
βE213G(I) vs. βE213G(II)). A lymphoblast cell line from a new blood sample was
prepared for patient βE213G(I). This new cell line, however, behaved the same as
the original cell line. Apparent donor-to-donor variations are also evident in the
Western blots in Fig. 2C. However, it should be noted that, in the protein synthesis
assays (Fig.5), lymphoblasts showed remarkable similarity between the different
cell lines.
This study was performed using immortalized lymphocytes from VWM
patients, as also used previously to study eIF2B activity in VWM [23]. The main
advantage of this system is that white blood cells are easily obtained and cultured,
and they express endogenous levels of the mutated subunits. A disadvantage is
that the cells used here are not brain cells, and the ratio of eIF2 to eIF2B varies
between different cell types, as shown by experiments performed with rabbit
tissues [31]. GDP-GTP exchange on eIF2 is apparently not rate limiting for protein
synthesis in lymphoblasts, but the impact on cells of the white matter of the brain
remains to be established. A superior system would be a culture of brain cells,
preferably astrocytes or oligodendrocytes, as these cell types appear to be
involved in VWM [32-34]. However, these cells can only be obtained at autopsy
and are therefore not readily available. Furthermore, oligodendrocytes are not
easily maintained in culture.
An important remaining issue is how it is possible that mutations leading to
a serious disease and a profound loss of eIF2B activity do not have a dramatic
effect on protein synthesis, cell proliferation and cell survival in general. It is most
remarkable that VWM patients have a normal growth and that in the majority of the
patients the age of onset is in early or later childhood. This implies that during fetal
and infantile development, characterized by rapid cell proliferation, overall protein
synthesis is not affected, which is in line with the lack of changes in protein
synthesis, cell proliferation and survival as found in Fig. 5-7. The progression of the
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disease is more likely to be a cumulative effect of the decreased activity of eIF2B,
potentially through altered expression of specific mRNAs. For example, mRNAs
with small upstream open reading frames in their 5’ untranslated regions (UTRs)
e.g., ATF4 [21].
The most important result of the present study is presented in Figure 4B,
showing that VWM cells have partially lost the ability to respond to heat stress by
eIF2 phosphorylation. The blots in Fig. 4 show a reduced phosphorylation of
eIF2α in VWM cells at increased temperatures. The physiologic significance of this
observation is hard to predict. Reduced phosphorylation of eIF2α upon heat shock
would lead to less inhibition of eIF2B. However, this activity is already significantly
reduced to start with. Additional experiments in cells that are more vulnerable to
heat shock, and preferentially of brain origin, should be used to study the effects of
heat shock on eIF2B activity in VWM in detail. Our findings could form part of the
explanation for the rapid deterioration that is evident in VWM patients with febrile
infections. In combination with reduced stability of eIF2B, as seen in some cases,
the decreased ability to respond to heat stress by eIF2α phosphorylation would
interfere with the normal thermo-protective response of cells to deal with elevated
temperatures.

C HS R

C HS R

C HS R

C HS R

C HS R

C HS R
HSP72
α-tubulin

Control 1

Control 2

β E213G

δ R374C

ε R113H

ε T91A

Figure 7. Induction of HSP70 (HSP72) in lymphoblasts upon heat shock.
Lymphoblast cell lines were either left untreated (C), exposed to 43° C for one hour (HS) or exposed to
43° C for one hour and left to recover at 37°C for 5 h (R) before harvesting. Western blots were
incubated with anti-HSP72 or with anti-α tubulin as a loading control.
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ABSTRACT
Leukoencephalopathy with Vanishing White Matter (VWM) is an autosomal
recessive disorder, in which febrile infections may provoke major neurological
deterioration. Characteristic pathological findings include cystic white matter
degeneration,

foamy

oligodendrocytes,

dysmorphic

astrocytes

and

oligodendrocytes, oligodendrocytosis, and apoptotic losses of oligodendrocytes.
VWM is caused by mutations in eukaryotic initiation factor (eIF) 2B (eIF2B). eIF2B
plays an important role in the regulation of protein synthesis. Mutant eIF2B may
impair the ability of cells to regulate protein synthesis in response to stress and
perhaps even under normal conditions. An overload of misfolded proteins in the
endoplasmic reticulum activates the unfolded protein response (UPR), a
compensatory mechanism that inhibits synthesis of new proteins and induces both
prosurvival and proapoptotic signals. We have studied the activation of the UPR in
VWM through the immunohistochemical (IHC) expression of its upstream
components PERK and phosphorylated eIF2α (eIF2αP) and combined IHC and
Western blot analysis of the downstream effector proteins activating transcription
factor-4 (ATF4) and C/EBP homologous protein (CHOP) in 4 VWM brains and 3
age-matched controls. We demonstrate activation of the UPR in glia of VWM
patients. Our findings may point to a possible explanation for the dysmorphic glia,
the

increased

numbers

of

oligodendrocytes

and

the

apoptotic

loss

of

oligodendrocytes in VWM.
INTRODUCTION
Leukoencephalopathy with Vanishing White Matter (VWM), also termed
Childhood Ataxia with Central Nervous System Hypomyelination (CACH), is an
autosomal recessive white matter disorder (1, 2). Its clinical course is chronic and
progressive with intermittent episodes of major and rapid neurological deterioration.
These episodes are provoked by minor head trauma and particularly febrile
infections. VWM is caused by mutations in any of the five genes encoding the
subunits of the eukaryotic initiation factor (eIF) 2B (eIF2B) (3, 4).
eIF2B plays an essential role in the initiation of protein synthesis by
catalyzing the GDP-GTP exchange on eIF2 to enable binding of methionyl-transfer-
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RNA (Met- tRNA) to the small ribosomal subunit (5). The ability to regulate the
activity of eIF2 represents a crucial protective mechanism of cells in response to a
variety of stress conditions, including fever. Hyperthermia leads to denaturation of
proteins contributing to cell dysfunction and death. eIF2B is the main factor to
down-regulate protein synthesis in hyperthermia (6). Down-regulation of eIF2B is
mainly achieved by phosphorylation of eIF2α, one of the three subunits of eIF2.
When phosphorylated at its α-subunit, eIF2 binds irreversibly to eIF2B and in this
way inactivates it (7). In the brain the concentration of eIF2 is four to five times that
of eIF2B; consequently, when approximately 20-25% of total eIF2α is
phosphorylated, the synthesis of new proteins is substantially inhibited (8, 9).
Shut-down of protein synthesis protects cells against the accumulation of
misfolded and denaturated proteins in the endoplasmic reticulum (ER) (10). Mutant
eIF2B in VWM may impair the ability of cells to regulate protein synthesis,
especially in response to cell stress and possibly even under normal physiological
conditions.
An overload of misfolded or denaturated proteins in the ER activates the
unfolded protein response (UPR). The UPR is an integrated intracellular signaling
pathway that transmits information about the protein folding status in the ER lumen
to the cytoplasm and the nucleus. The UPR leads to (a) inhibition of protein
synthesis at a translational level by inactivation of eIF2B in order to immediately
relieve the protein load on the organelle, (b) transcriptional induction of genes that
code for ER-resident chaperones and enzymes to abate the effects of ER-stress,
and (3) induction of genes involved in ER-associated degradation (ERAD). An
activated UPR can induce both prosurvival and proapoptotic signals. If the proteinfolding defect is not corrected, cells undergo apoptosis (11, 12).
Inhibition of protein synthesis is achieved through activation of the ERresident kinase PERK. PERK couples stress signals initiated by protein misfolding
in the lumen of the ER to phosphorylation of Ser51 on the α subunit of eIF2 (13).
Apoptotic pathways, involving activation of transcription factor-4 (ATF4)
and its downstream target C/EBP homologous protein (CHOP), can also be directly
activated by decreased activity of eIF2B. Small upstream open reading frames in
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the 5’ untranslated region in the mRNA of ATF4 will lead to increased expression of
this transcription factor under conditions in which eIF2B activity is reduced (14).
Activation of the UPR has been implicated in the pathophysiology of
several neurological disorders (15, 16). In Pelizaeus-Merzbacher disease (PMD)
the disease severity is modulated by the UPR (16). A recent study in our
laboratories has demonstrated apoptosis and abnormal proliferative and antiapoptotic phenomena in oligodendrocytes of VWM (17). In the present study we
wanted to test whether the UPR is activated in the ER of VWM patients by
immunohistochemical staining and Western blot analysis of various components of
the UPR, including activated PERK and phosphorylated eIF2α (eIF2αP) as well as
the downstream effector proteins ATF4 and CHOP.
MATERIAL AND METHODS
Patients
Brain tissue from four VWM patients and three controls was included in our studies.
At the time of autopsy all patients' next of kin consented to the use of patient
tissues for research. The four patients identified as having VWM were confirmed by
genetic testing. Controls were selected with an attempt to age-match patients and
without significant or confounding neuropathologic findings at the time of autopsy.
The ages of the VWM patients were three months, six and twelve years, while the
ages of controls were nine months, two and nine years. Table 1 outlines the clinical
and demographic information of patients and controls. The brains were fixed for a
minimum of seven days in formalin (phospate buffered, 4% formaldehyde) before
they were sectioned, and selected portions of each brain, including both cerebral
white matter and cortex, were embedded in paraffin. Tissue sections were cut from
the paraffin blocks and stained with routine neuropathologic techniques.
Additionally, brain tissue from patient 1 was frozen immediately in liquid nitrogen at
the time of autopsy, and subsequently lysed and used for Western blotting as
described below.
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Immunohistochemical Staining
Cerebral white and gray matter of all patients and controls was stained with primary
antibodies to the following epitopes: carbonic anhydrase II (CA II; Rockland,
Gilbertsville, PA) diluted 1:15000; glial fibrillary acidic protein (GFAP; DAKO,
Carpinteria, CA) diluted 1:1000 with antigen retrieval; KP1 (CD68; DAKO,
Carpinteria, CA) diluted 1:400; eIF2αP (pSer51) (Sigma-Aldrich, St. Louis, MO)
diluted 1:1000 with antigen retrieval; phosho-PERK (Thr980) (Cell Signalling,
Beverly, MA) diluted 1:100; CHOP (GADD153) (Santa Cruz Biotechnology, Santa
Cruz, CA) diluted 1:100 with antigen retrieval; and ATF4 (CREB-2) (Santa Cruz
Biotechnology) diluted 1:200.

Negative (by omitting the primary antibody) and

positive controls were performed with each run. The following positive
immunostaining controls were used for the antibodies not in standard use:
pancreatic islet delta cells for phospho-PERK (18), degenerating neurons in
Alzheimer’s disease hippocampus for eIF2αP (19), hormone producing cells in
anterior pituitary for ATF4 (20) and oligodendrocytes in PMD brain for CHOP (16).
An indirect immunohistochemical technique utilizing the streptavidin-biotin
system

was

carried

out,

using

3-amino-9-ethylcarbazole

(AEC;

ScyTek

Laboratories, Logan, UT) as chromogen. Double immunostaining for CHOP or
ATF4 and CAII or GFAP was restricted to brain samples of patients 1 and 3. It
included the addition of another chromagen, Vector SG substrate for peroxidase
(Vector Laboratories, Burlingame, CA), to the GFAP antibody. A MACH 3 system
was utilized (Biocare, Walnut Creek, CA) when double immunostaining included
the CAII antibody.
Quantification
The total number of cells, both labeled and unlabeled, were counted (J.P.v.d.V.) in
at least 10 standardized microscopic fields of 0.1mm² each (defined by an ocular
grid), randomly chosen in a relatively small section of preserved cerebral white
matter. For each tissue section stained for phospho-PERK, eIF2αP, ATF4 and
CHOP, labeled cells were counted individually and expressed as a percentage of
the total number of cells. The results from these counts were averaged for each
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patient. The intensity of the cytoplasmic and nuclear staining was evaluated on a 3point scale: 0=none;+ = mild and ++ = moderate to intense.

SDS-PAGE and Western blotting
White and gray matter from control 1 and patient 1 were separated at -20°C. About
1 mg of material was taken up in 1.5 ml NP40-lysis buffer (20 mM Hepes, 50 mM
KCl, 25mM β-glycerophosphate, 0.2 mM EDTA, 1% NP40) containing a proteinase
inhibitor cocktail (protease inhibitor cocktail tablets, Roche, Indianapolis, IN) and 1
mM DTT. The material was homogenized using a pellet pestle mortar with
polypropylene pestles (Sigma-Aldrich). Extracts were centrifuged for 20 minutes at
14,000 g’ (4°C). Supernatants were aliquoted and stored at -80 °C. SDS-PAGE
sample buffer was added to the samples, which were then heated for 20 minutes at
95°C, run on 12.5% SDS-polyacrylamide gels and transferred onto PVDF
membrane (Immobilon P, Millipore, Billerica, MA). The blots were incubated with
antibodies against ATF4 and CHOP (both from Santa Cruz biotechnologies) and αtubulin (Sigma-Aldrich). Proteins were visualized using ECL Western Blot detection
reagent (Amersham, Piscataway, NJ). As positive controls for the ATF4 and CHOP
antibodies lymphoblasts (EBV-immortalized lymphocytes derived from healthy
volunteers), either untreated (-) or incubated with 10 µg/ml Tunicamycin (Tm)
(Sigma-Aldrich) for 4h (+), were used.
RESULTS
Immunostaining for all antibodies was found in the white matter of the four
VWM patients. The intensity of immunoreactivity and number of labeled cells varied
considerably between the patients, with the most intense and extensive labeling in
patient 1. Importantly, labeling was absent in the cortex of all VWM patients and in
both the white matter and cortex of two controls. The only exception was that mild
immunoreactivity for ATF4 and CHOP was observed in scattered white matter cells
and in some cortical neurons in control 2. The percentage of immunostained white
matter cells in patients and controls is indicated in Table 2. The VWM white matter
results are discussed in more detail below.
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Figure 1. Immunostaining results.
A Expression of phospho-PERK in positive control, pancreatic islet delta cells (arrows). B Expression of
phospho-PERK in the cytoplasm of astrocytes and oligodendrocytes in cerebral white matter from patient 1,
some with abundant cytoplasm (arrows). C Glial cells with eIF2aP-positive cytoplasm from patient 2 (arrows).
Staining is also observed in endothelial cells (arrowhead). D Expression of ATF4 in positive control, anterior
pituitary cells (arrows). E The subcortical preserved white matter from patient 4 reveals many ATF4-labeled
cells. No labeling is found in the cortex. F A higher magnification demonstrates the staining for ATF4 in glial
cells, some with abundant cytoplasm (arrows) and one probable foamy oligodendrocyte (arrowhead). G A
GFAP-positive astrocyte with large cytoplasm in preserved white matter from patient 4 (arrow) H KP1positive macrophages in preserved white matter in patient 4 (arrows). I Nuclear staining of CHOP in patient
1 (arrows). Original magnifications: A, D, F, G, I, x400; B-C, x500; E, x50; H, x200.
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As in the pancreatic islets cells (Figure 1A), within the white matter of
patient 1 intense cytoplasmic staining for phospho-PERK was found in numerous
cells with the morphological features of oligodendrocytes (dense round nucleus,
often with a small nucleolus, and perinuclear halo) as well as in dysmorphic
astrocytes (with large cytoplasm and blunt broad processes rather than their typical
delicate arborizations) (Figure 1B). Oligodendrocytes with abundant or foamy
cytoplasm, characteristic of VWM (24, 25) also were immunoreactive. PhosphoPERK expression was detected in the same, but fewer, cells in patients 2, 3 and 4.
Cytoplasmic eIF2αP expression was detected in few glial cells of patient 2
(Figure 1C). Staining was also evident in some endothelial cells. Labeling was rare
in patients 1, 3 and 4.
Comparable to ATF4-staining in anterior pituitary cells (Figure 1D), many
cells scattered throughout the cerebral white matter stained positively for ATF4 in
patients 1 and 4 (Figure 1E-F). These cells were morphologically consistent with
both oligodendrocytes and astrocytes. Most of the positive cells had abundant
cytoplasm. These cells with large cytoplasm stained positively for either CAII (not
shown) or GFAP (Figure 1G) and were morphologically distinct from CD68 positive
macrophages (Figure 1H). A lower number of immunoreactive cells were seen in
patients 2 and 3. ATF4 staining was primarily cytoplasmic.
Immunohistochemical staining of CHOP was found to be comparable to
the ATF4 and Phospho-PERK staining in patients 1, 2 and 3.

Mild

immunoreactivity was observed in a lower number of cells in patient 4.
Immunoreactivity with anti-CHOP was primarily located in nuclei (Figure 1I).
Double-immunostaining in patients 1 and 3 for CHOP or ATF4 and CAII or
GFAP confirmed that both oligodendrocytes and astrocytes expressed ATF4 and
CHOP (not shown).
Western blotting of cell extracts of white and gray matter from
control 1 and VWM patient 1 confirmed the immunohistochemical data. ATF4 and
CHOP expression was clearly detectable in the white matter of the VWM patient
(Figure 2). In the white matter of the control a very faint band was seen at the
height of ATF4.
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Figure 2. ATF4 and CHOP expression in white matter of a VWM patient.
Extracts of gray (G) and white (W) matter tissues from control 1 and VWM patient 1 were prepared and
analyzed by SDS-PAGE and Western blotting with the indicated antibodies as described in the
Materials and Methods (right hand panel). As positive controls for the ATF4 and CHOP antibodies
lymphoblast cells were either untreated (-) or incubated with 10 µg/ml Tunicamycin (Tm) (Sigma-Aldrich)
for 4h (+) (left hand panel). In the white matter of the control a very faint band is seen at the height of
ATF4, without the typical smear, and this band appears to run slightly different than the lowest form of
ATF4.

DISCUSSION
For unknown reasons, the central white matter appears to be selectively
affected in VWM, although it has been shown recently that cataracts and
involvement of ovaries, liver, kidneys and pancreas may accompany the
leukoencephalopathy (21, 22). There is increasing evidence that glial cell
dysfunction is central to the pathophysiology of VWM. At autopsy most VWM
patients reveal diffusely rarefied to cavitated deep cerebral white matter with
profound losses of oligodendrocytes, myelin sheaths and axons, accompanied by a
feeble astrogliosis and macrophage response. A paradoxically increased cellular
density of oligodendroglia is found in the relatively preserved white matter areas,
such as the subcortical white matter and the anterior commissure. Many
oligodendrocytes have unusually abundant cytoplasm; astrocytes are also
dysmorphic (2, 23-26). Recently in a study that focused on the oligodendrocytic
pathology in VWM, we demonstrated that oligodendrocytes are being subjected to
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conflicting proliferative, cell death and cell survival signals and that they are dying
by apoptosis, perhaps in conjunction with major neurologic crises (17). Apoptosis
of oligodendrocytes in VWM brain has also been observed by others (26).
Our present immunohistochemical data demonstrate activation of several
of the components of the UPR in glial cells of VWM cerebral white matter, both
oligodendrocytes and astrocytes. In these cells PERK is activated, while
phosphorylation of eIF2α and expression of ATF4 and CHOP are specifically
increased. Western blotting confirmed the increased expression of ATF4 and
CHOP in VWM white matter. The UPR in macrophages may also be activated. If
so, this is far less common.
Activation of the UPR-components varied in our small sample of VWM
patients with the most apparent activation in patient 1. This patient, suffered from
prolonged terminal brain hypoxia, which causes changes in gene expression. Brain
samples from individuals with prolonged agonal stress (and with low pH in the
brain) exhibited higher expression of genes involved in the stress-response,
apoptosis and inflammation control than brain samples from individuals who
experienced brief deaths (and generally had normal pH) (27). However, it is not
likely that terminal hypoxia-induced UPR fully explains the better labeling in patient
1, since only mild activation of the UPR was observed in one control who also
suffered from a prolonged agonal state with respiratory failure leading to hypoxia in
the brain. Furthermore, following global brain ischemia only the most vulnerable
CA1 hippocampal neurons, not those in cerebral cortex, demonstrated activation of
UPR (28).
Labeling for UPR-components was absent in the two other controls and
Western blotting of cell extracts of white matter of control 1 showed only a very
faint band at the height of ATF4. ATF4 exists in multiple forms, leading to an
apparent smear on Western blotting, and this smear is absent in the white matter of
the control. Furthermore, although we cannot completely exclude that this band is
indeed ATF4, this band appeared to run slightly different than the lowest form of
ATF4. The non-specific protein running above ATF4 and the smearing of ATF4
was also seen by Novoa et al (29).
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Sustained low levels of eIF2 activity, related to mutations in eIF2B, may
also lead to increased ATF4 levels independent of activation of the UPR. ATF4
mRNA translation is enhanced through a mechanism involving small upstream
open reading frames in its 5’ untranslated region (14). ATF4 is a member of the
CREB-2 family of transcription factors that up-regulates the transcription of CHOP
mRNA. CHOP is a pro-apoptotic member of the C/EBP family of transcription
factors. Normally, CHOP is expressed at low or undetectable levels (16).
Overexpression of CHOP promotes cell cycle arrest or cell death.
In previous studies we have postulated that in VWM the mutant eIF2B
interferes with an effective heat-shock response, which causes the accumulation of
misfolded or denaturated proteins in the ER and cell dysfunction or death (3, 22).
However, there is growing evidence that VWM mutations cause decreased activity
of eIF2B, resulting in decreased protein production, and that they do not confer
temperature sensitivity upon cells (30-32). It is, therefore, not clear if and how
VWM mutations can lead to accumulation of misfolded proteins in the ER and
activation of the UPR. One possible mechanism would be that decreased activity of
eIF2B in VWM leads to increased expression of ATF4, related to the upstream
open reading frames in the 5’ untranslated region of ATF4 mRNA, and
subsequently increased expression of CHOP, even without activation of the UPR.
Evidence has been found that CHOP sensitizes cells to ER stress (33). Febrile
infections and minor head trauma may contribute to ER stress, in the ER stresssensitive VWM patients leading to activation of the UPR and to an imbalance
between cell survival and cell death signaling pathways. The UPR induces both
prosurvival and proapoptotic signals and both are seen in oligodendrocytes and
astrocytes in VWM (17). Most likely the balance between these two contradicting
signals determines the fate of oligodendrocytes. Why glial cells are the
preferentially affected cell type in VWM remains an open question.
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Table 1: Demographic data
Subject

Age /
Sex

PMI
(hrs)

Cause of death / Medical history

Patient 1

12 yr / M

1

Major neurological episodes beginning at age 2 Maintained on
ventilatory support for last week of life

Patient 2

4 mo/ F

3

Died 12 days after onset of seizures

Patient 3

6 yr / M

4

Major neurological episodes beginning at age 2

Patient 4

6 yr / F

6

Major neurological episodes beginning at age 2

Control 1

9 mo/ F

3

Pulmonary hemorrhage

Control 2

2 yr / M

6

Pneumonia

Control 3

9 yr / M

8

Myocardial infarct after hypoglycemia

PMI, Post-mortem interval

Table 2: Percent white matter cells labeling with respective stains
Subject

phosho-PERK

eIF2αP

ATF4

CHOP

%, intensity

%, intensity

%, intensity

%, intensity

Patient 1

9, ++

1, +

9, ++

3, ++

Patient 2

2, +

5, +

2, +

4, +

Patient 3

1, +

0.5, +

1, ++

1, ++

Patient 4

0.5, +

1, +

16, ++

0.5, +

Control 1

0

0

0

0

Control 2

0

0

1, +

2, +

Control 3

0

0

0

0

The intensity reflects the amount of staining on a 3-point scale: 0=none;+ = mild and ++ =
moderate to intense
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ABSTRACT
Leukoencephalopathy with vanishing white matter (VWM) is a childhood white
matter disorder with an autosomal recessive mode of inheritance. The clinical
course is chronic progressive with episodes of rapid neurological deterioration
following febrile infections. The disease is caused by mutations in the genes
encoding the subunits of eukaryotic initiation factor 2B (eIF2B), a protein complex
that is essential for protein synthesis. In VWM, mutations in the eIF2B genes are
thought to impair the ability of cells to regulate protein synthesis under normal and
stress conditions. It has been suggested that the pathophysiology of VWM involves
inappropriate activation of the unfolded protein response (UPR). The UPR is a
protective mechanism, activated by an overload of unfolded or malfolded proteins
in the endoplasmic reticulum. Activation of one pathway of the UPR, in which
eIF2B is involved, has already been described in brain tissue of VWM patients. In
the present study, we demonstrate activation of all three UPR pathways in VWM
brain tissue using real-time quantitative PCR and immunohistochemistry. We show
that activation occurs exclusively in the white matter, predominantly in
oligodendrocytes and astrocytes. The selective involvement of these cells suggests
that inappropriate UPR activation may play a key role in the pathophysiology of
VWM.
INTRODUCTION
An abnormal activation of the unfolded protein response (UPR) in the brain has
been described in several different neurodegenerative conditions, including
Pelizaeus-Merzbacher disease (PMD) (1), Alzheimer disease (2) and the
neurological disorders caused by unstable trinucleotide (CAG) repeats (3-6).
Recently, we added vanishing white matter disease (VWM) to this list (7).
VWM, also called childhood ataxia with central hypomyelination (CACH)
(8), is one of the most prevalent inherited childhood white matter disorders (9). The
disease has a chronic progressive course with additional episodes of major and
rapid neurological deterioration, following minor head trauma and fever. Its main
clinical features are cerebellar ataxia and spasticity, while cognitive abilities are
relatively preserved. Magnetic resonance imaging (MRI) of the brain shows a
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diffuse abnormality of the cerebral white matter with evidence of progressive
rarefaction and cystic degeneration (9, 10). The disease has an autosomal
recessive mode of inheritance (11).
VWM is caused by mutations in any of the five genes encoding the
subunits of the eukaryotic initiation factor 2B (eIF2B) (12, 13). The eIF2B protein
complex has an essential function in the regulation of protein synthesis. It catalyses
the GDP-GTP exchange on another initiation factor, eIF2, that enables the binding
of initiator methionyl-transfer-RNA (Met-tRNAi) to the small ribosomal subunit to
start protein synthesis (14). The ability to regulate protein synthesis through eIF2 is
also part of the cellular stress response or heat shock response, a mechanism
induced by a variety of stress conditions, including viral infection, malnutrition, and
fever. In the down-regulation of protein synthesis under hyperthermia, eIF2B is the
main factor involved (15).
The endoplasmic reticulum (ER) is mainly responsible for the folding of
polypeptides and posttranslational modification of proteins in the secretory pathway
(16). Eukaryotic cells have evolved multiple regulatory mechanisms to maintain ER
homeostasis. If the amount of unfolded or malfolded polypeptides in the ER
exceeds its folding or processing capacity, the physiological state of the ER is
perturbed (16). Signalling pathways, termed the UPR, are activated to protect cells
against the accumulation of denatured proteins and subsequently to return the ER
to its normal physiological state (16-19). Three ER transmembrane proteins, IRE1,
PERK, and ATF6 transduce the signals triggering the UPR (for a schematic
overview see Figure 1).
In an inactive state the luminal domains of IRE1, PERK, and ATF6 are
associated with the ER-resident chaperone BiP (also called GRP78). Unfolded
proteins in the ER lumen bind BiP in a competitive manner, leading to dissociation
of BiP from IRE1, PERK, and ATF6 (20). Subsequently, oligomerisation of IRE1
and PERK result in activation of these proteins (21-23). BiP regulates the activity of
two independent and redundant Golgi localization sequences (GLS1 and GLS2) on
ATF6 that retain the protein in the ER (24). In the absence of BiP, ATF6 is
constitutively translocated to the Golgi.
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A downstream effect of PERK is the phosphorylation of its substrate, the αsubunit of initiation factor 2 (eIF2α) (25, 26). Phosphorylation of eIF2α inhibits
protein translation as it sequesters eIF2B in an inactive state, blocking GDP-GTP
exchange on eIF2 (26). The eIF2α phosphorylation and eIF2B inactivation also
induce preferential translation of mRNAs containing several short upstream open
reading frames (uORF) (27), such as the mRNA for the transcription factor ATF4 in
mammalian cells (28). Important downstream targets of ATF4 are CHOP (also
called GADD153), mainly known as a pro-apoptotic protein, and GADD34, which
enables dephosphorylation of eIF2α (29).
Upon induction of the UPR, IRE1 recognizes and cleaves two specific stem loop
sequences in the XBP-1 mRNA, removing an internal 26-nucleotide sequence from
the XBP-1 mRNA, which results in a translational frame shift (30, 31). The resulting
larger XBP1 protein is a potent transcription factor that activates genes involved in
restoring ER homeostasis (32).
Upon ATF6 translocation to the Golgi, it is cleaved by two proteases to release the
cytosolic domain of the protein, which then can translocate to the nucleus and
activate transcription, leading to enhanced expression of regulatory proteins
including BiP, CHOP and ER chaperones (16).
Our previous study on activation of the UPR in VWM concerned only one
of the three known UPR pathways and showed that the PERK-eIF2α-ATF4-CHOP
pathway is activated in VWM (7). Increased activation of this pathway was also
shown in tunicamycin-treated fibroblasts derived from VWM patients (33). The
increased expression of ATF4 and its downstream target CHOP in VWM cells can
be explained by the decreased eIF2B activity and uORF-mediated translational
control, as mentioned above. The activation of PERK is more surprising as this
occurs upstream of the regulation of eIF2B activity. Activation of PERK suggests
ER perturbation or faulty regulation of UPR activation. In both cases, activation of
the ATF6 and IRE1 pathways would be expected as well.
The present study is focused on the question whether the ATF6 and IRE1
pathways of the UPR are also activated in VWM white matter cells.
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Figure 1. An overview of the main signalling pathways of the Unfolded Protein Response.
Unfolded proteins present in the ER will bind to BiP, leading to activation of the ER trans-membrane
proteins: IRE1, PERK and ATF6. Activation of these three different pathways to restore the cell
homeostasis is called the Unfolded Protein Response.

MATERIALS AND METHODS
Total RNA was extracted from frozen brain tissue from five patients diagnosed with
VWM and from seven age-matched controls (Table 1A). Patient and control tissue
was frozen in liquid nitrogen immediately at autopsy. As a positive control for
activation of the UPR, brain tissue from a patient diagnosed with PMD was
included (1).
The immunohistochemical study was performed using brain samples from
the frontal lobe of four VWM patients and four age-matched controls; the
postmortem intervals (PMI) were chosen to be as low and as similar as possible
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(Table 1B). The brain samples were Formalin-fixed and paraffin-embedded.
Standard hematoxylin-eosin staining confirmed the presence of both gray and
white matter in the sections.
RNA isolation
Total RNA was isolated from 0.1 gram frozen brain tissue, containing both gray and
white matter. The frozen tissue sample was homogenized using a high-speed
agitation blender (Ultra Turrax, IKA, T18 basic) at 18,000 rpm in the presence of
TRIzol reagent (RNA-Bee, Campro scientific, Veenendaal, the Netherlands) and
chloroform. Residual DNA was removed using a clean-up protocol (RNeasy Mini
protocol for RNA from QIAgen, Venlo, the Netherlands).
RT-PCR and PCR
cDNA was synthesized from 5 µg total RNA using random hexanucleotides and
Superscript III (Invitrogen, Breda, the Netherlands) according to the vendor’s
protocol. RNAse H (Invitrogen) was added after the reverse transcription to
hydrolyze the RNA template. Specific cDNAs were amplified by PCR with primer
combinations corresponding to different UPR markers. Primers used (5’-3’ forward
and reverse primer, A of ATG (startcodon) at +1) were as follows:
XBP1: (374/383) CCTTG TAGTT GAGAA CCAGG, (770/789) GGGCT TGGTA
TATATG TGG (as described before (34))
qPCR
The qPCR experiments were performed using an ABI PRISM 7700 sequence
detector (Applied Biosystems, Nieuwerkerk aan de IJssel, the Netherlands).
Transcript-specific primers were generated with Primer Express software (Applied
Biosystems) and designed to overlap exon-exon boundaries to prevent genomic
DNA amplification. The PCR reaction was carried out in a volume of 10 μl, using
SYBR green PCR mix, 3.0 μM primers and 0.1 μg cDNA. The PCR program
followed the guidelines of the vendor (Applied Biosystems).
The cycle of threshold value (Ct), defined as the cycle number at which the
fluorescent emission reaches a fixed threshold during the exponential phase of
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amplification, was used to calculate the relative expression level of the genes of
interest and normalised to the transcript for the housekeeping gene β-actin.
Calculations were done as instructed by the vendor and as described previously
(35).
qPCR Primers (5’-3’ forward and reverse, A of ATG =+1) were as follows:
BiP: (584/607) TTATG AGGAT CATCA ACGAG CCTA, (614/634) CCAGG GCCAT
AAGCA ATAGC AG
CHOP: (-58/-36) CATAC ATCAC CACAC CTGAA AGC, (-29/-7) AGTTG GATCA
GTCTG GAAAA GCA
ATF4: (-97/-81) TGGCG CTTCT CACG GC, (-68/-47) GTCTT TGTCG GTTAC
AGCAA CG
ATF6: (221/243) GGGAC ATCAA CAACC AAATC TGT, (264/285) TGGAG
AAAGT GGCTG AGGTT CT
GADD34: (391/411) GAAGT CAATT TGCAG ATGGC C, (422/441) TCAGA
AGGCT GGGAG ACAGG
β-actin: (990/1007) GCTCC TCCTG AGCGC AAG, (1045/1064) CATCT GCTGG
AAGGT GGACA
Statistical analysis
qPCR samples were analysed using a two sample Student’s T-test. Ct Values were
considered to be significantly different between VWM and control sample if p ≤
0.05 (with p adjusted according to Bonferroni correction).
Immunohistochemical staining
Sections of patients and controls were deparaffinized and stained according to a
standard immunohistochemical streptavidin protocol (36). Primary antibodies
against the following antigens were used: Carbonic Anhydrase II (CAII) from
Rockland, Gilbertsville, PA (1/15000 dilution, with retrieval), Glial Fibrillary Acidic
Protein (GFAP) from DakoCytomation, Carpinteria, CA (1/15000), myelin basic
protein (MBP) from Chemicon international, Temacula, CA (1/5000), CD68 from
DakoCytomation (1/500, with retrieval), activating transcription factor 6 (ATF6) from
Imgenex, San Diego, CA (1/200), binding protein GRP78 (BiP) made by the late
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Dr. T. Schulz, Utrecht University, the Netherlands (dilution 1/15000) and x-box
binding protein 1 (XBP1) from Santa Cruz biotechnologies, Santa Cruz, CA
(1/150). Biotinylated secondary antibodies were obtained from Vector laboratories,
Burlingame,

CA

(1/200

diluted)

and

streptavidin

HRP

from

Jackson

immunoResearch, West Grove, PA (1/1000). Detection was carried out using the
AEC chromogen (ScyTek laboratories, Logan, UT). For double immunostainings, a
second enhancer, MACH3 HRP polymer kit (from Biocare medical, Walnut Creek,
CA), was used with Vector SG substrate kit for peroxidase (Vector Laboratories) as
the second chromogen.
Criteria for oligodendrocytic positivity
CAII was used as a marker for oligodendrocytes. It is an established marker for
oligodendrocytes, including some that are mature, usually the smaller type I/II
oligodendrocytes that myelinate small diameter fibers in rodents (37). CAII labels
approximately 20% to 30% of the oligodendrocytes in human cerebral white matter
according to Morris et al. (38). In our well-fixed, paraffin-embedded neonatal
immunostaining control, approximately 80% to 90% of white matter cells
morphologically consistent with oligodendrocytes were labelled with the CAII
antibody, but the intensity of the immunoreactivity varied considerably. Some
reported that all oligodendrocytes in VWM and controls could be labelled with a
CAII antibody (36, 39).

HPRT
XBP1
C1

C2

C3

C4

C5

C6

P1

P2

P3

P4

P5 PMD

Figure 2. Splicing of XBP1 mRNA in VWM brain. Frozen brain material (including both gray and white
matter) of six control (c1-c6) and five VWM patients (p1-p5) was analyzed for splicing of XBP1 mRNA,
using RT-PCR. Brain material from a patient diagnosed with Pelizaeus-Merzbacher disease was used
as a positive control. HPRT mRNA levels were included as a loading control. The upper, light gray
arrow indicates the un-spliced form of XBP1 mRNA, and the lower, black arrow indicates the smaller,
spliced XBP1 mRNA. In the PMD sample a doublet for HPRT was observed. The nature of this band is
unknown; it does not affect the interpretation of the XBP1 splicing data in VWM samples.
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Figure 3. mRNA expression of UPR markers in brain. Expression levels from the indicated mRNAs
were determined by qPCR as described in the Materials and Methods. The Y-axis shows the mean ΔCt
values; i.e. the mean Ct value (the cycle number at which the threshold is reached) corrected for the Ct
values of the housekeeping gene β-actin. The gray bars represent the controls (n=7); the black bars the
VWM patients (n=5). The asterisk indicates a statistically significant (p ≤ 0.05) difference in Ct value.

RESULTS
PCR and qPCR show upregulation of several UPR components in VWM brain
Using a qualitative PCR technique, we found an upregulation of the spliced form of
XBP1 mRNA in brain tissue from four out of five VWM patients and a complete
absence of this spliced form in six controls (Fig. 2). Positive control brain tissue
was derived from a PMD patient, in which activation of the UPR was shown using
immunofluorescence and Northern blot analysis (1).
To study all three UPR pillars, the expression levels of the mRNAs for BiP,
ATF4, CHOP, GADD34 and ATF6 were determined by qPCR (Fig. 3). The lower
ΔCt values for VWM patients indicate that fewer cycles were needed to reach the
threshold and are an indication of upregulation of the mRNAs in VWM brain. The
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increase was found to be significant for BiP, CHOP and GADD34. Fig. 4 shows the
increased expression separately for all patients per mRNA.

2 –ΔΔCt
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GADD34

10

ATF4
ATF6
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4
2
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P1

P2

P3

P4
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PMD

–

Figure 4. Gene expression in individual VWM patients. To assess the relative gene expression (2
ΔΔCt
) of the indicated genes, the ΔCt value from each patient was compared to the average ΔCt value
from the 7 controls. The average gene expression of the controls was set to 1, indicated by the
horizontal line. Values above 1 indicate an increase in expression and values below 1 indicate a
decrease. Total mRNA from brain tissue from a PMD patient was included as a positive control.

Immunohistochemical staining shows upregulation of ATF6, BiP and XBP1
To verify the increased expression of UPR markers at the protein level, and to
determine in which cells UPR activation occurred, the protein expression of the
UPR markers ATF6, BiP, and XBP1 was assayed in Formalin-fixed, paraffinembedded tissue from VWM patients and from age-matched controls (Fig. 5). A
region that is normally prominently affected in VWM, i.e. cerebral white matter from
the frontal lobe, was studied.
As compared to their age-matched controls, all patients showed an
upregulation of at least one of these UPR markers in the frontal lobe. An overview

Glial-Specific UPR activation in VWM

A

B

C

D

G

H

I

J

E

K

F

L

Figure 5. Immunostaining for UPR markers.
Cells positive for ATF6 (A), BiP (B) and XBP1(C) in white matter from patient 6 (400X) are red.
White matter from control 8 shows no staining for XBP1 (D); BiP (E) and ATF6 (F) (200X).
Cells positive for ATF6 (G), BiP (H) and XBP1 (I) in the white matter from patient 7 (400X) are red.
Gray matter from patient 7 shows no staining for XBP1 (J); BiP (K) and ATF6 (L) (200X).
The open arrowheads indicate cytoplasmic staining and the full arrows point to nuclear staining.
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of these results is given in table 2. Patients 6 and 7 showed the highest signal for
all tested UPR antigens. The deep white matter was most severely affected and
showed a higher level of UPR protein expression than the better preserved
subcortical areas. Positive staining for the tested UPR proteins was only observed
in white matter of VWM patients (Fig. 5A-C and G-I), and never in white matter of
age-matched controls (Fig. 5D-F), nor in the cortex of VWM patients (Fig. 5J-L). In
agreement with the expected cellular localisation, ATF6 and XBP1 were present in
both the nucleus and cytoplasm whereas BiP was only observed in the cytoplasm
(40-43).
The cell types possibly involved in this UPR activation were assessed
according to the cell morphology. The highest expression for ATF6, BiP and XBP1
was apparent in oligodendrocytes, identified by their round, dense nuclei and
perinuclear clear halo; although the presence of an occasional positive astrocyte or
even macrophage could not be excluded (Fig. 5). Variability in the expression
levels of the UPR proteins was observed among different patients. Whereas ATF6
expression was most pronounced in patient 6 (Fig. 5A versus Fig. 5G), the staining
for BiP and XBP1 was strongest in patient 7 (Fig. 5B and C versus Fig. 5H and I
respectively).
In order to confirm which cell type showed increased expression of UPR
proteins, double immunostaining was performed with antibodies against XBP1 and
antibodies against either GFAP, CAII, or CD68 in patient 7. Fig. 6 shows that XBP1
was indeed mainly expressed in oligodendrocytes (Fig. 6A). However, as expected
on the basis of the single staining and morphology of the cells as shown in Fig. 5, a
few double-positive astrocytes (Fig. 6B) and macrophages (Fig. 6C) were also
present. Technical problems made double staining for ATF6 and BiP with GFAP,
CAII, and CD68 more difficult to interpret, but they confirmed that the UPR was
activated in oligodendrocytes and astrocytes (Fig 6D).
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Fiure 6. UPR activation in glial cells. Brain material from patient 7 was double-stained for
XBP1 (red) in combination with blue staining for either CAII (A), GFAP (B), or CD68 (C) (at
400x). The open arrowheads point to cells of which an enlarged view is shown on the right.
Double stains for BiP (red, patient 7) and for AFT6 (red, patient 6) with CAII (blue) and GFAP
(blue) show that cells positive for both antibodies are present within VWM white matter (D).
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Table 1A. Frozen tissue (qPCR analysis)
Age

Cause of death

PMI

Control 1

3 mo

Rapid death, bronchopneunomia

20 h

Control 2

4 mo

Rapid death, myocarditis

27 h

Control 3

13 year

Sudden death, accident

18 h

Control 4

20 year

Prolonged dying, branchio-oto-renal syndrome

20 h

Control 5

13 year

Sudden death, accident

13 h

Control 6

4.5 mo

Sudden death, accident

16 h

Control 7

8 mo

Prolonged dying, serious epilepsy

6h

Patient 1

13 year

Prolonged dying, R113H and R299H in eIF2Bε

23 h

Patient 2

3 mo

Prolonged dying, G200V and P291S in eIF2Bβ

24 h

Patient 3

4.5 mo

Prolonged dying, G200V and P291S in eIF2Bβ

1h

Patient 4

7 year

Prolonged dying, R113H and R299H in eIF2Bε

unknown

Patient 5

36 year

Prolonged dying, R113H and R113H eIF2Bε

5h

Prolonged, IVS6+3G>T in proteolipid protein 1 (ref. 1)

12

PMD

Table 1B. Paraffin tissue (immunohistochemical stainings)
Age

Cause of death

PMI

Control 8

14 year

Sudden death, pulmonary hemorrhage

15 h

Control 9

16 year

Sudden death, pulmonary hemorrhage

14 h

Control 10

36 year

Sudden death, pulmonary emboli

12 h

Control11

4 mo

Sudden infant death

4h

Patient 3

4.5 mo

Prolonged dying, G200V and P291S in eIF2Bβ

1h

Patient 5

36 year

Prolonged dying, R113H and R299H in eIF2Bε

5h

Patient 6

16 year

Prolonged dying, T91A and T91A in eIF2Bε

6h

Patient 7

12 year

Prolonged dying, T91A and W628R in eIF2Bε

1h
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DISCUSSION
Our data show that all three known UPR pathways are activated in the brain of
VWM patients. This activation is reflected by both an increase in the mRNA level
and in the level of protein expression of the respective UPR components. In most
VWM patients XBP1 mRNA is spliced, whereas we find no splicing in controls. In
addition, the protein level of XBP1 is increased in VWM brain (Fig. 5). We
demonstrate a significant increase in the mRNA levels of BiP, CHOP and GADD34
in VWM brain tissue using qPCR. The mRNA levels for ATF4 and ATF6 in VWM
brain tissue do not display statistically significant differences from control levels
(see Fig. 3); but, using immunohistochemistry, we demonstrate that the protein
levels of ATF4 (7) and ATF6 (Fig. 5) are increased. The apparent discrepancies
with the qPCR data are indicative of the post-transcriptional regulation of ATF4 and
ATF6 expression with enhanced mRNA translation, rather than increased mRNA
levels, as the basis of the increased protein level.
Despite the fact that the basic molecular defect in VWM resides in eIF2B, a
ubiquitously expressed complex, the clinical picture and histopathology of VWM
are characterized by an almost exclusive involvement of the cerebral white matter.
The neurons within the gray matter are essentially preserved. Within the white
matter, oligodendrocytes are predominantly affected, followed by astrocytes (7, 36,
44, 45). Using immunohistochemistry we show that the activation of the UPR
pathways is restricted to the white matter and does not involve the cortex. In
addition, the activation of the UPR is most obvious in oligodendrocytes but is also
observed in astrocytes. The UPR is known to generate both prosurvival and
proapoptotic signals. Faulty regulation of this pathway may underlie the abnormal
proliferation and apoptotic loss of oligodendrocytes reported in VWM (9, 10, 36, 39,
46-52) and the abnormal morphology and dysfunction of astrocytes (45). It is
remarkable that we did not see any positive staining for UPR markers in the cortical
oligodendrocytes and astrocytes.
The UPR has been invoked in the pathophysiology of several divergent
neurological disorders, including Alzheimer disease, PMD and the neurological
disorders caused by instable CAG repeats (3-6). The UPR involvement, however,
appears to be different in each individual disorder. In Alzheimer disease the UPR
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has been described as being downregulated by some authors (2, 53), but activated
by others (54); both groups invoked increased ER stress to explain the
pathophysiology of the disease. For PMD, there is evidence that the accumulation
of unfolded or malfolded proteins exceeds the processing capacity of the ER. The
CAG repeat codes for a polyglutamine repeat. An expanded repeat causes
misfolding of the mutant protein and formation of insoluble aggregates. Proteins
with expanded polyglutamine repeats disrupt the ubiquitin-proteasome pathway
and lead to a disturbance of ER-associated degradation. The consequent
accumulation of misfolded proteins in the ER has been shown to activate the UPR
(55). Another disease known to affect the UPR is ataxia-telangiectasia, in which the
UPR is thought to be induced because of oxidative damage to proteins and lipids
(56).
The most likely mechanism for the activation of the UPR in VWM is
different. Reduced eIF2B activity in VWM (7, 33, 57) induces enhanced expression
of ATF4 by a mechanism involving uORFs in the ATF4 mRNA (58). Increased
ATF4 expression has been confirmed in experiments with mutated eIF2B genes in
transfected cells (59), in stressed VWM patient-derived fibroblasts (33) and in
VWM patient-derived white matter (7). Enhanced expression of the ATF4 protein
leads to induction of the downstream effector CHOP, which is known to sensitize
cells to ER stress (60). Consequently, in VWM cells expressing increased amounts
of CHOP, minor stresses could trigger the UPR, while these stresses would be
insufficient for UPR activation in healthy cells. Inappropriate activation of the UPR
may contribute to abnormal activation of cell survival and cell death signalling
pathways. The different mechanism of UPR activation in VWM as compared to
Alzheimer disease, PMD and polyglutamine diseases could explain the stress
sensitivity of VWM patients, which is not seen in patients with these other
disorders. Why oligodendrocytes and astrocytes are selectively involved in VWM
has yet to be explained.
Fig. 4 shows that all patients display a unique combination of increased
UPR markers. Interestingly, this combination does not seem to be specific for a
certain genotype or phenotype. For example, patient 1 and 4 are siblings with a
very similar clinical progression. However, patient 4 shows XBP1 processing
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whereas patient 1 does not (Fig. 2). Patient 2 and 3 are also siblings with a similar
phenotype, and their pattern of UPR-mRNA expression is different as well. It is
difficult to exclude an effect of the disease phase (acute versus chronic) on mRNA
expression, because we do not yet know how the disease evolves in the VWM
brain. Nor can we completely eliminate an effect by the cause of death or the
antecedent events around the time of death, such as hypoxia-ischemia or infection.
However, it is important to note that the cause of death does not seem to affect the
expression of XBP1, ATF6 or BiP mRNA, because the controls for the qPCR
include material from patients with both sudden and prolonged death and in neither
upregulation of the UPR-related mRNAs is observed.
In conclusion, our study demonstrates that not only the PERK pathway of
the UPR, in which eIF2B plays a role, is activated but that all three pathways of the
UPR are activated in VWM patients. We demonstrate that activation of the UPR is
restricted to the white matter and that enhanced expression of UPR markers is
almost exclusively observed in the cells that are known to be primarily involved in
the pathology of VWM: oligodendrocytes and astrocytes. These data suggest that
inappropriate and total activation of the UPR may play a key role in the
pathophysiology of VWM.
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ABSTRACT
Leukoencephalopathy with vanishing white matter (VWM) is a childhood
white matter disorder with an autosomal recessive mode of inheritance, caused by
mutations in any of the genes encoding the subunits of eukaryotic initiation factor
2B (eIF2B). The eIF2B complex is essential for the initiation and regulation of
protein synthesis.
Previous studies in our laboratory have shown a caspase-mediated
apoptotic death as well as the presence of abnormal proliferation and antiapoptosis markers in VWM oligodendrocytes. Histologic examination of cerebellar
white matter in two of our VWM patients revealed unusual mitotic activity.
Additionally, we observed survivin-immunoreactive, binucleated glia in frontal white
matter. These observations suggested a possible defect of the cell cycle in VWM
glia.
We

employed

conventional

histologic

and

immunohistochemical

techniques, FISH, flow cytometry and quantitative PCR to investigate the nature of
the suspected cell cycle defects. Our findings of aberrant mitotic profiles in two of
five VWM patients, in the absence of aneuploidy or upregulation of translation
initiation factor eIF4E, suggested the occurrence of a mitotic catastrophe in white
matter glia of some VWM patients. The convergence of several insults in white
matter glia, including excessive activation of the unfolded protein response and
apoptotic pathways, phenomena described earlier, as well as cell cycle defects,
suggested in the present paper, may begin to explain the severe cavitating lesions
of the cerebral white matter in VWM.
INTRODUCTION
Vanishing white matter disease (VWM) (30), also known as childhood
ataxia with central nervous system hypomyelination (CACH) (27), is a cavitating
disease of cerebral white matter due to genetic defects in the eukaryotic translation
initiation factor (eIF)2B (17, 32). Since the detection of the molecular defect in
VWM, and in the absence of an animal model, we have studied the histopathologic
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features of VWM to gain insights into its pathogenesis (34-36). Oligodendrocytes
have been reported to be increased in numbers (35) and to have an abnormal
morphology (37). We and others have noted the dysmorphic appearance of white
matter astrocytes in VWM (10,12,23,25,30), and have speculated that an astrocytic
incompetence may be one factor that contributes to the extreme cavitation.
Several years ago a few apoptotic bodies and two mitotic figures were
observed in a single high power microscopic field in the mildly abnormal cerebellar
white matter of a severely affected VWM patient (VWM 5, table 1), a most unusual
finding. In a recent study, we found a caspase-mediated apoptotic death of white
matter cells, particularly oligodendrocytes, and the presence of abnormal
proliferation and anti-apoptosis markers on oligodendrocytes in VWM white matter
(35). Analysis of the cerebellar section of another VWM patient (VWM 1) in the
same study (35) revealed several unusual mitotic profiles in one low power
microscopic field, and they all appeared to be at the same stage of mitosis. We
also noted many binucleated and some trinucleated glia in the frontal white matter
of two of the chronic VWM patients (VWM1 and particularly 2). The appearances
of the nuclei in the same glial cell were often disparate.

Most of these were

astrocytes (glial fibrillary acidic protein immunoreactive) (Figures 1A and 1B).
Some were probably oligodendrocytes (carbonic anhydrase II-nucleus or
cytoplasm immunoreactive) (Figures 1C and D), but few were macrophages (CD68
immunoreactive) (data not shown). More importantly, perhaps, we noted that some
of those binucleated glia were survivin-immunoreactive (Figure 1E). Survivin has
not only an anti-apoptotic function, but also plays a critical role in the cell cycle (7,
18), particularly in the assembly of the mitotic spindle, the progression from
metaphase to anaphase, and cytokinesis (6, 7). Likewise, the spindle microtubules
play a pivotal role in cytokinesis, the process whereby two identical daughter cells
arise from a single mitosis (reviewed in 1 and 8).
Thus, several lines of evidence indicated a possible aberration in the cell
cycle of white matter glia in VWM and prompted a more detailed histologic study of
other VWM patients and appropriate controls to determine if these mitotic findings
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are common in, and restricted to, VWM. In contrast to our earlier study (35) we
focused on the cerebellar white matter, which is usually only mildly affected in
VWM (23, 30, 31), in an attempt to gain insight into the early stages of the
devastating cerebral white matter lesions. We characterized the mitotic phenomena
through standard

morphologic

and immunohistochemical

techniques. The

possibility that these profiles reflected a monopolar spindle (14) or a mitotic arrest
(4) resulting in an aneuploid state (8) that might contribute to the increase in
oligodendrocytes or the dysmorphic astrocytes in VWM prompted us to perform a
combined ploidy analysis.
The overexpression of another translation initiation factor, eIF4E, can
result in a mitotic rate that exceeds the rate of cytokinesis in HeLa cells and can
lead to multinucleated cell formation (9). Thus we also investigated by quantitative
PCR whether translational dysregulation, caused by mutations of eIF2B subunits,
affects the expression of eIF4E and contributes to the appearance of apparent cell
cycle abnormalities.
MATERIALS AND METHODS
Patients and controls
Five VWM patients (VWM 1-5) were included for the histologic and
fluorescent in situ hybridization (FISH) studies. Their demographic data are listed in
Table 1. Details of the five age-matched “non-neurological controls” (controls 1-5)
and 17 “neurological controls” (controls 9-24), used for these studies, can be found
in Table 2.
Patients included in the flow cytometry (VWM 1-7) and quantitative PCR
(qPCR) (VWM 1, 5, 6, 8) studies were selected on availability and quality of the
tissue (details are listed in Table 1). Controls were non-neurological controls, agematched to the patients (Table 2; controls 6, 7, 8 for flow cytometry and controls 6
and 7 for the qPCR).
Frontal white matter and the same cerebellar white matter sections as
studied previously of VWM 2 were compared by image analysis (see below) to the
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A

B

C

D

E

Figure 1. VWM patient 2, frontal white matter.
A, B. Binucleated dysmorphic astrocytes. Anti-GFAP with hematoxylin counterstain,
riginal magnification X800 (A), 600 (B). C, D. Binucleated (trinucleated – C)
oligodendrocytes with nuclei of different sizes, shape and chromaticity. Anti-CA II with
hematoxylin counterstain, original magnification X1200 E. Two binucleated glial cells
(arrows) displaying diffuse cytoplasmic immunoreactivity for survivin. The larger one is
probably a dysmorphic astrocyte, while the smaller one appears to be oligodendroglial.
Anti-survivin with hematoxylin counterstain, original magnification x 600.
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frontal cerebral white matter of two non-neurological controls (controls 2 and 3) and
the cerebellar white matter of one (control 2).
The frontal white matter of VWM 2, one non-neurological control (control 2)
and the globus pallidus of control 25 (positive tetraploid control) were subjected to
a FISH analysis (see below).
Histologic examination
A review of hematoxylin and eosin-stained cerebellar sections at the level
of the dentate nucleus taken at autopsy from VWM patients and controls was
conducted. The entire white matter area, minus the dentate nucleus, from each
patient and control was scanned by one of us (JMP) at ocular magnifications that
varied from 4.5 to 60X for mitotic figures or suspected mitotic figures. The white
2
matter area examined in these cases varied from 1.2 to 4.1 cm with an average of

2.3 cm2 (Table 3).
Immunohistochemistry
Sections of patients and controls were deparaffinized and stained
according to a standard immunohistochemical streptavidin protocol (34). Primary
antibodies against the following antigens were used: Ki-67, 1:100, vimentin, 1:800,
CD68, 1:200, p53, 1:75, heat retrieval with DAKO Target Retrieval System (DAKO,
Carpenteria, CA); glial fibrillary acidic protein (GFAP), 1:10,000, without retrieval
(DAKO, Carpenteria, CA); survivin, 1:50, without retrieval, (Abcam, Cambridge,
MA) (breast carcinoma, positive control); and carbonic anhydrase II (CA II),
1:15,000 (Rockland, Gilbertsville, PA), with Biocare Medical Antigen Decloaker
(Biocare, Walnut Creek, CA).
Fluorescent In Situ Hybridization (FISH)
A chromosome 9 centromeric probe was generated and labeled with
digoxigenin by PCR as described previously (24). Five-micrometer sections were
cut from paraffin blocks and mounted on glass microscope slides. SSC, 20X (salt,
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sodium citrate) solution was purchased from Invitrogen (Carlsbad, CA).

After

removal of paraffin with xylene, the slides were placed in 0.1X SSC, 50% glycerol
at 80o C for six minutes. They were then washed twice in 2X SSC. The slides were
treated with proteinase K (0.5 mg/ml) in phosphate buffered saline for 90 minutes
at 37o C, washed with 2X SSC twice for 5 minutes, then dehydrated in ethanol and
air dried. Probe DNA in 50% formamide, with salmon sperm carrier, was applied to
cover the section, and then denatured on a hotblock at 74o C for 8 minutes. The
coverslip was sealed to the slide with rubber cement and the slides were incubated
overnight in a humid chamber at 37o C. The coverslip was removed and the slides
were washed twice in 50% formamide, 2x SCC at 42o C for 5 minutes, then twice in
2X SSC at 42o C for 5 minutes, then twice in 4X SSC with 0.05% Tween 20 at
room temperature. Bound digoxigenin chromosome 9 probe was detected with
fluorescein labeled anti-digoxigenin antibody. The slides were mounted in glycerol
containing DAPI to counterstain nuclear DNA.
DNA flow cytometry
Flow cytometry was performed on frozen brain tissue from cerebrum and
cerebellum of VWM patients, and results were compared to data from control
material. Patient and control tissue was frozen in liquid nitrogen immediately at
autopsy. For the cerebrum both gray and white matter from seven VWM patients
(VWM 1-7) and three controls (controls 6-8) was tested. For the cerebellum we
used deep white matter from three VWM patients (VWM 1, 2, 5) and two controls
(controls 6 and 7).
In order to obtain a single nuclear suspension, a small piece of frozen
tissue was minced in 3.0 ml citric acid solution pH 7.6 (25 mM sucrose, 40 mM trisodium citrate dehydrate, and 5% DMSO). This suspension was centrifuged for 10
minutes at 3500 rpm. A trypsin solution (15 mg trypsin in 500 ml Stock; 3.4 mM
trisodium citrate dihydrate, 0.1% v/v Igepal® CA-630, 1.5 mM spermine
tetrahydrochloride and 0.5 mM trishydroxymethylaminomethane, pH set at 7.6) was
added and left to incubate for ten minutes at room temperature. Subsequently, the
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trypsin inhibitor (250 mg Trypsin inhibitor and 50 mg RNAse A in 500 ml Stock)
was added, and again this suspension was left to incubate for ten minutes at room
temperature. This final suspension was filtered and 750 μl DAPI+ (2 mg DAPI in 10
ml Tris, 500 ml Stock and 580 mg spermine tetrahydrochloride) added 15 minutes
prior to measuring using a multiparameter flow cytometer (Partec PAS, Partec
GmbH, Münster, Germany).
Quantitative PCR of eIF4E
Total RNA was isolated from 0.1 gram frozen brain tissue, containing both
gray and white matter. cDNA was synthesized from 5 µg total RNA using random
hexanucleotides and Superscript III (Invitrogen, Breda, the Netherlands) according
to the vendor’s protocol. RNAse H was added after the reverse transcription to
hydrolyze the RNA template.
The qPCR experiments were performed using an ABI PRISM 7700
sequence detector (Applied Biosystems, Nieuwerkerk aan den IJssel, the
Netherlands). Transcript-specific primers were generated with Primer Express
software (Applied Biosystems) and designed to overlap exon-exon boundaries to
prevent genomic DNA amplification. The PCR reaction was carried out in a volume
of 10 μl, using SYBR green PCR mix, 3.0 μM primers and 0.1 μg cDNA. The PCR
program followed the guidelines of the vendor (Applied Biosystems).
The cycle of threshold value (Ct), defined as the cycle number at which the
fluorescent emission reaches a fixed threshold during the exponential phase of
amplification, was used to calculate the relative expression level of the genes of
interest and normalized to the transcript for the housekeeping gene HPRT.
Calculations were done as instructed by the vendor and as described previously
(16).
qPCR Primers for eIF4E (5’-3’ forward and reverse, A of ATG =+1) were as
follows: (490-511) GCA ATA TGG ACT ACT GAA TGT G and (530-552) CTT GTA
TAC CCT CCC TAT ATG TG.
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RESULTS
Histologic and immunohistochemical findings
The cerebellar white matter samples of the non-neurological controls were
unremarkable, as were those of most of the neurological controls. The
metachromatic and globoid cell leukodystrophy samples revealed characteristic
active dysmyelinative lesions (22). The juvenile and adult X-linked adrenoleukodystrophy (ALD) samples displayed variable degrees of inflammatory
demyelination, while the adrenomyeloneuropathy (AMN) and AMN/ALD samples
showed variable degrees of dysmyelination (22). The VWM samples revealed
variable amounts of myelin pallor and spongiform change with slight reductions in
numbers of oligodendrocytes, as previously reported (23, 30, 31. 35).
The number and appearance of mitotic profiles in the VWM cerebellar
white matter are listed in Table 3. None were observed in any of the nonneurological and neurological controls, except for two classical metaphase plates in
one high power field of one 61-year-old female patient with multiple sclerosis (MS)
(control 22) and one classical metaphase plate in the 12-year-old patient with
juvenile ALD (control 14). Mitotic profiles in VWM primarily displayed the same
circular configuration, most consistent with prometaphase (1, 19) (Figure 2). The
cells displaying these mitotic profiles often revealed a symmetrical rim of smooth
eosinophilic cytoplasm that was not typical of normal neuronal or mature glial cells
or reactive astrocytes (Figure 2, inserts). We postulated that these prometaphase
configurations reflected enhanced activity of the spindle checkpoint (1, 4, 20).
Hence, we then searched the same areas of patients 1 and 5 for abnormal mitotic
profiles known to activate the spindle checkpoint (e.g., monopolar spindles and
unattached chromosomes) (8, 14, 20). Indeed, we did find a metaphase plate in
which several chromosomes remained unattached to the plate (Figure 3A), and a
metaphase plate in which the spindle microtubules were obvious without special
techniques and appeared to be monopolar (Figure 3B). We were unable to
immunolabel these prometaphase cells with antibodies to CA II or GFAP; two were
immunoreactive with antibodies to CD68 (Figure 4) in patient 1, but not in patient 5.
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Figure 2.
VWM patient 1. Low power view of mildly affected cerebellar white matter. Hematoxylin-eosin,
original magnification x 60. Inserts: Enlargements of boxed areas showing
probable prometaphase mitotic profiles within a rim of eosinophilic cytoplasm. Original
magnifications x 675.

A

B

Figure 3.
VWM patient 1. Chromosomes (arrows) unattached to
distorted metaphase plate. Anti-Ki-67 with hematoxylin
counterstain, original magnification x 675. B. VWM patient
1. Possible monopolar spindle (arrow) and non-reactive
metaphase plate. Note the bowing of the metaphase plate
toward the apparent monopolar spindle. Anti-Ki-67 with
hematoxylin counterstain, original magnification x 750.

Figure 4.
VWM patient 1.
Strongly immunoreactive
cytoplasmic rim (arrow) surrounding abnormal
mitotic profile.
Note that the chromosomes
centered within the immunoreactive cytoplasm
are non-reactive. Anti-CD68 with hematoxylin
counterstain, original magnification x 900.

A

B

Figure 5.
A. VWM patient 5. Immunoreactive core of abnormal
chromosomal arrangement, most comparable to that of
middle inset in Figure 2. Note that the hematoxylinophilic
chromosomes (arrowheads) are not immunolabeled. AntiKi-67 with hematoxylin counterstain, original magnification
x 675.B.VWM patient 5. Asymmetrically immunoreactive
kinetochore microtubules (arrows).
Note that the
hematoxylinophilic chromosomes (arrowhead) in the
metaphase plate are not immunolabeled.
Anti-Ki-67,
original magnification x 675.
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The anti-vimentin antibody labeled most of the mitotic figures in patient 5, but not in
patient 1. A monoclonal antibody to Ki-67, which should label the chromosomes in
mitotic figures, did not label those in the VWM patients, in spite of several
modifications and consistently labeled positive controls in the same runs; but it
rarely stained the center of a chromosomal ring (Figure 5A) or the kinetochore
microtubules (Figure 5B).
Fluorescent in situ hybridization
FISH can be used to detect aneusomy of individual chromosomes. The
probe for chromosome 9 provided a strong signal when applied to the formalinfixed and paraffin-embedded specimens. Cells with four copies of chromosome 9
were easily detected in the positive control specimen. The specimen from the
patient with VWM did not contain cells with chromosome 9 aneusomy at or above a
level of 1 in 100 cells.
DNA flow cytometry
In order to check further for aneuploidy in VWM patients we tested frozen
cerebral gray and white matter of seven patients and three controls using DNA flow
cytometry. Six VWM patients included in this part of the study were diagnosed with
a mutation in the ε-subunit of eIF2B and one patient had a mutation in the βsubunit (Figure 6, and Table 1). None of the patients exhibited any sign of
aneuploidy, because the peak indicating diploid cells (at +/- 75) was always narrow
and comparable to the control peaks (Figure 6). We also tested the material of all
patients using static DNA cytometry (3). This technique makes it possible to
distinguish between clumped cells and polyploid cells, and to study cells that have
an abnormal signal. With this technique all patients were perfectly diploid.
Because the prometaphase mitotic profiles were noted in cerebellum, we
also performed DNA flow cytometry on deep cerebellar white matter of three VWM
patients (VWM 1, 7, 8; Table 1) and two controls (controls 6, 7; Table 2). None of
the tested patients showed any sign of aneuploidy (data not shown).
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eIF4E
The eIF4E mRNA expression levels were unaltered in VWM patients as
determined by qPCR in comparison with the control levels (Table 4).

P2

P4

P5

C1

C2

C3

P6

P7

P8

Figure 6. Results for flow cytometry on cerebral brain material.
Flow cytometry was performed on 6 VWM patients (P) and 3 controls (C), as described in Material and
Methods. The arrow indicates the peak at 2n. None of these patients or control subjects show aberrant
DNA contents in the nucleus.
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DISCUSSION
Mitosis is a complex biological process (reviewed in 1) and is usually
divided into four stages: G1, S, M and G2 phases. G1 and G2 are interphases,
chromosome replication takes place in the S phase, and the M-phase includes
nuclear division (mitosis). The M-phase takes place in five consecutive steps:
prophase, prometaphase, metaphase, anaphase, and telophase. Cytokinesis, the
separation of the parent cell cytoplasm into (almost always) two equal daughter
cells, follows mitosis (1).
The process of mitosis includes mitotic checkpoints (reviewed in 39) to
maintain the integrity of the genome and the accurate transmission of genetic
material between cells. The transition of metaphase to anaphase depends upon
the integrity of the anaphase-promoting complex (reviewed in 21). Stress and
mitotic errors, such as monopolar spindles and unattached kinetochores, can
interfere with the proper function of the anaphase-promoting complex (8, 14). The
spindle checkpoint protects the cell by allowing enough time for the mitotic
abnormalities to be corrected. If the errors can be corrected, normal cell division
will take place. If the checkpoint is deficient or the errors cannot be corrected,
either aneuploidy or mitotic catastrophe ensues (5). Mitotic catastrophe leads to the
apoptotic death of cells, mediated by caspases, and is regulated by a variety of
factors, such as cyclin B1-dependent kinase, ataxia-telangiectasia mutated protein,
Aurora B, survivin and p53 (reviewed in 5; 38).

We have previously reported

apoptosis of oligodendrocytes in the white matter of VWM patients, in which
activated-caspase was demonstrated (35).
Our present study has revealed that glial mitotic activity in the normal
appearing to mildly affected cerebellar white matter of VWM patients is greater
than in several other leukodystrophies and age-matched normal controls. However,
increased mitotic activity was found in only two of the five VWM patients (VWM 1
and 5). These two patients are different in age of disease onset, disease
progression, sex and mutation. Importantly, they showed the same unusual mitotic
profiles, morphologically most consistent with prometaphase (1, 19), which we
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believe probably reflect a G2/M or spindle checkpoint arrest (reviewed in 4 and 21).
Unattached chromosomes and a possible monopolar spindle, both abnormalities
known to activate the mitotic spindle checkpoint, were observed in the same
patients (see Figure 3).

It is not possible to determine whether the observed

mitotic errors in these two patients were uncorrectible or if the putative checkpoint
arrests were faulty; however, the presence of three probable spindle checkpoints in
one small area of almost “normal” cerebellar white matter suggests the presence of
chromosomal abnormalities that might be sufficiently severe to result in either the
aneuploid state or mitotic catastrophe. Using both flow and static cytometry, we
could not demonstrate aneuploidy. Therefore, the occurrence of mitotic catastrophe
in these cells seems more likely.
We did not find evidence for changes in translational control through
alterations in the expression level of eIF4E. We were unsuccessful in
demonstrating p53 immunoreactivity in the frontal white matter of VWM patients 1
and 5, even with stringent antigen retrieval (high pH, 9.5-10) (data not shown). We
are, therefore, unable to provide a convincing argument for which regulatory
processes might be perturbed
This study, however, has provided a few clues. First, some white matter
glia in VWM overexpress survivin in their cytoplasm (see Figure 1E; and reference
35). This cytoplasmic localization is believed to allow direct or indirect interference
with caspases, explaining its anti-apoptotic function in neoplastic cells (2, 35 and
reviewed in 7). In order to play its normal role as a chromosomal passenger protein
in the mitotic cycle, however, survivin must initially translocate to the centromeres,
then to the spindle midzone (microtubles) (7, 13, 29) in close association with
Aurora-B (6). Defects in either Aurora-B or surivivin can lead to a variety of cell
division defects, such as monopolar spindles (14), multinucleated cells (6) and
disrupted microtubule formation (7). It is conceivable that the cytoplasmic
restriction of survivin needed to prevent apoptosis and maintain glial viability in
VWM competes with its normal mitotic role in these same cells. Second, Ki-67, the
antibody to which labels the chromosomes of mitotic figures and the nuclei of cells
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with proliferative potential, is a nuclear and nucleolar protein involved in the
progression of cells from metaphase to anaphase (11). We were unable to label
the mitotic profiles in patients 1 and 5 with the Ki-67 antibody (see Figures 3A and
B; 5A and B) 4, in spite of repeated attempts with consistent positive controls and
in the presence of internal positive (though aberrant) staining (see Figures 5A and
B). Its binding to kinetochore microtubules (see Figure 5B) also appears to be
abnormal (11) and, consequently, might have an adverse effect on both mitosis
and cytokinesis. Both the cytoplasmic localization of survivin in multinucleated cells
of VWM2 and the abnormal pattern of Ki-67 immunoreactivity in VWM1 and 5 also
support the notion that the cell cycle progression in some VWM glia might be
abnormal.

Based on our survivin immunostaining and other studies it would

appear that both astrocytes and oligodendrocytes (10, 35) are affected.

A

consequent failure to achieve cytokinesis, another normal function of survivin,
might provide an explanation for the multinucleated and dysmorphic astrocytes and
the dysmorphic oligodendrocytes (10, 25, 35, 37) in the cerebral white matter of
VWM. Some of these cells with the putative prometaphase nuclei could be labeled
with the CD-68 antibody and, hence, are macrophages. Mitotic catastrophe in this
cell type might explain the comparatively meager macrophage response in VWM
(reviewed in 23). Thus, all types of white matter glia seem to be affected in VWM,
as suggested previously (35). Recently, in vitro data from our VWM2 revealed a
specific reduction in the generation of astrocytes, and many of those showed a
mixed oligodendrocytic-astrocytic phenotype (10).
At present, no animal model of VWM is available to study its molecular
pathomechanisms. Both the selective white matter involvement and its extensive
cavitating quality in a disease with a generalized translation initiation defect remain
largely unexplained (23, 26, 28, 33). Hence, abnormalities observed in individual
VWM patients, even though infrequent, may contribute new insights into its
pathogenesis. Such observations in our laboratories have uncovered the abnormal
expression of proliferation and anti-apoptosis markers in VWM oligodendroglia,
their activated caspase-3 mediated apoptotic death (35), and an abnormal
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activation of the unfolded protein response (UPR) only in white matter glia (34, 36).
The UPR is known to generate both prosurvival and proapoptotic signals and,
hence, its upregulation provides a plausible molecular explanation for our earlier
observations (35), as well as a potential cause of DNA damage and cell cycle
abnormalities.
The convergence of several lethal insults, including excessive activation of
the UPR and apoptotic pathways (35, 36) and cell cycle abnormalities, suggested
in the present study, occurring exclusively in white matter glia might be a starting
point to explain the severe cavitating lesions restricted to cerebral white matter in
VWM (10, 12, 25, 30, 31).
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ABSTRACT
Leukoencephalopathy with vanishing white matter (VWM) is a childhood
white matter disorder with an autosomal recessive mode of inheritance. The
disease is caused by mutations in the genes encoding the subunits of eukaryotic
initiation factor 2B (eIF2B), a protein complex essential for protein synthesis. The
process of myelination is deficient in VWM patients from early age on. The number
of oligodendrocytes is decreased, although relatively high given the white matter
loss. Oligodendrocytes have an abnormal morphology. Astrogliosis is less than
expected for the severity of the white matter involvement and astrocytes look
abnormal and hyperplastic. Mature oligodendrocytes and astrocytes are derived
from a common immature ancestor cell type. The selective abnormality of glial cells
from early on in VWM brain suggested a possible defect in glial progenitor
differentiation or maturation. Using immunohistochemical techniques on post
mortem patient and control brain white matter, we discovered that most cells in
VWM white matter are proliferating immature progenitor cells and that they are
predominantly of astrocytic lineage. We also showed that these progenitor cells
display a high rate of apoptosis. These data suggest that the myelin deficiency in
VWM white matter is probably caused by a lack of mature, myelin-producing
oligodendrocytes, and that the inadequate astrocytosis is probably caused by a
defect in maturation of progenitors into normal astrocytes. Overall, this study has
provided evidence for the hypothesis that VWM is a disease in which glia are
selectively affected from early disease stage on.
INTRODUCTION
Vanishing white matter (VWM), also called childhood ataxia with central
nervous system hypomyelination (CACH), is one of the most prevalent inherited
childhood white matter disorders [1]. The mode of inheritance is autosomal
recessive [2]. Neurological signs include progressive cerebellar ataxia and
spasticity, and relatively preserved mental abilities. Magnetic resonance imaging
(MRI) of the brain shows diffuse abnormality of the cerebral white matter, beginning
at the presymptomatic stages [3-5]. Over time, increasing amounts of white matter
disappear, to be replaced by fluid, concurrent with clinical deterioration [4,5].
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The genes associated with VWM encode the five subunits of eukaryotic
initiation factor 2B (eIF2B) [6,7]. eIF2B is a factor pivotal in the initiation of mRNA
translation and in the regulation of the rate of protein synthesis under different
conditions. Because eIF2B is essential in all cell types, the selective manifestation
of its dysfunction in the white matter of the brain is puzzling. This suggests a celltype specific functional component.
The clinical severity varies widely among affected patients, (reviewed in
[8,9]). Although brains of VWM patients show similar neuropathologic features, the
extent and severity of the white matter involvement may vary between patients. In
general, myelin tends to be better preserved in the U-fibers, corpus callosum,
anterior commissure, internal capsule, external capsule, brain stem and cerebellum
than elsewhere, whereas the frontal white matter is generally most severely
affected, rarefied and cavitated [5,10].
Despite the extensive white matter damage seen in VWM, astrogliosis and
glial scarring is typically mild [3,5,10,11]. VWM is characterized by hyperplastic
astrocytes, high in number in the relatively spared white matter, and scarse within
cavitated areas [3,4,10-16]. In addition, VWM

astrocytes have an abnormal

morphology with few typically thick and stunted processes [3,4,10,11,13-17].
The

response

of

the

oligodendrocytes

is

more

variable,

with

oligodendrocyte loss as a function of disease stage and the extent of local
rarefaction [4,5,10,13-20]. In general, in severely affected areas the number of
oligodendrocytes is decreased, although their numbers remain relatively high given
the degree of white matter loss. The number of oligodendrocytes may even be
increased in better preserved areas [19]. Oligodendrocytic morphology is aberrant;
surviving oligodendrocytes are often multi-vacuolated or “foamy” [11].
Thus, while astrocytes and oligodendrocytes are both deficient and
aberrant in VWM, their compensatory responses to the disease process appear to
differ, with apparent astrocytic loss and relative oligodendrocytic proliferation.
It is important to note that in all cases described so far oligodendrocytes
have been identified by morphology (hematoxylin & eosin staining, H&E) or
carboanhydrase

II

(CAII)

immunoreactivity

[4,5,10,13-20].

The
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Figure 1. H&E staining on paraffin fixed section of the frontal lobe from control 3
(A), frontal lobe from patient 1 (B), anterior commissure from control 1 (C) and
anterior limb of the internal capsule from patient 2 (D). Original magnification, 400x.
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Figure 2. MBP staining on the anterior commissure from control 3 (A) and patient 3 (B); and on
frontal white matter from control 2 (D) and patient 4 (E). Magnification, 100x
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oligodendrocytic proliferation is puzzling given the early and extensive myelin
deficiency that characterizes VWM. This relative poverty of myelin as compared to
the high number of morphologically defined oligodendrocytes prompted us to
question the oligodendrocytic lineage of these cells. We wondered whether these
supposed oligodendrocytes might instead be immature oligodendrocytes or glial
progenitor cells, which have a similar morphologic appearance as mature
oligodendrocytes in routine light microscopy. In this study we used a range of
markers to determine more accurately the antigenic phenotype and maturational
stage of these “oligodendrocyte-like” cells.

MATERIAL AND METHODS
Immunohistochemistry and patients
This study was performed using post mortem human brain tissue and was
consequently limited to end-stage disease. To overcome this problem as much as
possible, we selected brain material from VWM patients across a spectrum of
disease severities (Table 1). We used formalin-fixed, paraffin-embedded tissue
from VWM patients, as well as from age-matched controls without neurological
disease at autopsy (non-neurological controls); we also sampled one patient with
multiple sclerosis (MS) (neurological control). Details are listed in Table 1.
Markers used were: Nestin (Chemicon) 1:7500, Ki-67 (DAKO) 1:250, Sox2
(R&D systems) 1:400, GFAP (Chemicon) 1:1000, Musashi (Dr Okaru )1:200,
Caspase 3 (Cell signaling) 1:300 and GalC (Chemicon) 1:50. Fluorescein or Texas
Red conjugated secondary antibodies (Molecular Probes, (1:400) or Jackson
ImmunoResearch, (1:200). Ki-67 and Sox2 immunoreactions were amplified using
biotin-conjugated secondaries and detected using anti-biotin RRX or streptavidin
488 (Molecular Probes).
For immunofluorescence microscopy we used freshly frozen brain tissue
derived from VWM patients, as well as of age-matched controls (Table 2 and 3). To
optimize the outcome of this study, we selected material from patients with either a
classic (patient 1, previously studied by Dietrich et al.,2005, and patient 2) or with a
more severe phenotype (patient 3). Details for patients and control subjects for the
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Figure 3. GFAP staining on a white matter lesion of a patient with multiple sclerosis (control 4; DABstaining) (A) and on frontal white matter of patient 2 (AEC-staining) (B). Magnification is 100x, insert is
400x.
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Figure 4. Immunofluorescent staining with Ki67 (red) on frozen frontal lobe material from control and patients
as indicated. Original magnification 200x.

Defect in Glial Maturation in VWM

study on the presence of neural progenitor antigens on frontal lobe material are
listed in Table 2.
Frozen tissue sections (15μm) were fixed in 4% paraformaldehyde,
blocked in 5% normal donkey serum and incubated with primary antibodies.
RESULTS
Astrocytes and oligodendrocytes are both faulty in VWM
To confirm earlier observations found in VWM brain [19], we applied
conventional stainings to the VWM tissues selected for this study. In these
stainings morphologic criteria to identify oligodendrocytes are the presence of
round dense nuclei and scanty cytoplasm [19]. Using a H&E stain, we found that
the number of dense round nuclei in the severely affected frontal white matter of
VWM was comparable to the same area in controls (Fig. 1 A and B). In better
preserved areas (Fig. 1 C and D) the VWM patient had a higher density of nuclei
than the controls, the difference being almost two-fold.
Myelin basic protein (MBP) immuno-staining (Fig. 2) showed that despite
the increase in the number of cells with an oligodendrocyte-like appearance, there
was a pronounced lack of myelin in both the severely affected (D) and better
preserved (B) white matter areas in VWM, indicating that the oligodendrocyte-like
cells produced little or no myelin.
Glial fibrillary acidic protein (GFAP) staining revealed that in VWM serious
white matter damage was accompanied by a meagre increase in reactive
astrocytes as compared to the much more prominent astrocytic response seen in a
demyelinating lesion in MS [21] (Fig. 3A), indicating an impaired astrocytic
response in the white matter of VWM (Fig. 3B).
Glial cells are actively dividing in VWM brain
The Ki-67 antibody stains a nuclear protein that is exclusively present in
actively proliferating cells, including proliferating cells of the central and peripheral
nervous system [22]. More specifically, it is a proliferation-associated antigen or
proliferative marker, which is found in the active parts of the cell cycle (G1, S, G2
and M phase) and absent in quiescent or resting cells (G0) [23]. Because most
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Figure 5A. Immunofluorescent staining with MSI (red) and Sox2 (green) on frozen frontal lobe
material from control 6 and patient 3. Original magnification 200x.
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Figure 5B. Immunofluorescent staining with sox2 (green) on corpus callosum from control 7
and patient 5. Original magnification 200x.
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cells in the human brain are fully differentiated, they do not express Ki-67. Using
immunofluorescence, both controls showed indeed very few Ki-67 positive cells
(Fig. 4). For patient 3 almost every cell showed Ki-67 immuno-reactivity. This
indicates that an abnormally high number of cells is actively dividing in VWM white
matter.
Progenitor cells are recruited in VWM brain
Astrocytes and oligodendrocytes are derived from a common glial
precursor cell, a so-called bipotential astro-oligodendrocyte progenitor cell or O-2A
progenitor [24]. Using standard immunofluorescence and confocal imaging we
studied the presence of markers commonly applied to identify immature
mammalian glial cells, such as Sox2 [25-27] and Musashi (Msi) [25,28] in post
mortem brain material from VWM patients and controls.
In normal control post-mortem brain very few cells stained for Msi or Sox2
(Figure 5A, top row), whereas in VWM frontal white matter, almost every cell
stained positive for both Sox2 and Msi (Figure 5A, bottom row). So, virtually all
cells in the severely affected frontal lobe stained as immature (progenitor) cells.
We also selected a better preserved region (corpus callosum) from one
VWM patient with the classic phenotype and the corresponding region in a healthy
control (see table 3) and stained for Sox2 as a marker for progenitor cells. The
result was comparable to what we found for the frontal lobe: the patient showed
strikingly more immature (Sox2 positive) cells than the control (Fig. 5B).
Double labeling of immature and proliferating cells
Using double immunofluorescence labeling and confocal microscopy, we
investigated whether the proliferating cells were already committed to either the
oligodendrocytic or astrocytic lineage.
GalC as a marker for the oligodendrocytic lineage did not reveal an
increase in oligodendrocyte-like cells in either affected or relatively preserved areas
of VWM, suggesting that mature oligodendrocytes are not accountable for the
increased numbers of cells in VWM white matter (Figure 6).
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Corpus callosum

Control 7
Patient 5

Patient 3

Control 6

Frontal white matter

Figure 6. Immunofluorecent staining for GalC (red) on frontal white matter and corpus callosum from patient
and control indicated. Original magnification 200x.
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We used GFAP as an end-stage astrocyte marker and Nestin for
intermediate astrocytes and oligodendrocytes. In figure 7 pictures of double
stainings for Sox2 with either Nestin or GFAP antibodies are shown for patient 5
and control 7. The majority of cells positive for Sox2 co-expressed GFAP in the
VWM patient. A lower number of cells in the VWM tissue were positive for both
Sox2 and Nestin. Double labeling for Nestin and GFAP showed very few cell
positive for both markers (data not shown). These results indicated that the
majority of the progenitor cells is of astrocytic lineage.
In figure 4 we showed that many cells in VWM white matter are positive for
Ki-67. We therefore performed a double immunohistochemical staining for Ki-67
together with Nestin and GFAP. In figure 8 we applied confocal microscopy to
show that Ki-67 colocalizes with both Nestin and GFAP positive cells.
Proliferation or apoptosis
The number of apoptotic cells in the affected white matter has been shown
to be high in VWM patients [19]. Using immunostaining with antibodies against
caspase-3 and GFAP we showed that most caspase-3 positive cells were also
GFAP positive and thus part of the astrocytic lineage (Fig 9).
DISCUSSION
We show that there is an increase of (Ki-67 positive) proliferating cells
within VWM white matter and that virtually all VWM white matter cells are immature
cells (expressing Sox2 and Msi, markers for early glial progenitors). There is no
increase in (GalC positive) mature oligodendrocytes within VWM white matter.
Most of the proliferating (Ki-67 positive) cells and apoptotic (Caspase3 positive)
cells are GFAP-positive. Our conclusion is, therefore, that proliferating glial
progenitors of astrocytic lineage constitute the predominant cell type present in
VWM white matter and that these progenitor cells display a high rate of apoptosis.
Our findings suggest a lack of normal, mature oligodendrocytes and astrocytes.
The myelin deficiency in VWM white matter is, consequently, probably caused by a
lack of mature, myelin-producing oligodendrocytes, and the meagre astrocytosis is

Chapter 6

Sox2

Nestin

Merge

DAPI

Sox2

GFAP

Merge

Patient 5

Control 7

Patient 5

Control 7

DAPI

Figure 7. Immunofluorescent staining with Sox2 (red) and Nestin (green), or GFAP (green) on frozen frontal
lobe material from control 7 and patient 5. Original magnification 200x.
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probably caused by a defect in maturation of progenitors into normal, functional
astrocytes.
Our findings contradict several studies on glial cells in VWM, which
concluded that the number of oligodendrocytes is increased [5,10,13,14,16,18].
The discrepancies between our data and the published literature can be explained
by the approach that was followed in earlier studies. The conclusions in those
previous studies were based on light microscopy and conventional stainings, using
for example CAII to detect mature oligodendrocytes. It is, however, difficult to
differentiate mature oligodendrocytes from immature glial cells on H&E, and CAII is
known to be expressed not only in mature oligodendrocytes but in their progenitors
as well [29]. The lack of good CAII staining in the anterior commissure in VWM
patients puzzled us before [19]. It was then blamed on incomplete antibody
staining, known to occur with CAII [29,30].
Our results in VWM-patient derived brain material confirm the findings of
Dietrich et al., who suggested that glial differentiation and maturation are defective
in VWM [31]. They showed that neural stem cells in culture, derived from one VWM
patient with a classic clinical phenotype, did not differentiate into normal astrocytes
as control stem cells did. In their study 30-50% of the GFAP positive cells from
VWM patient-derived astrocyte cultures displayed a mixed phenotype, expressing
both astrocyte- and oligodendrocyte-specific markers. The authors concluded that
neural stem cells in VWM are deficient in developing into astrocytes [31],
explaining the insufficient astrogliosis that is observed in VWM white matter relative
to the severity of the damage [3,5,10,11].
Apparent contradicting cell growth and cell death signals were previously
reported to occur in oligodendrocytes, as identified by morphology and CAII
staining [19]. We found that these signals are in fact present in GFAP-positive
cells, most likely astrocytic progenitor cells. The contradicting proliferative and
apoptotic signals may very well be caused by the undue activation of the unfolded
protein response that was shown in the white matter of VWM patients [32,33,34].
We hypothesize that a defect in glial progenitor maturation is at the basis
of the white matter disease in VWM. This defect would explain the specific
characteristics

observed

in

VWM

with

dysfunctional

astrocytes

and
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Patient 3

Ki-67 GFAP

Patient 3

Ki-67 Nestin

Figure 8. Confocal images of immunofluorescent staining with Ki-67 (red) and
GFAP or Nestin (green) on patient 3. Original magnification 400x.
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oligodendrocytes. How the defect in glial progenitor maturation is linked to the
reduced activity of the eIF2B complex in VWM remains puzzling. A likely
hypothesis is that translational regulation of glial progenitor-specific mRNAs is
affected in VWM, thereby affecting differentiation and maturation. Possible
candidates are, for example, the C/EBP transcription factors that are translationally
regulated through upstream start codons [35] and that are differentially expressed
during astrocyte differentiation [36]. An alternative explanation involves the
abnormally upregulated unfolded protein response that has been observed in white
matter cells of VWM patients [32,33]. Oligodendrocytes have to produce vast
amounts of myelin membrane during the process of myelination. If the endoplasmic
reticulum is unfit to cope with the synthesis of the many components of myelin, the
UPR will be further activated, which could inhibit the maturation of progenitor cells
along the oligodendrocytic lineage. Astrocytes are more resistant to most types of
disease or stress, but sustained up-regulation of the UPR has shown to induce
astrocytic death [37].
Our findings may have important consequences for possible therapies for
VWM. If the main problem in VWM resides in the maturation and survival of glial
progenitors, VWM patients can perhaps be treated with glial progenitors from
healthy donors. If such progenitors will differentiate into fully functional astrocytes
and oligodendrocytes, the insufficient myelin production and abnormal astrocytic
responses could be rescued.
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Figure 9. Imm unofluorescent staining for Caspase 3 (green) and GFAP (red) on frozen frontal
white m atter m aterial from patient 3 and control 6. Original m agnification 200x.
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Table1. Paraffin brain tissue
Age

PMI

Phenotype

Control 1

14 y

15

Non-neurologic control

Control 2

36 y

12

Non-neurologic control

Control 3

16 y

14

Non-neurologic control

Control 4

66 y

unknown

Multiple Sclerosis

Patient 1

12 y

1

Classic VWM ε T91A/ W628R*

Patient 2

16 y

6

Classic VWM εT91A/T91A*

Patient 3

4.5 mo

3

Severe VWM βG200V/P291S*

Patient 4

36 y

5

Mild VWM εR113H/113H*

* The eIF2B subunit and the amino acid changes are indicated

Table 2. Frozen brain tissue
Frontal white matter

Age

PMI

Phenotype

Control 5

13 y

18h

Non-neurologic control

Control 6

4.5 mo

16h

Non-neurologic control

Patient 1

12 y

1h

Classic VWM εT91A/W628R*

Patient 3

4.5 mo

3h

Severe VWM βG200V/P291S*

* The eIF2B subunit and the amino acid changes are indicated

Table 3. Frozen brain tissue from relatively spared areas
Spared white matter

Age

PMI

Control 7

14

13

Patient 5

29

7

phenotype

Area

Non-neurological

Corpus callosum

control
Classic VWM
εT91A/T91A*

* The eIF2B subunit and the amino acid changes are indicated

Corpus callosum
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SUMMARY, DISCUSSION AND FUTURE PERSPECTIVES
With this thesis an effort was made to gain insight into the molecular
background and pathophysiology of Vanishing White Matter disease (VWM). VWM
is the first human disease known to be caused by mutations in a translation
initiation factor. Mutations in each of the five genes coding for the five subunits of
the heteropentameric translation initiation factor eIF2B can lead to VWM.
The pathophysiology of VWM has remained puzzling. The selective
involvement of the brain due to mutations in a ubiquitously expressed protein
complex is difficult to understand. In order to provide more reliable information on
the prognosis for individual patients and hopefully develop treatment for VWM
patients more and better insight into the disease mechanism is required. Our
research focussed on possible differences between healthy and VWM patientderived cells, using biochemical and immunohistochemical techniques. With this
thesis, we have elucidated some aspects of the pathophysiology of VWM, although
many questions remain as yet unanswered.
Considering the mutations found in the eIF2B genes, our first thought was
that the mutations would decrease the activity of eIF2B and subsequently decrease
protein synthesis in general. The eIF2B protein complex is expressed in all studied
cells of the human body and therefore all cells also express the mutant protein
complex. For this reason, we decided to start our project using blood-derived cell
lines. These so-called lymphoblasts are obtained by a minimally invasive method,
are easy to culture, and allowed us to perform experiments that cover a wide range
of different mutations.
The results of these experiments performed with lymphoblasts are
described in chapter 2. We investigated the activity of the eIF2B complex, its effect
on overall protein synthesis and the stability and composition of the eIF2·eIF2B
complex. The most striking outcome was that, whereas eIF2B activity was
significantly reduced in VWM lymphoblasts, no apparent differences in protein
synthesis were found between control and VWM lymphoblasts. Also, after heatshock treatment the response of control and VWM cells was the same. Western
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blot analysis showed that the expression levels of the eIF2B subunits in VWM cell
lines were similar to those in control lymphoblast lines. Mutations in the eIF2B
genes did not affect the interaction of eIF2B with eIF2 or the subunit composition in
HPLC analysis. Proliferation and survival were not affected upon severe (43ºC) or
more moderate (40ºC) heat shock in patient lymphoblasts as compared to control
cells.
The generally accepted idea is that the availability of active eIF2B is a ratelimiting factor for protein synthesis in mammalian cells. We found that reduced
eIF2B activity did not affect protein synthesis and, therefore, eIF2B was not ratelimiting in lymphoblasts. This left us wondering how mutations affecting eIF2B
activity do not result in a decreased protein synthesis. Either eIF2B is not ratelimiting for protein synthesis in lymphoblasts, which would mean that we have to
look for another model system, or the main effect of the mutations does not
concern protein synthesis but possible other and unknown eIF2B-related functions.
Under cellular stress conditions eIF2B activity is regulated by eIF2
phosphorylation. Phosphorylation of the α-subunit of eIF2 leads to a stabilized
binding of eIF2 to eIF2B, in this way sequestering the eIF2B.

Exposure to

increased temperature (heat shock) caused a decrease in the expression of
specific eIF2B subunits in lymphoblasts from some VWM-patients (see chapter 2).
Most importantly, the increase in phosphorylation of eIF2α in response to heat
shock was lower in VWM lymphoblasts than in control cells. These findings could
be part of the explanation for the episodes of rapid and severe deterioration that
are precipitated by febrile infections, as observed in VWM patients, although the
exact role of decreased phosphorylation of eIF2α in VWM cells has not been
explored yet.
It is important to realize that decreased eIF2B activity is thought to
reduce overall protein synthesis. Paradoxically, it increases the translation of a few
specific proteins. This increased translation is mediated by the presence of multiple
upstream open reading frames (uORFs) in the 5’ untranslated region (5’UTR) of
these specific mRNAs. The ribosome initiates translation at the most upstream
AUG, but after encountering the stop codon of the uORF, it is assumed to remain
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attached to the mRNA and to continue scanning for a more downstream AUG
codon. To recognize the next AUG sequence, the ribosome must be reloaded with
active eIF2-GTP-Met-tRNAi. If the levels of this ternary complex are high, the
chance of reloading soon is high and initiation will occur again at an AUG of one of
the subsequent uORFs. However, if the levels of ternary complex are low, due to
reduced eIF2B activity, the chance is higher that the scanning ribosome has not
been recharged with ternary complex and will therefore skip these upstream AUGs.
The ribosome will proceed scanning, giving it additional time to be reloaded with
eIF2-GTP-Met-tRNAi. Recognition of the more downstream authentic start codon
will then lead to production of a functional protein. Expression of ATF4 has shown
to be regulated this way [1]. Expression of ATF4 is constitutively upregulated in
VWM cells and expected to be further upregulated under stress conditions [2].
ATF4 shows increased expression in cells overexpressing mutated eIF2B [3].
Tunicamycin, a substance that induces endoplasmic reticulum (ER) stress, leads to
higher induction of ATF4 in fibroblasts from VWM patients than in control cells [2].
ATF4 is a protein that plays a role in the so-called unfolded protein response
(UPR), a first suggestion that the UPR could be involved in the pathophysiology of
VWM.
As immortalized lymphoblasts appeared not to be a good model system for
VWM (chapter 2), a different cell system or tissue had to be found to investigate
the effects of the VWM mutations. An experimental set-up with cultured brain cells
derived from VWM patients would be ideal to study the effects of VWM mutations
on cells from the preferentially affected organ. Such cells are not easily accessible
for obvious reasons. A mutant mouse model is not yet available to allow studies on
the effects of eIF2B mutations in cultured brain cells. We therefore decided to focus
on the pathology of post-mortem brain tissue to obtain information on aberrant
processes going on in the affected organ.
The known characteristic pathologic findings of VWM include cystic white
matter

degeneration,

foamy

oligodendrocytes, dysmorphic astrocytes

and

oligodendrocytes, oligodendrocytosis, and apoptotic losses of oligodendrocytes.
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Mutated eIF2B is hypothesized to impair the ability of cells to regulate protein
synthesis in response to stress and perhaps also under normal conditions. The
UPR is therefore expected to be activated in VWM. The UPR is a protective
mechanism of the cell, activated by an overload of unfolded or malfolded proteins
in the ER. It is a compensatory mechanism that inhibits synthesis of new proteins
and induces both prosurvival and proapoptotic signals. The second reason to
hypothesize involvement of the UPR in VWM was the possibly constitutive upregulation of ATF4, discussed above. The results of our experiments on the subject
are described in chapters 3 and 4.
In chapter 3 the activation of one of the three pathways of the UPR is
demonstrated in glia cells of VWM patients, using immunohistochemical techniques
and Western blot analysis. In chapter 4, activation of all three UPR pathways in
VWM

brain

tissue

is

shown,

using

real-time

quantitative

PCR

and

immunohistochemistry. We demonstrate that UPR activation occurs exclusively in
the white matter, predominantly in glia. The selective involvement of these cells
suggests that inappropriate UPR activation may be a key mechanism in the
pathophysiology of VWM. It may provide an explanation for the dysmorphic glia, as
well as the proliferation and apoptotic losses of glia in VWM.
Decreased eIF2B activity, is suggested to lead to decreased protein
synthesis. The presence of malfolded proteins in the ER may thus not be the
ultimate reason for the activation of the UPR in white matter cells. The most
reasonable explanation may be found in the constitutive up-regulation of ATF4.
Elevated ATF4 expression leads to increased expression of CHOP. CHOP is
known to sensitize cells to ER stress. Consequently, even minor stresses would
lead to a further decrease of eIF2B activity and hyper-expression of ATF4 and
CHOP. Cells with a defect in eIF2B are therefore innately predisposed and hyperreactive to stress. The inappropriate activation of the UPR may contribute to
abnormal activation of contradictory pathways, such as cell proliferation, cell
survival and cell death signaling pathways. Minor stresses, effortlessly overcome
by healthy cells, would then lead to catastrophic consequences.
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Why this happens specifically in glia cannot easily be explained. It is
conceivable that the UPR is more readily activated in cells that have high protein
production. Oligodendrocytes produce vast amounts of membrane proteins for
myelin sheaths and many of these proteins are processed in the ER. The high
demand on the ER may make oligodendrocytes especially vulnerable to any form
of ER stress. Astrocytes on the other hand are more resistant to most types of
disease or stress, but sustained up-regulation of CHOP has shown to induce
astrocytic death [4].
Activation of the UPR is described for several neurological conditions. In
most cases the UPR is activated as a result of conformational changes of the
mutant protein. Mutations lead to abnormal folding of the protein and accumulation
of malfolded proteins in the ER leads to UPR activation (e.g. PLP1 missense
mutations in Pelizaeus Merzbacher disease [5] and expansions of instable repeats
in several neurological disorders, such as some spinocerebellar ataxias [6-8]). In
VWM the UPR appears to be activated in a different way, related to ATF4
overexpression due to decreased eIF2B activity and not as a result of
conformational changes of mutant proteins.
The observations described in Chapter 5 underline the importance of
detailed studies of VWM patient brain tissue. Histological examination of affected
cerebellar white matter of VWM patients, as described in chapter 5, revealed
unusual mitotic profiles, suggesting a possible defect of the cell cycle in VWM glia.
We used histological and immunohistochemical techniques to investigate the
nature of the suspected cell cycle defects. Our findings ruled out aneuploidy,
suggesting the occurrence of a mitotic error in some white matter glia of the VWM
patients.
In Chapter 6 cell differentiation is more elaborately discussed. The
development of the gross morphology of the brain is unaffected in VWM patients.
There are no developmental anomalies, like gyral abnormalities or malformed
structures. There is evidence, both from histopathology [9] and MRI (see Figure 1
showing unpublished data) that the process of myelination is deficient from early
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age on, followed by more prominent white matter abnormalities in later years.
These features can be explained by malfunction of both oligodendrocytes and
astrocytes from early age on. Malfunction or lack of mature oligodendrocytes would
lead to myelin deficiency and subsequent myelin loss. Astrocytic malfunction would
contribute to a defect in myelination and at later stages to white matter rarefaction
and cystic degeneration, related to insufficient astrogliosis. Many pathology
findings on VWM would support these ideas [9-12]. All published reports describe
minimal astrogliosis, abnormal hyperplastic astrocytes, high in number in the
relatively spared white matter, and scarce within cavitated areas. The response of
the oligodendrocytes is more variable and seems to be correlated to the disease
stage

[10-23].

In

general,

in

severely

affected

areas

the

number

of

oligodendrocytes is decreased, although oligodendrocyte numbers remain
relatively high given the degree of white matter loss.
Mature oligodendrocytes and astrocytes are derived from a common
immature ancestor cell type. Differentiation of progenitor cells into either astrocytes
or oligodendrocytes can be studied using immunohistochemical markers, specific
for the different stages of maturation. Using post mortem patient and control brain
tissue, we discovered that the maturational lineage is disturbed in VWM patients.
There appears to be a lack of normal, mature oligodendrocytes and astrocytes.
The data in chapter 6 indicate that the myelin deficiency in VWM white matter is
probably caused by a deficiency of mature, myelin-producing oligodendrocytes,
and that likewise the inadequate astrocytosis is caused by a defect in maturation of
progenitors into normal, functional astrocytes. We conclude that proliferating glial
progenitors of astrocytic lineage constitute the predominant cell type present in
VWM white matter and that these progenitor cells display a high rate of apoptosis.
Overall, this study has provided evidence for the hypothesis that VWM is a
disease in which glia are selectively affected from early disease stage on. Our
study has shed light on the mechanisms involved, although the reason for the
selective vulnerability of glia has not been elucidated. The major insight coming
from our study is that replenishment of the brain with healthy glia progenitors in an
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early stage of the disease, when the white matter is not myelinating well but
otherwise intact, may be the best therapeutic option for VWM patients. Healthy glial
progenitors produce both oligodendrocytes and astrocytes and the presence of
healthy mature glia may prevent the white matter disease from developing. Glial
progenitor transplantation has already been show to lead to extensive myelination
in myelin-deficient mice [22,23].
The main results of our study were obtained with patient-derived brain
tissue. The advantage is that the findings are obtained in tissue of real patients and
that no translation from disease model to patients is required. The disadvantage is
that we were only able to look at end-stage disease and that we could not study
earlier stages of disease development. For further studies, a mouse model
expressing one of the VWM mutations is essential. The different stages of the
disease can then be examined in greater detail. Cultures of mutant brain cells will
allow us to study the effects on different cell types in isolation and the combination
with other cell types in co-cultures. The effect of several stressors on the course of
the disease can be tested in whole mice and in cell cultures. Importantly, glial
progenitor transplantation can be explored in VWM mice.
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A

B

C

D

Figure 1.
Patient with VWM (a and b obtained at 21 months; c obtained at 38 months) and a healthy individual (d
obtained at 19 months). In the patient with VWM, the T2-weighted image at the age of 21 months (a)
shows that the subcortical white matter has a slightly higher signal than the cortex, indicating lack of
normal myelination. In the healthy individual, the T2-weighted image at the same level (d) shows that
almost all cerebral white matter has a lower signal than the cortex, consistent with almost complete
myelination, as appropriate for the age. In addition, both the T2-weighted (a) and FLAIR image (b) of the
VWM patient reveal at 21 months a wide periventricular rim of very high signal, consistent with more
prominent white matter abnormality than hypomyelination only. Considering the absence of areas with a
lower signal on the FLAIR image, there is not yet evidence of white matter rarefaction. The follow-up
image at 38 months (c) shows that part of the frontal white matter now has a lower signal, indicative of
beginning white matter rarefaction
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Het doel van het onderzoek voor dit proefschrift was meer inzicht te krijgen
in de moleculaire achtergronden van de ziekte Vanishing White Matter (VWM).
VWM is de eerste bekende menselijke ziekte die veroorzaakt wordt door mutaties
in een translatie initiatie factor. Mutaties in elk van de vijf genen, die coderen voor
de vijf subunits van het heteropentamere eiwitcomplex eIF2B kunnen leiden tot
VWM.
De pathofysiologie van de ziekte is tot nu toe onduidelijk gebleven. Het is
moeilijk te begrijpen dat de hersenen selectief zijn aangedaan, terwijl het
gemuteerde eiwitcomplex in alle cellen van alle organen van het menselijk lichaam
tot expressie komt. Om betrokken patiënten een zo juist mogelijke prognose te
kunnen bieden en hopelijk te komen tot een betere behandelmethode is meer en
beter inzicht in ziektemechanismen vereist. Ons onderzoek heeft zich in het
bijzonder op de biochemie en immunohistochemie van VWM gericht. Met dit
proefschrift hebben we duidelijkheid gebracht in een aantal aspecten van de
pathofysiologie van VWM, maar vooralsnog zijn ook veel vragen onbeantwoord
gebleven.
Gezien de mutaties die bij VWM in de eIF2B genen werden gevonden, was
de eerste veronderstelling dat deze mutaties zouden leiden tot een afname in
activiteit van eIF2B en dus in een verminderde eiwitsynthese in het algemeen. Het
eIF2B complex komt tot expressie in alle cellen van het menselijk lichaam en het
mutante eiwitcomplex dus ook. Om deze reden startten wij ons onderzoek in
gekweekte witte bloedcellen. Deze zogenaamde lymfoblasten zijn makkelijk te
kweken en het is voor de patiënten weinig belastend om ze te verkrijgen. Op deze
manier konden we experimenten doen in cellen met een grote variatie aan
mutaties in de eIF2B genen.
De resultaten van deze eerste experimenten met lymfoblasten staan
beschreven in hoofdstuk 2. We onderzochten de activiteit van het eIF2B complex,
het effect op de algemene eiwitsynthese en de stabiliteit en samenstelling van het
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eIF2·eIF2B complex. Het meest opvallende resultaat was dat, hoewel de eIF2B
activiteit significant verminderd was in VWM lymfoblasten, er met behulp van [35S]methionine-inbouw geen verschillen in de eiwitsynthese tussen controle en
patiënten werden waargenomen. Ook was het effect van hitte-stress op de
eiwitsynthese in VWM cellen niet anders dan in controle cellen. Op Western blot
was te zien dat het expressieniveau van alle eIF2B subunits in de VWM cellen
overeen kwam met dat in de controle cellen. In HPLC analyse bleken mutaties in
eIF2B genen niet van invloed op de interactie tussen eIF2B en eIF2 of op
onderlinge interacties van de eIF2B subunits. Celdeling en overleving van patiënt
en controle lymfoblasten bleken zowel na ernstige (43º) als na matige (40º) hittestress niet verschillend te zijn.
Over het algemeen wordt aangenomen dat de hoeveelheid actief eIF2B
een snelheidsbepalende factor is voor eiwitsynthese in cellen. In onze
experimenten bleek verminderde eIF2B activiteit geen effect te hebben op de
eiwitsynthese en dus bleek de eIF2B activiteit niet snelheidsbepalend te zijn in
lymfoblasten. De vraag was nu hoe het mogelijk was dat mutaties die wel de eIF2B
activiteit verminderen geen effect hadden op de eiwit synthese. Een mogelijkheid
was dat eIF2B niet snelheidsbepalend is in lymfoblasten, hetgeen zou betekenen
dit dat we naar een ander modelsysteem moeten zoeken. Een andere mogelijkheid
was dat de mutaties geen effect hebben op de eiwitsynthese maar op andere, nog
onbekende eIF2B gerelateerde functies.
Onder condities van cel-stress wordt de activiteit van eIF2B gereguleerd
door eIF2 fosforylatie. Fosforylatie van de α-subunit van eIF2 leidt tot een stabiele
binding van eIF2 met eIF2B. Hierdoor wordt eIF2B weggevangen en wordt de
eiwitsynthese verminderd. Wij vonden dat hitte-stress tot lagere expressie van
specifieke eIF2B subunits leidde in lymfoblasten van sommige patiënten (hoofdstuk
2). Bovendien was de toename in eIF2α fosforylatie bij hitte-stress minder sterk in
VWM lymfoblasten dan in controle cellen. Al deze bevindingen zouden een deel
kunnen vertegenwoordigen van de verklaring waarom VWM patiënten een snelle
en ernstige achteruitgang kunnen ondervinden bij koortsende ziektes, hoewel de
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exacte rol van verminderde eIF2α fosforylatie in VWM cellen nog niet onderzocht
is.
Het is belangrijk te bedenken dat verminderde eIF2B activiteit leidt tot
daling van de eiwitsynthese, maar dat de productie van een aantal specifieke
eiwitten juist toeneemt. Deze toename wordt veroorzaakt door de aanwezigheid
van meerdere open reading frames (uORFs) in de 5’-onvertaalde regio van deze
specifieke mRNAs. Het ribosoom begint de translatie van een mRNA bij het meest
stroomopwaartse startcodon (AUG), maar blijft na het tegenkomen van het
stopcodon van het uORF geassocieerd met het mRNA, op zoek naar een meer
stroomafwaarts gelegen AUG codon. Om een volgend AUG te herkennen moet het
ribosoom herladen worden met actief eIF2-GTP-Met-tRNAi complex. Als dit
complex in hoge concentratie aanwezig is, is de kans groot dat het ribosoom op tijd
herladen is en initiatie plaats vindt op een AUG van één van de volgende uORFs.
Als het eIF2-GTP-Met-tRNAi complex echter in lage concentratie aanwezig is,
bijvoorbeeld door lage eIF2B activiteit, is de kans groter dat het ribosoom niet op
tijd herladen wordt voor de translatie van deze uORFs. Het ribosoom zal deze
upstream AUGs dan overslaan en doorgaan met scannen, waardoor er meer tijd is
voor het herladen met eIF2-GTP-Met-tRNAi. Herkenning van het “echte”
stroomafwaartse startcodon leidt dan tot de synthese van een functioneel eiwit.
ATF4 is een voorbeeld van een eiwit dat op deze manier gereguleerd wordt [1]. Dit
is de verklaring dat ATF4 altijd enigszins verhoogd tot expressie komt in VWM
cellen. Bij stress zal dan verdere verhoging van de expressie plaats vinden [2]. Het
is aangetoond dat in cellen, die gemuteerd eIF2B tot overexpressie brengen, de
ATF4 expressie ook verhoogd is [3]. Toedienen van tunicamycine, een stof die
stress induceert in het endoplasmatisch reticulum (ER), leidt ook voor een hogere
toename van ATF4 in VWM fibroblasten dan in controle fibroblasten [2]. ATF4
speelt een belangrijke rol in de zogenaamde “unfolded protein response” (UPR),
wat voor ons een eerste aanwijzing was dat de UPR betrokken zou kunnen zijn bij
de pathofysiologie van VWM.
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Omdat geïmortaliseerde lymfoblasten geen goed modelsysteem bleek te
zijn voor VWM (hoofdstuk 2), moest er een ander celsysteem of weefsel gevonden
worden om de effecten van VWM mutaties te bestuderen. Het ideaal zou een
experimenteel systeem zijn waarbij hersencellen van verschillende VWM patiënten
in kweek gebracht kunnen worden. In zo’n systeem zouden de effecten van
verschillende VWM mutaties op cellen van het meeste getroffen orgaan onderzocht
kunnen worden. Het spreekt voor zich dat het verkrijgen van hersencellen van
patiënten moeilijk te realiseren is. Er was voor dit onderzoek ook geen VWM
muismodel beschikbaar om de effecten van eIF2B mutaties in gekweekte
hersencellen te kunnen bekijken. We besloten daarom het onderzoek te richten op
de pathologie van post-mortem hersenweefsel van VWM patiënten om zo toch
informatie te verkrijgen over afwijkende processen in VWM hersenen.
Kenmerkende pathologische bevindingen in VWM hersenen omvatten
cysteuze degeneratie van de witte stof, aanwezigheid van oligodendrocyten met
een schuimig cytoplasma, dysmorfe astrocyten en oligodendrocyten, een toename
van de aantallen oligodendrocyten, en apoptose van oligodendrocyten. Het zou zo
kunnen zijn, dat gemuteerd eIF2B de cel belemmert in de regulatie van de
eiwitsynthese bij stress en misschien ook onder normale condities. Het zou
derhalve mogelijk zijn, dat de UPR geactiveerd is bij VWM. De UPR is een
verdedigingsmechanisme van de cel, dat geactiveerd wordt bij overbelasting van
het ER door ongevouwen of verkeerd gevouwen eiwitten. De UPR leidt tot
remming van de synthese van nieuwe eiwitten en induceert daarnaast zowel prooverleving als pro-apoptose mediatoren. Een tweede reden om aan te nemen dat
de UPR geactiveerd zou kunnen zijn bij VWM wordt gevonden in de verhoogde
ATF4 expressie, zoals eerder genoemd. De resultaten van de experimenten op het
gebied van activatie van de UPR bij VWM worden beschreven in hoofdstukken 3
en 4.
In hoofdstuk 3 wordt beschreven hoe met behulp van immunohistochemie
en Western blotting de betrokkenheid van één van de drie paden van de UPR werd
aangetoond in glia van VWM patiënten. In hoofdstuk 4 wordt beschreven hoe met
real time kwantitatieve PCR en immunohistochemie werd aangetoond dat alle drie
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de paden van de UPR geactiveerd zijn bij VWM. We lieten zien dat de UPR alleen
geactiveerd is in de witte stof en dan voornamelijk in glia. Dat deze cellen zo
selectief getroffen zijn bij VWM, suggereert dat de abnormale activatie van de UPR
mogelijk een sleutelrol vervult in de pathofysiologie van VWM. Het is een mogelijke
verklaring voor het dysmorfe uiterlijk van de glia, alsmede voor de proliferatie en
apoptose van glia in VWM.
Verminderde eIF2B activiteit leidt tot verminderde eiwit synthese. Het is
daarom niet erg aannemelijk dat de aanwezigheid van verkeerd gevouwen eiwitten
de oorzaak is voor de activatie van de UPR in cellen van de witte stof. De meest
waarschijnlijke verklaring is te vinden in de constante verhoogde ATF4 expressie.
Verhoogde ATF4 expressie leidt tot verhoogde CHOP expressie. Van CHOP is
bekend dat het de cellen extra gevoelig maakt voor ER stress. Een logisch gevolg
is dan dat zelfs minimale stress al kan leiden tot verdere verlaging van de eIF2B
activiteit en dus hyperexpressie van ATF4 en CHOP. Cellen met een defect eIF2B
hebben daarom een aangeboren hyperreactiviteit op stress. Deze abnormale
activatie van de UPR kan bijdragen aan de activatie van tegenstrijdige mediatoren,
met als gevolg activatie van zowel celdeling, celoverleving als celdood. Gezonde
cellen kunnen goed omgaan met minimale stresses, maar dergelijke geringe stress
zou catastrofaal kunnen zijn voor VWM cellen.
Waarom de abnormale UPR activatie specifiek optreedt in glia is niet
duidelijk. Het is voorstelbaar dat de UPR sneller geactiveerd wordt in cellen met
een zeer actieve eiwitsynthese. Oligodendrocyten moeten grote hoeveelheden
eiwit produceren voor de myeline schede en veel van deze eiwitten worden in het
ER gemoduleerd. Deze grote ER-afhankelijkheid zou oligodendrocyten kwetsbaar
kunnen maken voor elke vorm van ER-stress. Van astrocyten is bekend dat ze
relatief ongevoelig zijn voor de meeste vormen van stress, maar het is ook bekend
dat continue verhoging van CHOP leidt tot dood van astrocyten [4].
Activatie van de UPR is beschreven bij verschillende neurologische
aandoeningen. In de meeste gevallen is de UPR geactiveerd doordat het mutante
eiwit een abnormale conformatie heeft. Mutaties kunnen leiden tot abnormale
vouwing van eiwitten en accumulatie van de verkeerd gevouwen eiwitten in het ER,
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met UPR activatie als gevolg (bijvoorbeeld PLP1 missense mutaties bij de ziekte
van Pelizaeus Merzbacher [5] en expansie van instabiele repeat-sequenties bij
verschillende neurologische aandoeningen zoals de spinocerebellaire ataxieën [68]). Bij VWM wordt de UPR op een andere manier geactiveerd, namelijk door
overexpressie van ATF4 ten gevolge van verminderde eIF2B activiteit en niet ten
gevolge van conformatie verandering van het mutante eiwit.
De waarnemingen die in hoofdstuk 5 worden beschreven geven aan hoe
belangrijk het is om hersenmateriaal van VWM patiënten in detail te bestuderen.
Histologisch onderzoek van aangedane cerebellaire witte stof van VWM patiënten,
zoals beschreven in hoofdstuk 5, bracht een aantal ongewone mitotische figuren
aan het licht. Deze waarneming duidt mogelijk op een defect in de celcyclus van
VWM glia. Wij onderzochten de aard van deze afwijkingen nader met behulp van
histologie en immunologische technieken. De resultaten sloten uit dat het om
aneuploïdie ging; zij waren suggestief voor een fout in de mitose in de getroffen
glia van deze VWM patiënten.
In hoofdstuk 6 wordt differentiatie van glia uitgebreider bekeken. Bij VWM
patiënten is de uitwendige vorm van de hersenen normaal. Er zijn geen
ontwikkelingsdefecten, zoals afwijkingen in de gyratie of misvormde structuren.
Histopathologische studies [9] en MRI (figuur 1, hoofdstuk 7) tonen echter aan dat
het myelinisatie-proces al vanaf jonge leeftijd is verstoord, later gevolgd door meer
prominente wittestof afwijkingen. Deze bevindingen zouden kunnen worden
verklaard door een dysfunctie van astrocyten en oligodendrocyten vanaf jonge
leeftijd. Een gebrek aan mature oligodendrocyten zou kunnen leiden tot een
gebrek aan myeline en vervolgens tot myeline verlies. Dysfunctie van astrocyten
zou bij kunnen dragen aan het defect in de myelinisatie en vervolgens kunnen
leiden tot cysteuze wittestofdegeneratie, samenhangend met ontbreken van
adequate astrogliosis. Er zijn veel aanwijzingen in de pathologie die deze
hypotheses steunen [9-12]. Alle gepubliceerde artikelen beschrijven relatief
geringe astrogliose, abnormale hyperplastische astrocyten, in groten getale
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aanwezig in gespaarde witte stof en maar in geringe aantallen in de cysteuze witte
stof. De response van de oligodendrocyten is meer divers en lijkt gerelateerd aan
het stadium van de ziekte [10-23]. Over het algemeen is het aantal
oligodendrocyten afgenomen, maar relatief hoog voor de ernst van de witte stof
degeneratie.
Mature

astrocyten

en

oligodendrocyten

ontstaan

uit

een

gemeenschappelijke immature voorloper. De differentiatie van deze voorloper
cellen in ofwel astrocyten ofwel oligodendrocyten kan bestudeerd worden door
middel van immunohistochemische markers, specifiek voor de verschillende stadia
van ontwikkeling. Met behulp van post-mortem hersenmateriaal van VWM patenten
en controles, hebben we aanwijzingen gevonden voor een verstoring van dit
maturatie proces bij VWM patiënten. Er is een gebrek aan normale, volwassen
astrocyten en oligodendrocyten. De bevindingen zoals beschreven in hoofdstuk 6
suggereren dat de myeline deficiëntie in VWM waarschijnlijk wordt veroorzaakt
door een tekort aan volwassen, myeline-producerende oligodendrocyten, en dat de
geringe astrocytose wordt veroorzaakt door een defect in de maturatie van
voorlopers naar normale, rijpe astrocyten. De conclusie is dat er voornamelijk
delende voorloper-cellen van de astrocytaire lijn aanwezig zijn in de witte stof bij
VWM en dat veel van deze cellen in apoptose gaan.
Met deze resultaten hebben wij aanwijzingen gevonden dat VWM een
ziekte is waarbij glia vanaf een vroeg stadium selectief zijn aangedaan. Hoewel de
achterliggende reden voor de kwetsbaarheid van glia cellen niet is opgehelderd,
laten we aan aantal mogelijk betrokken mechanismen zien. Het belangrijkste
inzicht gebaseerd op onze bevindingen is, dat transplantatie van gliavoorlopercellen, bedoeld om de hersenen van VWM patiënten in een vroeg
stadium, als de witte stof onvoldoende myeline bevat maar verder nog wel intact is,
te voorzien van gezonde oligodendrocyten en astrocyten, misschien wel de beste
therapeutische optie is. Gezonde glia-voorlopers kunnen zowel oligodendrocyten
als astrocyten produceren en de aanwezigheid van deze gezonde glia kan de
ziekte verhinderen om zich verder te ontwikkelen. Transplantatie van glia-voorloper
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cellen heeft reeds aangetoond te leiden tot extensieve myelinisatie in myelinedeficiënte muizen [22,23].
De belangrijkste resultaten van ons onderzoek zijn verkregen met behulp
van patiëntenmateriaal. Het voordeel hiervan is dat er geen vertaling van model
naar patiënt gedaan hoeft te worden. Het nadeel ervan is dat we altijd gebonden
zijn aan het eindstadium van de ziekte, terwijl ook eerdere stadia van de ziekteontwikkeling interessant zijn. Voor verdere studies is een muismodel met een VWM
mutatie onmisbaar. De verschillende stadia van de ziekte kunnen dan beter
onderzocht worden. Mutante hersencellen kunnen in kweek gebracht worden.
Hierdoor kunnen de effecten van VWM mutaties op de verschillende celtypen apart
en in combinatie met ander cellen in co-culturen onderzocht worden. Het effect van
verschillende stress-factoren op het ziekte verloop kan onderzocht worden, zowel
in intacte muizen als in celkweken. De mogelijkheid van glia-voorloper
transplantatie kan onderzocht worden in de VWM muis.

Figuur1 (zie Hoofdstuk 7) Patiënt met VWM (a en b verkregen bij 21 maanden; c bij 38 maanden) en
een gezonde persoon (d verkregen bij 19 maanden). Bij de VWM patiënt laat het T2-gewogen beeld bij
21 maanden (a) zien dat de subcorticale witte stof een iets hoger sigsnaal heeft dan de cortex, hetgeen
duidt op gebrek aan myeline. Bij de gezonde controle laat het T2-gewogen beeld op hetzelfde niveau
(d) zien dat bijna de gehele cerebrale witte stof een lager signaal heeft dan de cortex, hetgeen duidt op
bijna volledige myelinisatie, normaal voor de leeftijd. Daarnaast laten de T2-gewogen (a) en FLAIR
beelden (b) van de patiënt bij 21 maanden een brede periventriculaire rand met een hoog signaal zien,
wat duidt op een ernstiger afwijking van de witte stof dan alleen hypomyelinisatie. Gezien de
afwezigheid van gebieden met een laag signaal op FLAIR opname zijn er geen aanwijizngen voor
cysteuze degeneratie van de witte stof. Bij 38 maanden (c) toont de FLAIR opname dat een gedeelte
van de frontale witte stof nu een lager signaal heeft, passend bij beginnende cysteuze degeneratie.

LIST OF ABBREVIATIONS
ATF4

Activated Transcription Factor 4

ATF6

Activated Transcription Factor 6

ATP

Adenosine Triphosphate

BiP

Binding Protein (= GRP78)

CA II

Carbonic Anhydrase

CACH

Childhood Ataxia with Central Hypomyelination

C/EBP

CCAAT/Enhancer Binding Protein

CHOP

C/EBP Homologous Protein (= GADD 153)

CK

Caseine Kinase

CLE

Cree Leukoencephalopathy

CNS

Central Nervous System

CNP

2’3’-cyclic-Nucleotide 3’-Phosphodiesterase

DNA

Deoxyribonucleic Acid

DYRK

Dual specificity tyrosine phosphorylated and Regulated Kinase

eIF

eukaryotic Initiation Factor (protein)

EIF

Eukaryotic Initiation Factor (gene)

FODC

Foamy Oligodendrocytes

ER

Endoplasmic Reticulum

GADD34

Growth Arrest and DNA-Damage inducible gene 34

GalC

Galactocerebrosidase

GDP

Guanosine Diphosphate

GEF

Guanine Nucleotide Exchange Factor

GFAP

Glial Fibrillary Acidic Protein

GPC

Glial Progenitor Cell

GRP

Glial Restricted Progenitor

GSK

Glycogen Synthase Kinase

GTP

Guanosine Triphosphate

IRE1
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Chapter 3 - Figure 1

Figure 1. Immunostaining results.
A Expression of phospho-PERK in positive control, pancreatic islet delta cells (arrows). B Expression of
phospho-PERK in the cytoplasm of astrocytes and oligodendrocytes in cerebral white matter from patient 1,
some with abundant cytoplasm (arrows). C Glial cells with eIF2aP-positive cytoplasm from patient 2 (arrows).
Staining is also observed in endothelial cells (arrowhead). D Expression of ATF4 in positive control, anterior
pituitary cells (arrows). E The subcortical preserved white matter from patient 4 reveals many ATF4-labeled
cells. No labeling is found in the cortex. F A higher magnification demonstrates the staining for ATF4 in glial
cells, some with abundant cytoplasm (arrows) and one probable foamy oligodendrocyte (arrowhead). G A
GFAP-positive astrocyte with large cytoplasm in preserved white matter from patient 4 (arrow) H KP1positive macrophages in preserved white matter in patient 4 (arrows). I Nuclear staining of CHOP in patient
1 (arrows). Original magnifications: A, D, F, G, I, x400; B-C, x500; E, x50; H, x200.

Chapter 4 - Figure 5

A

B

C

D

G

H

I

J

E

K

F

L

Figure 5. Immunostaining for UPR markers.
Cells positive for ATF6 (A), BiP (B) and XBP1(C) in white matter from patient 6 (400X) are red.
White matter from control 8 shows no staining for XBP1 (D); BiP (E) and ATF6 (F) (200X).
Cells positive for ATF6 (G), BiP (H) and XBP1 (I) in the white matter from patient 7 (400X) are red.
Gray matter from patient 7 shows no staining for XBP1 (J); BiP (K) and ATF6 (L) (200X).
The open arrowheads indicate cytoplasmic staining and the full arrows point to nuclear staining.

Chapter 4 - Figure 6

A

B

XBP1

XBP1

GFAP

CAII

XBP1+GFAP

XBP1+CAII

C

D

XBP1

BiP+ CAII

ATF6+ CAII

BiP+ GFAP

ATF6+ GFAP

CD68

XBP1+CD68

Fiure 6. UPR activation in glial cells. Brain material from patient 7 was double-stained for
XBP1 (red) in combination with blue staining for either CAII (A), GFAP (B), or CD68 (C) (at
400x). The open arrowheads point to cells of which an enlarged view is shown on the right.
Double stains for BiP (red, patient 7) and for AFT6 (red, patient 6) with CAII (blue) and GFAP
(blue) show that cells positive for both antibodies are present within VWM white matter (D).
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Figure 1. VWM patient 2, frontal white matter.
A, B. Binucleated dysmorphic astrocytes. Anti-GFAP with hematoxylin counterstain,
riginal magnification X800 (A), 600 (B). C, D. Binucleated (trinucleated – C)
oligodendrocytes with nuclei of different sizes, shape and chromaticity. Anti-CA II with
hematoxylin counterstain, original magnification X1200 E. Two binucleated glial cells
(arrows) displaying diffuse cytoplasmic immunoreactivity for survivin. The larger one is
probably a dysmorphic astrocyte, while the smaller one appears to be oligodendroglial.
Anti-survivin with hematoxylin counterstain, original magnification x 600.
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Figure 2.
VWM patient 1. Low power view of mildly affected cerebellar white matter. Hematoxylin-eosin,
original magnification x 60. Inserts: Enlargements of boxed areas showing
probable prometaphase mitotic profiles within a rim of eosinophilic cytoplasm. Original
magnifications x 675.
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Figure 3.
VWM patient 1. Chromosomes (arrows) unattached to
distorted metaphase plate. Anti-Ki-67 with hematoxylin
counterstain, original magnification x 675. B. VWM patient
1. Possible monopolar spindle (arrow) and non-reactive
metaphase plate. Note the bowing of the metaphase plate
toward the apparent monopolar spindle. Anti-Ki-67 with
hematoxylin counterstain, original magnification x 750.

Figure 4.
VWM patient 1.
Strongly immunoreactive
cytoplasmic rim (arrow) surrounding abnormal
mitotic profile.
Note that the chromosomes
centered within the immunoreactive cytoplasm
are non-reactive. Anti-CD68 with hematoxylin
counterstain, original magnification x 900.
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Figure 5.
A. VWM patient 5. Immunoreactive core of abnormal
chromosomal arrangement, most comparable to that of
middle inset in Figure 2. Note that the hematoxylinophilic
chromosomes (arrowheads) are not immunolabeled. AntiKi-67 with hematoxylin counterstain, original magnification
x 675.B.VWM patient 5. Asymmetrically immunoreactive
kinetochore microtubules (arrows).
Note that the
hematoxylinophilic chromosomes (arrowhead) in the
metaphase plate are not immunolabeled.
Anti-Ki-67,
original magnification x 675.

Chapter 6 - Figure 1-2

A

B

C

D

Figure 1. H&E staining on paraffin fixed section of the frontal lobe from control 3
(A), frontal lobe from patient 1 (B), anterior commissure from control 1 (C) and
anterior limb of the internal capsule from patient 2 (D). Original magnification, 400x.
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Figure 2. MBP staining on the anterior commissure from control 3 (A) and patient 3 (B); and on
frontal white matter from control 2 (D) and patient 4 (E). Magnification, 100x
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Figure 3. GFAP staining on a white matter lesion of a patient with multiple sclerosis (control 4; DABstaining) (A) and on frontal white matter of patient 2 (AEC-staining) (B). Magnification is 100x, insert is
400x.
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Figure 4. Immunofluorescent staining with Ki67 (red) on frozen frontal lobe material from control and patients
as indicated. Original magnification 200x.
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Figure 5A. Immunofluorescent staining with MSI (red) and Sox2 (green) on frozen frontal lobe
material from control 6 and patient 3. Original magnification 200x.
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Figure 5B. Immunofluorescent staining with sox2 (green) on corpus callosum from control 7
and patient 5. Original magnification 200x.
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Figure 6. Immunofluorecent staining for GalC (red) on frontal white matter and corpus callosum from patient
and control indicated. Original magnification 200x.
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Figure 7. Immunofluorescent staining with Sox2 (red) and Nestin (green), or GFAP (green) on frozen frontal
lobe material from control 7 and patient 5. Original magnification 200x.
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Figure 8. Confocal images of immunofluorescent staining with Ki-67 (red) and
GFAP or Nestin (green) on patient 3. Original magnification 400x.
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Figure 9. Imm unofluorescent staining for Caspase 3 (green) and GFAP (red) on frozen frontal
white m atter m aterial from patient 3 and control 6. Original m agnification 200x.

