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CHAPTER 4

Supplementary Figure 2. Characterization of iPSC clones and NPCs. (a) RT-PCR of pluripotency genes normalised
to GAPDH expression levels confirmed down-regulation of exogenous reprogramming genes and up-regulation of
endogenous stem cell genes, similar to H9 human embryonic stem cells. (b) iPSC colonies showed uniform staining
for pluripotency markers Nanog, Oct4 and TRA-1-81. (c) EB differentiation confirmed that iPSCs were capable of
generating cell types representative of all 3 embryonal layers: endoderm (AFP), mesoderm (Vimentin) and ectoderm
(GFAP) (scale bar = 20 um). (d) Karyotyping was performed on all iPSC clones to confirm genomic integrity following
iPSC reprogramming, shown is a representative karyogram from an iPSC line (subject I11-11). (e) NPCs were positive for

SOX2, Nestin, Vimentin and FoxG1, confirming their forebrain specification (scale bar = 10 um).
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Supplementary Figure 3. Characterization of OPCs. The vast majority of NG2+ cells co-expressed the OPC marker
(a) PDGFRa and (b) Olig2 and SOX10 (scale bars = 10 um).
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Supplementary Figure 4. Biotinylation assay controls. (a) Upon chondroitinase treatment no significant difference
is found in the amount of 300 kDa NG2 in the total lysate fraction. (b) Without biotinylation (left panel), no NG2 protein
is found in the immunoprecipitated extracellular fraction. In addition, the lack of actin signal in the extracellular
samples indicates high specificity of the biotin pulldown.

Supplementary Figure 5. Raw LI-COR western blot images. Full western blot showing upper half stained for NG2
protein and corresponding lower half stained for actin (a) Full blot corresponding to Figure 4d (lower half cut vertically
for processing). (b) Full blot corresponding to Supplementary Figure 4b.
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Supplementary Table 1. Discovery Family - Patient characteristics

Patient -1 -5 -7 -9 -1

Diagnosis Sz Sz Sz Sz Sz

(DSM)

Age of onset 46 18 36 18 15

first psychosis

Medication n/a Clozapine Quetiapine Zuclopenthixol Zuclopenthixol
Biperidene Paroxetine Trihexyphenidyl

Lithium Lorazepam Lithium

Oxazepam Lorazepam

Supplementary Table 2. Linkage analysis — Affected only model

Chr Start position End position Start SNP End SNP Mb Max LOD score
2 2686579 17262830 rs11694900 rs17476649 14.576251 0.8809
4 14744996 20524715 rs4464561 rs16869706 5.779719 0.8808
6 164665485 End s942731 rs9450964 5.675712 0.8809
7 Start 2739017 rs6583338 rs809547 2692778 0.8852
7 69935641 97595184 rs4717530 rs9692345 27.659543 0.8852
7 148239179 End rs6957883 rs1125769 10.809432 0.8852
10 1147045 9247586 rs4880763 rs1469993 8.100541 0.8808
1" Start 4905155 rs1045454 rs11603903 4.700927 0.8852
11 68289796 129160763 rs11228269 rs4644651 60.870967 0.8852
14 89036519 End rs2116445 rs2583292 18.068524 0.8852
15 39135102 101779863 rs7167406 rs11858464 62.644761 0.8852
16 10480846 76592633 rs7195621 rs12599021 66.111787 0.8826
19 52447068 End rs8105910 rs7910 6.646396 0.8851
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Supplementary Table 3. Sanger sequencing primers for CSPG4 open reading frame
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PCR amplification primers
Name
CSPG4_ex01_F
CSPG4_ex01_R
CSPG4_ex02_F
CSPG4_ex02_R
CSPG4_ex03a_F
CSPG4_ex03a_R
CSPG4_ex03b_F
CSPG4_ex03b_R
CSPG4_ex04_F
CSPG4_ex04_R
CSPG4_ex05_F
CSPG4_ex05_R
CSPG4_ex06-07_F
CSPG4_ex06-07_R
CSPG4_ex08_F
CSPG4_ex08_R
CSPG4_ex09_F
CSPG4_ex09_R
CSPG4_ex10a_F
CSPG4_ex10a_R
CSPG4_ex10b_F
CSPG4_ex10b_R

Internal Sanger sequencing primers
Name
CSPG4_ex3a_int_f1
CSPG4_ex3a_int_rl
CSPG4_ex3a_int_f2
CSPG4_ex3a_int_r2
CSPG4_ex3b_int_f1
CSPG4_ex3b_int_r1
CSPG4_ex3b_int_f2
CSPG4_ex3b_int_f3
CSPG4_ex3b_int_f4
CSPG4_ex3b_int_r2
CSPG4_ex3b_int_r3
CSPG4_ex3b_int_r4
CSPG4_ex10a_int_f1
CSPG4_ex10a_int_f2
CSPG4_ex10a_int_r1
CSPG4_ex10a_int_r2
CSPG4_ex10b_int_f1
CSPG4_ex10b_int_f2
CSPG4_ex10b_int_r1
CSPG4_ex10b_int_r2

Sequence
ctgccccagagaggaacage
cccctaactggacagecttgg
gggctggacacaaggtgage
caagagcctggcagcaage
tgccacagcectccaaagtage
gcagagtccgggtcatagge
gctggaggtgtcggtgacg
ggcacgtgcacacatgtaacc
accagctgcatgtctggetge
ctggctccgaggagttgtgagg

cagtctgggggttatacacagagagg

gctctgagecgegaagtagg
agctggggecttectgggta
gccaggtccaggectgtgttt
ggtcacgctgectctttge
acgtctgctgecagtgatge
cccagagtggggectgag
cccaaccatcaagecaggtc
gegagggacaatgggagagg
ccagctcgecagcatctagg
ctccgggtggtttcagateg
tctccaggetcggagtgage

Sequence
atgcagccaccctcaatgg
tcctectecagectgeage
cgtcacctccaggaacaccg
ggcagccagagagtgggg
ctggcccaaggctetgecat
ggtgcectggectecttgag
acaaggctgtcagatggecagg
ggaggtacggggtgtctteeg
ccaacctcgacatccgeagtg
gceggecacgcaacagg
tgggtgttctgagtgtgcagtgg
cggcaggagaactcggtcg
cccagctggetgeagggce
catcgaggtgcagctgeggg
ctgccacgcetgeteeegttg
ccggetggggaactgtgtgac
gaccttgaggacgggaggct
ctgactgccaagccccgcaa
gtaaggctcagtggcaaagtcca
atctaggacggtggggtccagg
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Supplementary Table 4. qPCR primers for iPSC pluripotency genes

hOCT3/4-F GAC AGG GGG AGG GGA GGA GCT AGG
hOCT3/4-R CTT CCC TCC AAC CAG TTG CCC CAA AC
hSOX2-F GGG AAA TGG GAG GGG TGC AAA AGA GG
hSOX2R TTG CGT GAG TGT GGA TGG GAT TGG TG
hNANOG-F CAG CCC CGA TTC TTC CAC CAG TCC C
hNANOG-R CGG AAG ATT CCC AGT CGG GTT CAC C
hGDF3-F CTT ATG CTA CGT AAA GGA GCT GGG
hGDF3R GTG CCA ACC CAG GTC CCG GAA GTT
hREX1-F CAG ATC CTA AAC AGC TCG CAG AAT
hREX1-R GCG TAC GCA AAT TAA AGT CCA GA
hFGFA-F CTA CAA CGC CTA CGA GTC CTA CA
hFGF4-R GTT GCA CCA GAA AAG TCA GAG TTG
hESG1-F ATATCC CGC CGT GGG TGA AAG TTC
hESG1-R ACT CAG CCA TGG ACT GGA GCA TCC
hTERT-F CCT GCT CAA GCT GAC TCG ACA CCG TG
hTERT-R GGA AAA GCT GGC CCT GGG GTG GAG C
hKLF4-F TGA TTG TAG TGC TTT CTG GCT GGG CTC C
hKLFA-R ACG ATC GTG GCC CCG GAA AAG GAC C
h-cMYC-F GCG TCC TGG GAA GGG AGT TCC GGA GC
h-cMYC-R TTG AGG GGC ATC GTC GCG GGA GGC TG
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GENERAL DISCUSSION
AND FUTURE DIRECTIONS

The landmark discovery of Induced Pluripotent
Stem Cells (iPSCs) has allowed for the first time
the study of living neural cells derived directly
from patients with brain diseases, including
psychiatric disorders. iPSC technology provides
the opportunity to investigate the molecular
biology and neurophysiology of brain disorders,
and thereby holds promise for the development
of patient-specific treatments. Nevertheless, iPSC
reprogramming introduces significant technical
challenges, such as genome contamination,
epigenetic changes, and low reprogramming
efficiency. These are the main processes thought
to underlie the large variability that is hampering
most current neural differentiation protocols
for human iPSCs. The following paragraphs
discuss the future directions of iPSC technology
to model psychiatric disorders and the potential
the CSPG4A5"

pathological mechanisms for

mutation in schizophrenia.

THE IMPORTANCE OF GOOD CONTROLS
IN iPSC MODELLING

Variability in iPSC clones is one of the major
challenges in disease modeling’. Reprogramming
of somatic cells to iPSCs was first described
using viral vectors that mediate integration of
pluripotency genes into the host genome (e.g.
fibroblasts). A disadvantage of this method is
that it can introduce mutations or disruption of
genes at the site of integration. In that sense,
the integration site of viral vectors is critical;
firstly integration sites might affect the basic
cellular mechanisms in the cell after which
assessing the effect of the mutations on disease
phenotype might be challenging. Secondly, the
integration sites are different for every clone
from any particular cell line, causing variability
between clones. Therefore, there is growing
iPSC
clones per individual and comparison of cellular

consensus that generation of several

characteristics of all clones are necessary for bona
fide phenotype discovery. To circumvent issues

Discussion

of integration, there are also reprogramming
methods using nonviral/non-integrating vectors.
Especially in the fields of regenerative medicine,
non-integrative methods are preferred for clinical
reasons, avoiding risks of tumor formation in
the patient. For disease modeling however, viral
reprogramming is often still the method of choice.

Determining a control group for
patient-derived iPSC is important for the design
of experiments. hES and iPSCs from unrelated
healthy individuals can be used as controls.
However, the genetic backgrounds of unrelated
people are obviously different, with the risk that
the variability between the cases and controls
might mask any disease-specific phenotype. Thus,
healthy family members (preferably first degree
relatives, e.g. parents and siblings) are considered
groups than
individuals, due to their genetic similarity.

as better control unrelated

As was shown in the chapter 4,
we attempted to implement a methodology
consisting of a family-based approach to model
schizophrenia; first to perform genetic analysis
for finding mutations in the family that segregate
with schizophreniat and further to generate
iPSC-derived neural cells from patients and their
healthy siblings. We identified the CSPG4*3™
mutation in all patients and not in the healthy
siblings. In addition, other mutations in the CSPG4
gene were identified, segregating in multiple
families with a high incidence of schizophrenia.
Overall, these findings support the validity of
family-based genetic analyses to understand the
mechanisms of such a heterogeneous psychiatric
disease.

Recent advances in gene editing
progressed iPSC
disease modeling, allowing the production of

technologies have further
isogenic cell lines that differ only at the genetic
position of the mutation. The last few years
have seen in vitro techniques such as genome
editing with zinc-finger (ZFN)-mediated gene
targeting strategy, TALEN transcription activator-
like effector nucleases and clustered regularly
interspaced short palindromic repeat (CRISPR)/
Cas9 techniques that allow to generate isogenic
cell lines®. The generation of isogenic cell lines is
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an effective way to prevent genome variations by
either correcting the mutation in patient-derived
iPSCs or creating the mutation in control iPSCs.
Having the exact same genetic background with a
single mutation difference canisolate the effect of
a specific mutation. Isogenic cell lines have been
used in different studies as a control to compare
the effect of a specific mutation, for instance by
correcting a mutation in the SOD1 gene from an
ALS patient by ZFN-mediated gene targeting®
and a mutation in the DISC1 gene from a patient
with schizophrenia by TALEN?. CSPG4 has many
pseudogenes which complicate genome editing
both using TALEN or CRISPR/Casg methods due to
the homology between the pseudogenes and the
protein-coding gene. Nevertheless, generation of
isogenic lines is the future aim for comparing the
effect of a single mutation.

IMPROVEMENT OF NEURAL
DIFFERENTIATION PROTOCOLS

In Chapter 2, we described a two dimensional
(2D) culture system to generate neural lineage
cells from iPSCs. First, we generated embryoid
bodies from iPSCs and then differentiated them
into neural precursor cells (NPCs). With several
optimization steps, after 8 weeks neurons
exhibited all the functional traits of mature
neurons, including repetitive firing of action
potentials, sodium and potassium currents,

spontaneous spiking activity and synaptic
communication which was also described in Bardy
et al.®ina 2D culture system.

Recent approaches involve
developing three dimensional (3D) cultures
by creating cerebral organoids in which iPSCs
are embedded in Matrigel and are grown in a
spinning bioreactor®. Another method generates
cortical spheroids in floating conditions on low-
attachment plates® to study brain disorders in an
organ-like environment. These 3D cultures allow
formation of nervous system tissue similar to
the complexity and functionality of in vivo neural
circuits. Inarecent study, such a 3D culture system
was used to model Alzheimer pathogenesis™.

After 6 weeks of differentiation, aggregation of
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amyloid-B was observed followed by robust tau
pathology after 10-14 weeks in culture, whereas
the tau pathology in 2D culture conditions was
never identified. In our hands, the protocol in
which we create 3D culture shows comparable
electrophysiological results with the 2D protocol
for most parameters such as spike kinetics (rise
and decay time, half width), spike amplitude,
and membrane properties (input resistance and
resting membrane potential), however better
connectivity in 3D than 2D culture conditions was
observed in preliminary experiments.

The onset of the modelled disorders is
another point of consideration that might play
a critical role for designing a culture system and
to dissect the disease phenotype. For instance,
late-onset disorders might require more complex
culture conditions as further aging might be
required to create late-onset pathogenesis. In
an elegant study on Parkinson’s disease (PD)?,
iPSC-derived dopaminergic neurons were aged
by using induced expression of a protein called
progerin. Progerin induces dopamine-specific
phenotypes in PD-iPSC-derived dopamine neurons
such as dendrite degeneration, loss of tyrosine-
hydroxylase (TH) expression and enlarged
mitochondria or Lewy body-precursor inclusions.
Schizophrenia on the other hand is considered
to have more neurodevelopmental aspects to its
pathogenesis than neurodegenerative diseases.
In Chapter 2, together with the data shown in
other studies®’°, we could define the iPSC-derived
neurons in our cultures as “mature”. On the other
hand, studies comparing transcriptional profiles of
human iPSC-derived neurons to brain tissue levels
show that iPSC-derived neurons are at a human
fetal stage®. Therefore, still it is a controversial
topic whether or not the maturity of the neurons
is enough to reveal neuronal pathogenesis.

Mimicking in vivo conditions, we have
successfully generated neural populations such as
neurons, astrocytes, oligodendrocytes and their
precursors (NPCs and OPCs). Having multiple cell
populationsimproves the physiological conditions
for iPSC-derived neurons to become more mature
and provides understanding of the interaction
of different cell types in complex developmental



psychiatric disorders. On the other hand, neuron-
glia protocols impose some limitations on those
who wish to perform RNA and proteomics analysis
in specific cell types. However, FACS sorting in
NPC, OPC and neural cultures allows focusing on
specific neural subtypes.

In Chapter 4, we describe the discovery
of CSPG4 as a candidate gene for schizophrenia.
CSPG4, chondroitin sulfate proteoglycan 4, is
also known as NG2 (neural/glial antigen 2). NG2
is a single-pass transmembrane proteoglycan
with  CNS
oligodendrocyte precursor cells (OPCs) and

cell-type specific expression in
pericytes'™. As was shown in chapter 4, the effect
of the CSPG4*3'™ mutation is cell type specific for
OPCs, while no difference was observed in NG2
ER retention or protein modification in fibroblasts
from the same cases and controls. Nevertheless,
our studies did not include investigations of the
other NG2-expressing cell type of the brain,
namely pericytes. Thus, it is interesting to
dissect the effect of the CSPG4*53™ mutation on
pericytes. Another cell type that we cannot study
in our neural cultures is microglia. Even though
microglia are not an NG2-expressing cell, they are
aninteresting cell line in which changes have been
reported in many schizophrenia studies. A recent
paper showed overexpression of C4A protein in
the brains of patients with schizophrenia®. C4A
is expressed from the C4 gene, which is located
in the MHC locus. Overexpression of C4A might
overstimulate microglia and lead to elimination
of synapses during adolescence that results in
schizophrenia pathogenesis®. Up to date, no iPSC-
derived microglia protocol has been reported that
might provide information about the interaction
between the immune system and OPCs in co-
culturing experiments with OPCs.

To conclude, iPSC-based studies of
neuropsychiatric disorders provide a feasible
studying the
mechanisms  of

and tractable approach for

neurobiological psychiatric
disorders. There is great potential for modeling
human neuropsychiatric phenotypes with iPSC

technology.

Discussion

POSSIBLE MECHANISMS FOR
CSPG4*3 " MUTATION IN SCHIZOPHRENIA

NG2 regulates diverse functions in OPCs including
proliferation, migration, and regulation of
oligodendrocyte maturation”". The CSPG4*5™
mutation is located within the first Laminin G
domain of the NG2 protein. Laminin G domains
are highly conserved and present in many
extracellular matrix proteins® that have multiple
functions including protein-protein interactions,
axon path finding, migration, adhesion and
differentiation. The CSPG4*3™ mutation in patient
OPCs might cause defects in oligodendrocytes
lineage cells (OPCs and oligodendrocytes), and
indirectly in neurons or in both cell lineages. The
next paragraphs speculate about the possible
mechanisms by which the CSPG4*3'" mutation
might lead to a disease phenotype in patients
with schizophrenia.

A. The effect of CSPG4*3'™ mutation on OPCs

CSPG4 is highly expressed in OPCs and
correspondingly we found an OPC-specific
phenotypein cells carrying the CSPG4*3™ mutation.
Firstly, morphological differences were observed
between case and control OPCs. OPCs derived
from patients carrying the CSPG4*3™ mutation
were smaller than control cells. Moreover, we
observed that OPCs with the CSPG4*53™ mutation
tend to localize close to each other whereas
control OPCs spread more evenly over the culture
dish. This effect might be caused by the role of
NG2 protein in contact inhibition*.

In addition, differences were observed
in NG2 modification. The ratio of modified to
unmodified NG2 protein, meaning modified with
chondroitin sulphate side chains or treated with
chondroitinase, is significantly lower in patient
OPCs. These results were consistentin membrane-
bound and intracellular fractions of NG2 protein,
reflecting an altered distribution pattern of
modified NG2 isoforms in patient-derived OPCs
suggestive of retention of NG2 in the ER. Based
on the protein modeling that was described in
chapter 4, the CSPG4 #3'" mutation was predicted
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to lead to structural changes in the NG2 protein
that affect protein folding and thereby perhaps
the transport of the protein. Importantly, since
the CSPG4*5'™ mutation is heterozygous, patient
OPCs have both WT and mutant NG2 protein,
which will partly mask the effect on membrane
localization. Less modified NG2 protein on the
OPC membrane might influence the interaction
with neurons or with other cell types of CNS.
Also, we observed more cell death in patient iPSC-
derived OPCs compared to control OPCs.

OPCs are known for their role in
migration in response to extracellular responses,
for instance to inflammation and demyelinating
lesions®. Importantly, it has been known that
the NG2 protein regulates directional migration
of OPCs via Rho GTPases and polarity complex
proteins®. The CSPG4*5'" mutation is in the Laminin
G domain, which is located in the ectodomain
of the NG2 protein, and might therefore lead to
differences in migration. In addition, OPCs with
the CSPG4*3™ mutation might be less sensitive to
extracellular stimuli such as glutamate known to
influence OPC migration?.

Other CSPG4 mutations were identified
in a cohort of Mexican-American families with a
high incidence of schizophrenia. Specifically, the
following rare mutations were found: R641W,
Vgoil, R1179W and R1980H. R641W and V9oiL
are predicted to be in a putative third Laminin G
domain in the ectodomain of NG2. Interestingly,
R641W and V9o1L mutations are located close
together in the 3D protein model, although
they are more than 200 amino acids apart in
sequence. Having a mutation in a Laminin G like
domain might lead to structural changes on the
cell membrane, which might affect the binding
partners, interaction with extracellular matrix,
or migration efficiency of the NG2 protein.
Interestingly, the same protein region was
shown to bind to collagen V and VI, suggesting a
role in cell adhesion and migration®*°. Showing
the cellular effect of other CSPG4 mutations on
OPCs would be of great value for schizophrenia
research.
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B. The effect of CSPG4*3'™ mutation on
neuronal activity and myelination

Remarkably, various studies imply synapse
formation between OPCs and different neuronal
subtypes. GABAergic

synapses have been shown on OPCs in the

Glutamatergic  and

hippocampus*+?7?9, cerebellum, corpus callosum
and the cortex®%** These synapses allow
OPCs to respond to neuronal activity and
regulate differentiation’, Myelin Basic Protein
(MBP) synthesis to initiate myelination®* and
for positioning and migration of OPCs during
development?'. In addition, synapse formation is
also required to modulate neuronal glutamatergic
signaling by the OPC protein NG2%. In Sakry
et al, it has been shown how NG2 protein can
modulate AMPA and NMDA receptors of neuronal
synapses®. In another study it was shown that
y-secretase cleaves the intracellular domain of
NG2 and ADAM10 protease (a-secretase) cleaves
the two N-terminal Laminin G domains of the NG2
ectodomain and modulates the glutamatergic
system in the cortex. In addition, OPCs express
Prostaglandin D2
synthase (PTGDS) and neuronal Pentraxin 2

neuromodulatory  factors,

(Nptx2/Narp) that signal to the neural networks3”.
Interestingly, in the same study PTGDS is shown
as a downstream target of NG2 signaling
where PTGDS mRNA level is reduced in NG2
KO mouse brain compared to WT brain. OPCs
having the CSPG4*3'" mutation might lead to
OPC dysfunctioning and directly affect neuronal
activity via pathways described above. Another
interesting study has shown, as extracellular
matrix molecules, CSPGs in astrocytes are highly
upregulated in the amygdala and entorhinal
cortex of subjects diagnosed with schizophrenia®.
Likewise, CSPGs from patient OPCs might also
have an effect on the extracellular matrix and
neurons.

Myelin is lipid-rich membrane, which
forms an insulating sheath around axons. Myelin
is produced by oligodendrocytes in the central
nervous system (CNS) and this process is called
myelination. Myelination occurs during postnatal
development and is modulated by electrical
activity and axon-derived molecular signals®. For



instance, the neurotransmitter glutamate and
neuregulinareimportantfactors forthe regulation
of myelination. Oligodendrocytes are the myelin-
producing cells of the CNS and are generated
from OPCs that are also connected to neurons as
explained above. Thus, neuron-to-OPC signalling
might be an intermediary process for initiation of
myelination. Neurons might initiate myelination
through regulation of neuroregulatory molecules
from OPCs. This provides a control between
OPCs and neurons before myelination occurs. In
this scenario, patient OPCs having the CSPG4*3""
mutation might not modulate neurons properly
which might lead to a delay or change in timing in
the initiation of myelination.

Interestingly, Kucharova et al., showed
lower number of OPCs, oligodendrocytes and
myelination in NG2KO mouse spinal cord after
induction of demyelinating lesions*. This implies
the importance of the NG2 protein in OPCs
with respect to differentiation into myelinating
oligodendrocytes. Thus, OPCs with the CSPG4*5'™
mutation might not be able to differentiate into
oligodendrocytes efficiently, which might result
in delayed myelination. Interestingly, it is known
that chondroitin sulfate glycosaminoglycan (CS-
GAG) side chains regulate the differentiation
of OPCs*. (CS-GAGs become down-regulated
upon oligodendrocyte differentiation and
removal of CS-GAGs promotes oligodendrocyte
differentiation. Less modified NG2 protein on the
cell membrane of patient OPCs might therefore
alter the differentiation efficiency of OPCs into
myelinating oligodendrocytes. Any delay in OPC
differentiation and the process of myelination
might affect neuronal connectivity. Interestingly,
the onset of schizophrenia correlates with
the timing of the myelination process during
development. In addition patients might have
less myelination or unstructured MBP, which
can lead to reduced axonal size or slower
axonal transfer. Remarkably, MRI data shown in
Chapter 4 demonstrate substantial white matter
abnormalities in patients carrying the CSPG4*5™
mutation, which is likely the result of reduced
myelination.

As reviewed in Nave et al.,” the
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hypothetical model for defects in myelination
might be the
consequence of reduced myelination, altered

resulting in  schizophrenia

axonal diameter and fast axonal transport
caused by dysfunction of oligodendrocytes.
Transcallosal cortical projections are myelinated
and maintain long-range oscillations between
cortical subfields®. Myelin dependent spike-
timing-dependent plasticity disturbed axonal
affecting  the

presynaptic

transport  thereby protein

composition of terminals.
Abnormal axonal development, which might
cause cognitive impairment, was shown in
more severe oligodendrocyte perturbations
resulting from inflammations and demyelination.
Electron microscopy can be used for further
understanding the structure and the amount of
myelin both in vitro differentiation of OPCs into
myelinating oligodendrocytes and in vivo human
OPCs transplanted mouse brains. Nevertheless,
the in vitro differentiation efficiency of OPCs into
myelinating oligodendrocytes is not as efficient as

in vivo transplanted OPCs.

FUTURE DIRECTIONS

Co-culture experiments

Studying the interaction between neurons
and OPCs is important to shed light on the
effect of the CSPG4*3'" mutation on neurons.
Future experiments for dissecting the potential
pathogenic mechanisms of the different CSPG4
mutations include co-culturing of neurons
with mutant OPCs. In Chapter 3, we designed
a protocol to generate OPC cultures to study
the effect of the A131T mutation on the NG2
protein and in Chapter 4, we showed differences
in modifications of the NG2 protein between
OPCs from cases and controls. In Chapter 2, we
described an improved differentiation protocol
for the generation of mixed cultures of neurons
and glia from human iPSCs. Even though we
observed alow amount of NG2-positive cells in our
mixed neural cultures, the electrophysiological
characteristics of iPSCsderived neurons from
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patient and control groups did not show obvious
differences. From this result, we cannot definitely
conclude whether the patient’s neurons are
affected by the CSPG4*3™ mutation or not. To
answer these questions, co-culturing OPCs from
cases and controls with neurons might show the
effect of mutant OPCs on neurons. In addition,
differentiating OPCs into oligodendrocytes in co-
culture might emphasize myelination differences
in in vitro conditions and help understanding
the myelination abnormalities of patient versus
control OPC-derived oligodendrocytes. Possible
in vitro myelination differences between patient
and control cells might explain the difference that
we observed in the MRI data in chapter 4.

Another important cell type in our
mixed iPSC-derived neural cultures is astrocytes,
which are present in a ratio of 60% neurons and
40% astrocytes. Several studies have shown
that OPCs can differentiate into protoplasmic
astrocytes in gray matter*4. However, these
results were not reproduced in other studies*+”.
Likewise, in our OPC cultures, we did not observe
astrocytes and NG2 protein was not expressed in
GFAP positive cells. Remarkably, astrocytes have
a dual role both in pathogenesis and in repair of
the inflammatory demyelination process in MS*.
Fibrous astrocytes dominate areas close to axon
bundles in white matter. Upregulation of GFAP,
gliosis, has been used as a marker for pathology
such in MS and Alzheimer’s disease®°. It was also
shown that astrocytes induce OPC proliferation
and prevent OPC migration and maturation.
It would therefore be interesting to co-culture
iPSC-derived astrocytes and OPCs from patients
and controls to check the morphology, GFAP
expression level of astrocytes and proliferation
and differentiation efficiency of OPCs.

Sakry et al., showed that the NG2
ectodomain can be cleaved by a-secretase which
regulates neuronal activity®. The production of
the extracellular part of the protein containing the
a-secretase cleavage region and adding it to the
medium of neurons might provide information
about the effect of the mutation-containing region
on electrophysiological properties of neurons.
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Generation of humanized mouse brains

The disorders of myelin have become compelling
targets for cell-based therapy. Firstly, isolation
of human glial progenitor cells (hGPCs)**53 from
human brains was an important step to be able
to study the development of hGPCs in vitro.
Then, the generation of hGPCs from patient-
derived iPSCs has made it possible to study
patient-specific causes of myelination disorders.
In vivo experiments using transplantation of
hGPCs in mice was shown in Wang et al.’%. In
this study, human glial chimeric mouse brains
were generated for disease modeling of myelin
disorders, in which transplanted hGPCs expanded
within the murine hosts, and over time dominated
the host brain. Specifically, the engrafted human
progenitor cells differentiated into astrocytes
and oligodendrocytes in a hypomyelinated
environment. The generation of this chimeric
mouse brain model allows for further dissection
of the human specific contribution/role of glia
in health and disease such as human specific
glial infections and inflammatory disorders.
hGPCs
from iPSCs we can now establish mice with a

Fascinatingly, using patient-derived
fully humanized disease-specific astroglial brain
composition, which is an important advance to
study the pathogenesis of human neurological
and neuropsychiatric disease®.

iPSC-derived
OPCs from patients with schizophrenia and

Transplantation of
healthy controls into myelin-deficient mice
and subsequent assessment of the effect of
the CSPG4*3™™ mutation on OPC morphology,
myelination and migration would shed light on
the effect of the mutation in vivo. In addition,
we generated a bacterial artificial chromosome
(BAC) transgenic mouse model, carrying the
human gene with the CSPG4*3"™ mutation aiming
to have a mouse expressing the mutant human
NG2 protein. Mouse chimeric transplantation
models should allow us to study the effect of
the mutation in early brain development, which
might not be as feasible under in vitro conditions.
Importantly, in mouse, the reference amino acid
at position 131 is threonine, corresponding to



the patient mutation CSPG4*5" that is therefore
predicted to have a benign effect of the mutation
in mouse. Interestingly, a similar situation was
described for the human SNCA*3" mutation,
causative for autosomal dominant Parkinson’s
disease, in which the reference amino acid at
mouse SCNA position 53 is a threonine®®. Even
though the expression of the reference human
sequence in mouse is benign, the mutant human
SNCA sequence is highly pathogenic. Together
with the cellular and molecular experiments we
also aim to perform behavioral tests in the human
BAC transgenic CSPG4*3" mice compared to
human wild type BAC transgenic CSPG4 mice for
further understanding the effect of the CSPG4*53""
mutation. Nevertheless, it is important to recall
that mice and human have different genetic
backgrounds; therefore there is a need for human
specific studies together with mouse models.

Drug screening

Animal models for drug screening have some
limitations such as obvious genetic background
differences. For instance, some drugs have been
developed that showed therapeutic effects in
rodent models of ALS and Alzheimer’s disease but
which proved to be ineffective in the treatment of
human patientss’s8. Therefore, the development
of screening tools with patient-derived iPSCs can
have important contributions to disease modeling
in a human genetic background.

Accordingly, many patient-specific iPSC
lines of neurodegenerative disorders have been
established and used for drug screening. For
instance, the first drug validation was successfully
reported for Rett syndrome and in familial
dysautonomia¥ which holds promise for the
potential application of iPSCs in drug screenings.
Nevertheless, drug screening for psychiatric
disorders is more difficult as there are multiple
rare candidate genes for psychiatric disorders.
Focusing on personalized medicine would
support effective drug screening. In Brennand et
al., iPSC-derived neurons show reduced neuronal
connectivity, which was improved with Loxapine
treatment, although this effect could not be

Discussion

replicated with other antipsychotic drugs3. Also, in
arecent paper, iPSC-derived neurons from bipolar
patients were found to respond differently to
lithium>9. Overall, iPSCs are a promising model to
test therapeutic candidates, which can be further
translated into clinical trials.

CONCLUDING REMARKS

Schizophrenia is a destructive psychiatric
illness. With iPSC technology it is now possible
to generate live patient-derived cells in vitro.
However, there are still limitations such as the
challenge to capture the complex environmental
contribution to schizophrenia pathogenesis.
with  the

of techniques and strategies, iPSC research

Nevertheless, increasing number
will continue to enlighten how molecular and
cellular mechanisms are disrupted not only in
schizophrenia, but also in other psychiatric and
neurodegenerative illnesses.

103



CHAPTER 5

104

REFERENCES

Miura K, Okada Y, Aoi T, Okada A, Takahashi K,
Okita K et al. Variation in the safety of induced
pluripotent stem cell lines. Nat Biotechnol 2009;
27:743-5.

Takahashi K, Yamanaka S. Induction of
pluripotent stem cells from mouse embryonic
and adult fibroblast cultures by defined factors.
Cell 2006; 126: 663-76.

Brennand KJ, Simone A, Jou J, Gelboin-Burkhart
C, Tran N, Sangar S et al. Modelling schizophrenia
using human induced pluripotent stem cells.
Nature 2011; 473: 221-5.

Bonifati V. Genetics of Parkinson’s disease--state
of the art, 2013. Parkinsonism Relat Disord 2014;
20 Suppl 1: S23-8.

Gaj T, Gersbach CA, Barbas CF. ZFN, TALEN,
and CRISPR/Cas-based methods for genome
engineering. Trends Biotechnol 2013; 31: 397-
405.

Kiskinis E, Sandoe J, Williams LA, Boulting GL,
Moccia R, Wainger BJ et al. Pathways disrupted
in human ALS motor neurons identified through
genetic correction of mutant SOD1. Cell Stem Cell
2014; 14: 781-95.

Wen Z, Nguyen HN, Guo Z, Lalli MA, Wang X, Su
Y et al. Synaptic dysregulation in a human iPS
cell model of mental disorders. Nature 2014; 515:
414-418.

Bardy C, van den Hurk M, Eames T, Marchand

C, Hernandez R V., Kellogg M et al. Neuronal
medium that supports basic synaptic functions
and activity of human neurons in vitro. Proc Natl
Acad Sci 2015; : 201504393.

Lancaster MA, Renner M, Martin C-A, Wenzel

D, Bicknell LS, Hurles ME et al. Cerebral
organoids model human brain development and
microcephaly. Nature 2013; 501: 373-9.

Pasca AM, Sloan S a, Clarke LE, Tian Y, Makinson
CD, Huber N et al. Functional cortical neurons
and astrocytes from human pluripotent stem
cells in 3D culture. Nat Methods 2015; 12.
doi:10.1038/nmeth.3415.

Kim YH, Choi SH, D’Avanzo C, Hebisch M,

20

21

Sliwinski C, Bylykbashi E et al. A 3D human neural
cell culture system for modeling Alzheimer’s
disease. Nat Protoc 2015; 10: 985-1006.

Miller JD, Ganat YM, Kishinevsky S, Bowman RL,
Liu B, Tu EY et al. Human iPSC-based modeling
of late-onset disease via progerin-induced aging.
Cell Stem Cell 2013; 13: 691-705.

Espuny-Camacho I, Michelsen K a., Gall D,
Linaro D, Hasche A, Bonnefont J et al. Pyramidal
Neurons Derived from Human Pluripotent Stem
Cells Integrate Efficiently into Mouse Brain
Circuits In Vivo. Neuron 2013; 77: 440-456.

Nishiyama A, Dahlin KJ, Prince JT, Johnstone SR,
Stallcup WB. The primary structure of NG2, a
novel membrane-spanning proteoglycan. J Cell
Biol 1991; 114: 359-71.

Kang SH, Fukaya M, Yang JK, Rothstein JD,
Bergles DE. NG2+ CNS glial progenitors remain
committed to the oligodendrocyte lineage in
postnatal life and following neurodegeneration.
Neuron 2010; 68: 668-681.

Sekar A, Bialas AR, de Rivera H, Davis A,
Hammond TR, Kamitaki N et al. Schizophrenia
risk from complex variation of complement
component 4. Nature 2016; advance on.
doi:10.1038/nature16549.

Niehaus a, Stegmidiller J, Diers-Fenger M, Trotter
J. Cell-surface glycoprotein of oligodendrocyte
progenitors involved in migration. J Neurosci
1999; 19: 4948-4961.

Fang X, Burg MA, Barritt D, Dahlin-Huppe

K, Nishiyama A, Stallcup WB. Cytoskeletal
reorganization induced by engagement of the
NG2 proteoglycan leads to cell spreading and
migration. Mol Biol Cell 1999; 10: 3373-87.

Kucharova K, Stallcup WB. The NG2 proteoglycan
promotes oligodendrocyte progenitor
proliferation and developmental myelination.
Neuroscience 2010; 166: 185-94.

Timpl R, Tisi D, Talts JF, Andac Z, Sasaki T,
Hohenester E. Structure and function of laminin
LG modules. Matrix Biol 2000; 19: 309-17.

Biname F, Sakry D, Dimou L, Jolivel V, Trotter

J. NG2 regulates directional migration of
oligodendrocyte precursor cells via Rho GTPases
and polarity complex proteins. J Neurosci 2013;
33:10858-10874.



22

23

24

25

26

27

28

29

30

32

Hughes EG, Kang SH, Fukaya M, Bergles DE.
Oligodendrocyte progenitors balance growth
with self-repulsion to achieve homeostasis in the
adult brain. Nat Neurosci 2013; 16: 668-76.

Binamé F, Sakry D, Dimou L, Jolivel V, Trotter

J. NG2 regulates directional migration of
oligodendrocyte precursor cells via Rho GTPases
and polarity complex proteins. J Neurosci 2013;
33:10858-74.

Bergles DE, Roberts JD, Somogyi P, Jahr CE.
Glutamatergic synapses on oligodendrocyte
precursor cells in the hippocampus. Nature 2000;
405:187-91.

Burg MA, Nishiyama A, Stallcup WB. A central
segment of the NG2 proteoglycan is critical for
the ability of glioma cells to bind and migrate
toward type VI collagen. Exp Cell Res 1997; 235:
254-64.

Tillet E, Gential B, Garrone R, Stallcup WB.
NG2 proteoglycan mediates betat integrin-
independent cell adhesion and spreading on
collagen VI. J Cell Biochem 2002; 86: 726-36.

Lin S, Bergles DE. Synaptic signaling between
GABAergic interneurons and oligodendrocyte
precursor cells in the hippocampus. Nat Neurosci
2004; 7: 24-32.

Bergles DE, Jabs R, Steinhduser C. Neuron-glia
synapses in the brain. Brain Res Rev 2010; 63:
130-7.

Vélez-Fort M, Maldonado PP, Butt AM, Audinat
E, Angulo MC. Postnatal switch from synaptic
to extrasynaptic transmission between
interneurons and NG2 cells. J Neurosci 2010; 30:
6921-9.

Lin S-C, Huck JHJ, Roberts JDB, Macklin

WB, Somogyi P, Bergles DE. Climbing fiber
innervation of NG2-expressing glia in the
mammalian cerebellum. Neuron 2005; 46: 773—
85.

Mangin J-M, Li P, Scafidi J, Gallo V. Experience-
dependent regulation of NG2 progenitors in the
developing barrel cortex. Nat Neurosci 2012; 15:
1192-4.

Kukley M, Kiladze M, Tognatta R, Hans M,
Swandulla D, Schramm J et al. Glial cells are born
with synapses. FASEB J 2008; 22: 2957-69.

33

34

35

36

37

38

39

40

41

42

43

44

Discussion

Simon C, G6tz M, Dimou L. Progenitors in the
adult cerebral cortex: cell cycle properties and
regulation by physiological stimuli and injury. Glia
2011; 59: 869-81.

Wake H, Lee PR, Fields RD. Control of local
protein synthesis and initial events in myelination
by action potentials. Science 2011; 333: 1647-51.

Sakry D, Neitz A, Singh J, Frischknecht R,
Marongiu D, Binamé F et al. Oligodendrocyte
precursor cells modulate the neuronal network
by activity-dependent ectodomain cleavage of
glial NG2. PLoS Biol 2014; 12: €1001993.

Sakry D, Neitz A, Singh J, Frischknecht R,
Marongiu D, Binamé F et al. Oligodendrocyte
precursor cells modulate the neuronal network
by activity-dependent ectodomain cleavage of
glial NG2. PLoS Biol 2014; 12: €1001993.

Sakry D, Yigit H, Dimou L, Trotter J.
Oligodendrocyte precursor cells synthesize
neuromodulatory factors. PLoS One 2015; 10:
€0127222.

Pantazopoulos H, Woo T-UW, Lim MP, Lange

N, Berretta S. Extracellular matrix-glial
abnormalities in the amygdala and entorhinal
cortex of subjects diagnosed with schizophrenia.
Arch Gen Psychiatry 2010; 67: 155-66.

Ahrendsen JT, Macklin W. Signaling mechanisms
regulating myelination in the central nervous
system. Neurosci Bull 2013; 29: 199-215.

Yates D. Myelination: Switching modes of
myelination. Nat Rev Neurosci 2014; 15: 66—67.

Kucharova K, Stallcup WB. NG2-proteoglycan-
dependent contributions of oligodendrocyte
progenitors and myeloid cells to myelin damage
and repair. J Neuroinflammation 2015; 12: 161.

Karus M, Ulc A, Ehrlich M, Czopka T, Hennen E,
Fischer J et al. Regulation of oligodendrocyte
precursor maintenance by chondroitin sulphate
glycosaminoglycans. Glia 2015. doi:10.1002/
glia.22928.

Nave K-A. Myelination and support of axonal
integrity by glia. Nature 2010; 468: 244-252.

Zhu X, Hill RA, Nishiyama A. NG2 cells generate

oligodendrocytes and gray matter astrocytes in
the spinal cord. Neuron Glia Biol 2008; 4: 19-26.

105



CHAPTER 5

45

46

47

48

49

50

51

52

53

54

106

Huang W, Zhao N, Bai X, Karram K, Trotter J,
Goebbels S et al. Novel NG2-CreERT2 knock-in
mice demonstrate heterogeneous differentiation
potential of NG2 glia during development. Glia
2014; 62: 896—913.

Rivers LE, Young KM, Rizzi M, Jamen F,
Psachoulia K, Wade A et al. PDGFRA/NG2 glia
generate myelinating oligodendrocytes and
piriform projection neurons in adult mice. Nat
Neurosci 2008; 11: 1392-401.

Komitova M, Serwanski DR, Lu QR, Nishiyama

A. NG2 cells are not a major source of reactive

astrocytes after neocortical stab wound injury.
Glia 2011; 59: 800-9.

Nair A, Frederick TJ, Miller SD. Astrocytes
in multiple sclerosis: a product of their
environment. Cell Mol Life Sci 2008; 65: 2702-20.

Butt AM, Duncan A, Berry M. Astrocyte
associations with nodes of Ranvier:
ultrastructural analysis of HRP-filled astrocytes
in the mouse optic nerve. J Neurocytol 1994; 23:
486-99.

Eng LF. Glial fibrillary acidic protein (GFAP): the
major protein of glial intermediate filaments in
differentiated astrocytes. J Neuroimmunol 1985;
8:203-14.

Fok-Seang J, Mathews GA, ffrench-Constant
C, Trotter J, Fawcett JW. Migration of
oligodendrocyte precursors on astrocytes and
meningeal cells. Dev Biol 1995; 171: 1-15.

Roy NS, Wang S, Harrison-Restelli C, Benraiss
A, Fraser RAR, Gravel M et al. Identification,
Isolation, and Promoter-Defined Separation of
Mitotic Oligodendrocyte Progenitor Cells from
the Adult Human Subcortical White Matter. J
Neurosci 1999; 19: 9986-9995.

Windrem MS, Roy NS, Wang J, Nunes M, Benraiss
A, Goodman R et al. Progenitor cells derived
from the adult human subcortical white matter
disperse and differentiate as oligodendrocytes
within demyelinated lesions of the rat brain. J
Neurosci Res 2002; 69: 966-75.

Wang S, Bates J, Li X, Schanz S, Chandler-
Militello D, Levine C et al. Human iPSC-derived
oligodendrocyte progenitor cells can myelinate
and rescue a mouse model of congenital
hypomyelination. Cell Stem Cell 2013; 12: 252-264.

56

57

58

59

Goldman SA, Nedergaard M, Windrem MS.
Modeling cognition and disease using human
glial chimeric mice. Glia 2015; 63: 1483-93.

Lee MK, Stirling W, Xu Y, Xu X, Qui D, Mandir AS
et al. Human alpha-synuclein-harboring familial
Parkinson’s disease-linked Ala-53 --> Thr mutation
causes neurodegenerative disease with alpha-
synuclein aggregation in transgenic mice. Proc
Natl Acad Sci U S A 2002; 99: 8968-73.

Han SSW, Williams L a, Eggan KC. Constructing
and deconstructing stem cell models of
neurological disease. Neuron 2011; 70: 626-44.

Holmes C, Boche D, Wilkinson D, Yadegarfar G,
Hopkins V, Bayer A et al. Long-term effects of
Abeta42 immunisation in Alzheimer’s disease:
follow-up of a randomised, placebo-controlled
phase | trial. Lancet (London, England) 2008; 372:
216-23.

Mertens J, Wang Q-W, Kim Y, Yu DX, Pham S,
Yang B et al. Differential responses to lithium
in hyperexcitable neurons from patients with
bipolar disorder. Nature 2015; 527: 95-99.



Discussion

107



108



Appendix

Summary
Samenvatting
PhD portfolio
List of Publications
Curriculum Vitae

Acknowledgements

109



Appendix

110



SUMMARY

Schizophrenia is a complex psychotic disorder
to model. The first challenge arises from the
complexity of brain physiology in which there
are multiple distinct cell types: neurons, glia,
microglia and pericytes, and their variety of
intercellular signaling. The other main difficulty
is the unfeasibility of examining living brain
tissue from patients with schizophrenia. Mainly,
schizophrenia research is based on genetics,
postmortem studies, neuroimaging and animal
models to investigate the etiology of the disorder.
Until recently, there were no technologies
available to investigate schizophrenia and other
neuropsychiatric disorders using living human
neural tissue. Therefore, the development of
induced Pluripotent Stem Cell (iPSC) technology
has offered a unique opportunity for studying
living neural cells of individual patients. The aim
of this thesis is to advance our knowledge of the
etiology and pathophysiology of schizophrenia
through the use of patient-derived iPSCs.

Chapter 10f this thesis is an introduction
to schizophrenia. Pathophysiological models
to study schizophrenia, iPSC technology and
different neural protocols are described.

Chapter 2 explains a detailed
neural differentiation protocol that enables
differentiation of human iPSCs into functionally
mature neurons together with glia. Neurons
derived from this protocol exhibited all the major
physiological hallmarks expected from neurons
that were assessed by both immunofluorescence
and electrophysiological parameters. The protocol
generated stable and reproducible results,
showing low variability within and between lines.
Moreover, the vast majority of cells were active
and capable of firing repetitively in response to
depolarizing current injections.

Chapter 3 focuses on designing a
protocol for iPSC-derived oligodendrocyte lineage
cells. Oligodendrocyte Precursor Cells (OPCs)
are generated from human iPSC-derived Neural
Precursor Cells by the sequential introduction of
factors required for OPC development in vivo.
iPSC-derived OPCs can proliferate, migrate and
differentiate into myelin basic protein-expressing
myelinating oligodendrocytes.

Summary

Chapter 4 describes a series of
experiments, which yield novel insights into
schizophrenia  pathophysiology  through a
genetic and iPSC-based investigation of families
with a high incidence of schizophrenia. Even
though schizophrenia is a polygenic disorder, the
heritability is high and families with a Mendelian
pattern of disease inheritance are not infrequently
observed. Therefore, we examined a family with a
high incidence of schizophrenia in which healthy
siblings were used as a control for the derivation
of iPSCs. Using linkage-based exome sequencing,
amissense mutation (A131T)in the CSPG4 gene was
found to segregate with schizophrenia. Multiple
additional families were identified carrying rare
variants in CSPG4 segregating with schizophrenia,
together highlighting CSPG4 as a novel candidate
gene for schizophrenia. The CSPG4 gene encodes
the membrane protein Neural/glial antigen 2
(NG2), which is highly expressed in OPCs. We
therefore examined the functional impact of
the CSPG4”3™ mutation in iPSC-derived neural
cells from patients with schizophrenia and their
healthy siblings. Although no electrophysiological
differences were observed between neurons of
affected carriers and their unaffected non-carrier
siblings, multiple abnormalities of OPCs were
observed to segregate between iPSCs derived
from affected versus unaffected siblings. In
particular, patient-derived OPCs exhibited altered
morphology, intracellular retention of NG2 and
impaired post-translational modification of NG2
protein, together confirming the pathogenicity
of the CSPG4*3'" mutation and highlighting the
importance of the oligodendrocyte lineage in
schizophrenia pathophysiology. On the basis
of these findings, diffusion tensor imaging was
performed on affected and unaffected family
members, and matched general population
controls, which confirmed that the CSPG4
mutation might result in a significant impairment
of white matter integrity.

Chapter 5 is a general discussion about
the current theoretical and technical challenges
for iPSC-based neural disease modeling. In
addition, future directions are proposed to further
advance our understanding of the neurobiological
mechanisms of schizophrenia.
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SAMENVATTING

Schizofrenie is een complexe psychiatrische
ziekte om te bestuderen. Allereerst door de
mate van complexiteit van de fysiologie van de
hersenen; verschillende celtypen zoals neuronen,
glia, microglia en pericyten gaan interacties
met elkaar aan waar nog maar weinig over
bekend is. Daarnaast is het praktisch onmogelijk
om levend hersenweefsel van patiénten te
onderzoeken. Onderzoek naar schizofrenie
centreert zich doorgaans rond genetica,
hersenbeeldvorming, postmortem studies en
diermodellen om te proberen de oorzaken van
deze ziekte te achterhalen. De ontwikkeling van
nieuwe technieken maakt het nu mogelijk om
patiént specifieke hersencellen te creéren uit
geinduceerde pluripotente stamcellen (iPSC).
Dit proefschrift richt zich op het bestuderen van
schizofrenie met behulp van iPSC technologie.

Hoofdstuk 1 van dit proefschrift is een
introductie over schizofrenie en beschrijft de
modellen die gebruikt worden om deze ziekte te
bestuderen. Daarnaast worden de verschillende
huidige protocollen om hersencellen van iPSC’s te
maken besproken.

Hoofdstuk 2 beschrijft in detail de
ontwikkeling van een protocol dat gebruikt
kan worden om efficiént functionele en mature
neuronale netwerken te differentiéren van iPSCs.
De verkregen neuronen bezitten de voornaamste
kenmerken van volwassen functionaliteit zoals
wordt gedemonstreerd metimmunofluorescentie
en elektrofysiologische technieken. Door middel
van dit protocol is het mogelijk om stabiele
resultatente verkrijgenmetverschillende cellijnen.
Bovendien is de meerderheid van de neuronen die
elektrofysiologisch gekarakteriseerd werd in staat
om voor langere tijd herhaald actiepotentialen te
vuren als respons op depolariserende spanning.

Hoofdstuk3richt zich op hetbeschrijven
van een protocol voor het deriveren van cellen
in de lijn van oligodendrocyten. Oligodendrocyt
voorloper cellen (OPC) kunnen van iPSCs
gemaakt worden door factoren aan het medium
toe te voegen die bekend zijn uit de embryonale
ontwikkeling van oligodendrocyten. De verkregen
OPCs bezitten de bekende OPCs markers en zijn in

Samenvatting

staat om te prolifereren, te migreren en kunnen
in oligodendrocyten differentiéren die myeline
produceren in ex vivo condities.

Hoofdstuk 4 beschrijft een serie
genetische en iPSC-experimenten gericht op
het ontrafelen van nieuwe inzichten in het
ziektemechanisme van schizofrenie door families
te bestuderen met een hoge incidentie van deze
ziekte. Ondanks dat schizofrenie een polygene
stoornis is, is de erfelijkheid van de ziekte
hoog en zijn families met een mendeliaanse
patroon van overerving van deze ziekte niet
extreem zeldzaam. Deze studie richt zich op
een Nederlandse familie met een mendeliaans
overervingspatroon. Door het sequencen van de
exomen van patiénten en gezonde familieleden
hebben we een missense mutatie (A131T) in het
CSPG4 gen ontdekt. In verschillende Mexicaanse
families met een hoge incidentie van schizofrenie
hebben we andere mutaties in hetzelfde gen
gevonden, wat suggereert dat mutaties in het
CSPG4 gen causaal voor schizofrenie kunnen zijn.
Neural/glial antigen 2 (NG2) is het eiwitproduct
van het CSPG4 gen en is een van de kenmerkende
eiwitten voor OPCs. In OPC’s van patiénten uit
de Nederlandse familie vinden we retentie van
NG2 in het endoplasmatisch reticulum. Daarnaast
wordt er minder van de gemodificeerde vorm
van het NG2 eiwit gevonden in patiénten OPC’s
en hebben deze een andere morfologie. Al deze
bevindingen suggereren een significant effect van
de mutatie in CSPG4 in relatie tot schizofrenie. Op
basis van deze bevindingen zijn diffusion tensor
imaging opnamen gemaakt van de hersenen van
leden uit de Nederlandse familie die vergeleken
zijn met gelijkwaardige beeldvorming van mensen
uit de normale populatie. De resultaten hiervan
bevestigen dat de mutatie in CSPG4 correleert
met een ernstig defect in de integriteit van de
witte stof in de hersenen.

Hoofdstuk 5 is een algemene discussie
over de controversiéle onderwerpen en
uitdagingen die komen kijken bij onderzoek naar
schizofrenie met iPSC technologie. Daarnaast
worden  toekomstige  onderzoeksrichtingen
besproken die kunnen bijdragen aan meer inzicht
in de neurobiologische mechanismen die ten
grondslag liggen aan schizofrenie.
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