


Σὰ βγεῖς στὸν πηγαιμὸ γιὰ τὴν Ἰθάκη, 
νὰ εὔχεσαι νά ῾ναι μακρὺς ὁ δρόμος, 
γεμάτος περιπέτειες, γεμάτος γνώσεις. 
Τοὺς Λαιστρυγόνας καὶ τοὺς Κύκλωπας, 
τὸν θυμωμένο Ποσειδῶνα μὴ φοβᾶσαι, 
τέτοια στὸν δρόμο σου ποτέ σου δὲν θὰ βρεῖς, 
ἂν μέν᾿ ἡ σκέψις σου ὑψηλή, ἂν ἐκλεκτὴ 
συγκίνησις τὸ πνεῦμα καὶ τὸ σῶμα σου ἀγγίζει. 
Τοὺς Λαιστρυγόνας καὶ τοὺς Κύκλωπας, 
τὸν ἄγριο Ποσειδῶνα δὲν θὰ συναντήσεις, 
ἂν δὲν τοὺς κουβανεῖς μὲς στὴν ψυχή σου, 
ἂν ἡ ψυχή σου δὲν τοὺς στήνει ἐμπρός σου. 

Νὰ εὔχεσαι νά ῾ναι μακρὺς ὁ δρόμος. 
Πολλὰ τὰ καλοκαιρινὰ πρωιὰ νὰ εἶναι 
ποῦ μὲ τί εὐχαρίστησι, μὲ τί χαρὰ 
θὰ μπαίνεις σὲ λιμένας πρωτοειδωμένους. 
Νὰ σταματήσεις σ᾿ ἐμπορεῖα Φοινικικά, 
καὶ τὲς καλὲς πραγμάτειες ν᾿ ἀποκτήσεις, 
σεντέφια καὶ κοράλλια, κεχριμπάρια κ᾿ ἔβενους, 
καὶ ἡδονικὰ μυρωδικὰ κάθε λογῆς, 
ὅσο μπορεῖς πιὸ ἄφθονα ἡδονικὰ μυρωδικά. 
Σὲ πόλεις Αἰγυπτιακὲς πολλὲς νὰ πᾷς, 
νὰ μάθεις καὶ νὰ μάθεις ἀπ᾿ τοὺς σπουδασμένους. 

Πάντα στὸ νοῦ σου νά ῾χεις τὴν Ἰθάκη. 
Τὸ φθάσιμον ἐκεῖ εἶν᾿ ὁ προορισμός σου. 
Ἀλλὰ μὴ βιάζεις τὸ ταξίδι διόλου. 
Καλλίτερα χρόνια πολλὰ νὰ διαρκέσει. 
Καὶ γέρος πιὰ ν᾿ ἀράξεις στὸ νησί, 
πλούσιος μὲ ὅσα κέρδισες στὸν δρόμο, 
μὴ προσδοκώντας πλούτη νὰ σὲ δώσει ἡ Ἰθάκη. 

Ἡ Ἰθάκη σ᾿ ἔδωσε τ᾿ ὡραῖο ταξίδι. 
Χωρὶς αὐτὴν δὲν θά ῾βγαινες στὸν δρόμο. 
Ἄλλα δὲν ἔχει νὰ σὲ δώσει πιά. 

Κι ἂν πτωχικὴ τὴν βρεῖς, ἡ Ἰθάκη δὲν σὲ γέλασε. 
Ἔτσι σοφὸς ποὺ ἔγινες, μὲ τόση πεῖρα, 
ἤδη θὰ τὸ κατάλαβες οἱ Ἰθάκες τὶ σημαίνουν. 

As you set out for Ithaca
hope the voyage is a long one,
full of adventure, full of discovery.
Laestrygonians and Cyclops,
angry Poseidon-don’t be afraid of them:
you’ll never find things like that on your way
as long as you keep your thoughts raised high,
as long as a rare excitement
stirs your spirit and your body.
Laestrygonians and Cyclops,
wild Poseidon-you won’t encounter them
unless you bring them along inside your soul,
unless your soul sets them up in front of you.

Hope that your journey is a long one.
May there be many summer mornings when,
with what pleasure, what joy,
you come into harbours seen for the first time;
may you stop at Phoenician trading stations
to buy fine things,
mother of pearl and coral, amber and ebony,
sensual perfume of every kind-
as many sensual perfumes as you can;
and may you visit many Egyptian cities
to learn and learn again from those who know.

Keep Ithaca always in your mind.
Arriving there is what you’re destined for.
But don’t hurry the journey at all.
Better if it lasts for years,
so that you’re old by the time you reach the island,
wealthy with all you have gained on the way,
not expecting Ithaca to make you rich.

Ithaca gave you the marvelous journey.
Without her you would have not set out.
She has nothing left to give you now.

And if you find her poor, Ithaca won’t have fooled
you.
Wise as you will have become, so full of experience,
you’ll have understood by then what these Ithacas
mean.

C.P.Cavafy, 1911. Transalted by Edmund Keeley and Philip Sherrard. Edited by George Savvidis.

Revised Edition. Princeton University Press, 1992
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Chapter1 Introduction

Chapter 1: Introduction

1.1 Oligodendrocytes and myelin
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1.2 Oligodendrocyte development from their precursor cells

1.2.1 Generation of oligodendrocytes in the spinal cord

1.1
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Figure 1.1 Progenitor domains in the embryonic spinal cord.
Schematic diagram illustrating the progenitor domains in the embryonic spinal cord which
generate the oligodendrocyte lineage cells, astrocytes and neurons. The transcription
factors expressed by the progenitor cells in each domain are indicated. Diagram taken
from Richardson et al., 2006.
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1.2.2 Generation of oligodendrocytes in the brain



Chapter1 Introduction

1.2.3 Functional differences based on site of origin
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1.3 Proliferation of oligodendrocytes

1.3.1 Secreted factors that control OLP proliferation
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1.3.2 Contact factors that control OLP proliferation
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1.4 Differentiation of oligodendrocytes and myelination
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Figure 1.2 Oligodendrocyte development and marker expression.
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1.4.1 Secreted molecules that control OL differentiation
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1.4.2 Contact factors that control OL differentiation
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1.5 The role of electrical activity in myelination
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1.6 Expression of ion channels in oligodendrocyte lineage cells

1.6.1 Voltage-gated ion channels

1.6.1.1 Potassium channels
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1.6.1.2 Sodium channels
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1.6.1.3 Calcium channels
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1.6.2 Neurotransmitter-gated ion channels

1.6.2.1 Glutamate receptors

1.6.2.1.1 AMPA/kainate receptors
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1.6.2.1.2 NMDA receptors
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1.6.2.2 GABA receptors
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1.7 Metabotropic glutamate receptors in oligodendrocyte lineage
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1.8 Neuron – OLP synapses
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1.9 Aims of the thesis
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Chapter 2: Materials and Methods

2.1 General

o

2.2 Baterial biology

2.2.1 Bacterial strains, growth, storage

Escherichia coli E.coli

E.coli

flpe

o

o
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o

2.2.2 Preparation of electrocompetent bacteria

600

o

o

o

2.2.3 Transformation of electrocompetent bacteria
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2.3 DNA extraction

2.3.1 Phenol-Chloroform extraction

2

o

o

o

o
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2.3.2 Small scale plasmid preparation (mini prep)

o

o

2 o o

2.3.3 Large scale plasmid preparation (maxi prep)

o

o

o

o
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o

o
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2.3.4 Large scale PAC preparation (PAC maxi prep)

o o

o
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2

o
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2.3.5 DNA extraction from agarose gel

o
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2.3.6 DNA extraction from mouse tissue

o

o

2

o o

2.4 DNA analysis

2.4.1 Polymerase Chain Reaction
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Gene Forward Primer

(5'→3') 

Reverse Primer

(5'→3') 

Annealing

temperature (oC)

Product

size (bp)

GluA2cKO GCGTAAGCCTGTGA

AATACCTG

GTTGTCTAACAAGTTGT

TGACC

59 wt: 250

fl:350

GluA3KO GGTAGATACTGAAG

CATAGCTATGC

GGTATATCTTCCCAGCC

CCAAG

59 260

GluA3WT CCAATGTTGTGCTT

TAGCCTTTGC

GGTATATCTTCCCAGCC

CCAAG

59 240

3FLAG-

GAL4

ACCATGGACTACAA

AGACCATGACGGTG

ATTATAAAGATCAT

GACATCGACTACAA

GGATGACGATGACA

AGAAGCTACTGTCT

TCTATCGAAC

TCTAGAGCGATACAGTC

AACTGTCTTTGACC

60 510

Msx3-iCre GAAACCTGGACTCT

GAGACTGGG

GGCTGTCCAATAACCGA

AGACG

60 1000

Olig2-

GluClα 

CAGCGAGCACCTCA

AATCTA

CAGGGAAGCGATGATC

AGCTTG

60 700

Rosa26-WT AAAGTCGCTCTGAG

TTGTTAT

GGAGCGGGAGAAATGG

ATATG

59 600

Rosa26-

EYFP

AAAGTCGCTCTGAG

TTGTTAT

GCGAAGAGTTTGTCCTC

AACC

59 250

Sox10-Cre TCGATGCAACGAGT

GATGAG

TTCGGCTATACGTAACA

GGG

62 481

Sox10-

GluClα 

TTGCGATGGGAGAG

TCTGAC

CAGGATCGAGAAGCTG

GAG

60 550

Sox10-

GluClβ 

TTGCGATGGGAGAG

TCTGAC

CAGGATCGAGAAGCTG

GAG

60 550

Table 2-1. A list of primer sequences used for cloning and for genotyping the transgenic
mice, together with the corresponding annealing temperatures and the size of the
amplified DNA product.
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2.4.2 TOPO cloning of PCR-amplified DNA
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2.4.3 Restriction digests

o

o

2.4.4 Ligation reaction

o

2.4.5 Gel electrophoresis



Chapter2 Materials and Methods

2.4.6 Pulse field gel electrophoresis

o

2.4.7 DNA quantification

2.4.8 DNA sequencing
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2.5 Transgenic mice generation

2.5.1 Homologous recombination in EL250 cells

o

o 600

o

o
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o

o
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2.5.2 Removal of chloramphenicol cassette

flpe

o 600

o

o

flpe

2.5.3 Preparation of recombined PAC DNA for microinjection

in ovo
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o

o

o

o

o

o

2.5.4 Superovulation, in ovo injection and transplantation
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o 2

2.6 Mouse breeding

2.6.1 Knock out, Cre and Reporter lines

GluA2fl/fl

Gria2

GluA3-/-

Gria3
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Tg(Sox10Cre)

Sox10

Rosa26-EYFP

2.6.2 Cre recombination
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2.6.3 In vivo EdU labeling

2.7 Cell culture and transfection

o

2

2.8 Histology

2.8.1 Perfusion fixation, collection, freezing
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o

o

2.8.2 In situ hybridization

2.8.2.1 mRNA probe synthesis

Table 2-2

o



Chapter2 Materials and Methods

Probe Source Amplified fragment Linearize

with

Transcribe with

CFP part of optGluClβ-

Y182F-ECFP (Addgene)

in TOPO

1404 bp EcoRV SP6

Gria1 IMAGE clone 6842391 5420 bp SalI T3

Gria2 IMAGE clone 6494013 4799 bp SalI T7

Gria3 IMAGE clone 30668476 5158 bp (full cDNA

sequence)

SalI T3

Gria4 IMAGE clone 6409918 5385 bp (full cDNA

sequence)

SalI T3

Table 2-2. A list of mRNA probes used for in situ hybridization.

2 4 2

2 4

2.8.2.2 Single in situ hybridisation using NBT/BCIP chromogenic detection

o
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2.8.3 Antibody labelling

o
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2.8.4 Fluorescent in situ hybridization followed by

immunohistochemistry

2.8.5 Double in situ hybridization followed by immunohistochemistry
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Primary Antibody Supplier Dilution

Rat anti-PDGFRα BD Pharmingen™ 1:400

Rabbit anti-PDGFRα Cell Signalling 1:400

Guinea pig anti-SOX10 Gift from M. Wegner 1:2000

Chicken anti-GFP Aves Lab 1:500

Rabbit anti-GFP AbCam 1:6000

Rat anti-GFP Fine Chemical Products LTD 1:3000

Rabbit anti-Olig2 Chemicon 1:700

Rat anti-MBP AbD Serotec 1:200

Mouse anti-CC1 IgG2b Calbiotech 1:300

Mouse anti-GFAP Sigma 1:2000

Goat anti-AldoC Sigma 1:50

Mouse anti-S100β Sigma 1:500

Mouse anti-NeuN Chemicon 1:500

Rabbit anti-Iba1 Wako 1:500

Rabbit anti-c-myc Abcam 1:200

Mouse anti-c-myc Sigma 1:100

Secondary Antibody Supplier Dilution

Alexa 488 goat anti-rabbit IgG Invitrogen 1:1000

Alexa 488 goat anti-rat IgG Invitrogen 1:500

Alexa 568 goat anti-rabbit IgG Invitrogen 1:1000

Alexa 568 goat anti-rat IgG Invitrogen 1:500

Alexa 568 goat anti-mouse IgG1 Invitrogen 1:1000

Alexa 568 goat anti-mouse IgG H+L Invitrogen 1:1000

Alexa 568 goat anti-mouse IgM Invitrogen 1:1000

Alexa 647 goat anti-rabbit IgG Invitrogen 1:1000

Alexa 647 goat anti-rat IgG Invitrogen 1:500

Alexa 647 goat anti-mouse IgG1 Invitrogen 1:1000

Alexa 647 goat anti-mouse IgG H+L Invitrogen 1:1000

Goat anti-guinea pig Cy3 conjugated Chemicon 1:500

Table 2-3. A list of primary and secondary antibodies, their working dilutions and
sources, used for immunohistochemistry.
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2.8.6 EdU detection

2.9 Microscopy

2.10 Electrophysiology

2.10.1 Slice preparation

3 2 4

2 2

2 2
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2.10.2 Solutions

2.10.2.1 Extracellular solutions

2 2 2 4

3

2 4 2 2

2.10.2.2 Intracellular solutions

2
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2.10.3 Mechanical and optical set-up for electrophysiology

2.10.4 Pipettes and electrical set-up
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2.10.5 Patch-clamping
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2.10.6 Data analysis

2.10.6.1 Quantification of histology
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2.10.6.2 Electrophysiology analysis

+

+
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2.10.6.3 Statistics
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Chapter 3: Glutamatergic synaptic input to OLPs promotes

their development

3.1 Introduction
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3.2 Results

3.2.1 GluA2-4, but not GluA1, are expressed in the developing and adult

corpus callosum
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Figure 3.1. GluA2-4, but not GluA1, AMPA receptor subunits are expressed in the
corpus callosum. A) Diagram of a coronal forebrain section at the level of the SVZ. The
coloured rectangles indicate the areas shown in lower (red, B-D) and higher (blue, B’-D’)
magnification. In situ hybridization images for GluA1-4 at P1 (B-B’), P14 (C-C’) and P36
(D-D’) are shown. Part of the cerebral cortex and underlying white matter are shown (B-
D), as well as higher magnification images of the corpus callosum at the midline (B’-D’).
Lots of small, weakly-staining cells - putative OL lineage cells - are visible in the corpus
callosum of sections hybridized for GluA2, GluA3 and GluA4, but not GluA1. The few
GluA1-positive cells visible in white matter are misplaced neurons (NeuN-positive, not
shown).  All forebrain neurons express GluA1-4.  Scale bars: 100μm.
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3.2.2 Knocking out GluA2 subunit in the cells of OL lineage

2+
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Figure 3.2. GluA2-4 AMPA receptor subunits are expressed in cells of the OL lineage.
A) Fluorescent in situ hybridization for GluA2-4 followed by immunohistochemistry for
Olig2 in P14 corpus callosum shows that GluA2-4 are expressed in OL lineage cells
(arrows). Occasional GluA+ Olig2- cells (arrowhead) are presumptive neurons. Scale bar:
50μm.  B) Double fluorescent in situ hybridization for GluA2 and PDGFRα followed by 
immunohistochemistry for Olig2 on P9 forebrain corpus callosum.  GluA2+ PDGFRα+ 
Olig2+ triple positive cells are visible.  Some PDGFRα+GluA2- (arrowhead) and 
GluA2+Olig2+PDGFRα- (arrow) cells are present indicating, respectively, that not all OLPs 
express GluA2 and also that some differentiating OLs express GluA2. Scale bar: 25 μm. 
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Gria2

GluA2fl/fl

Tg(Sox10Cre Rosa26-EYFP

Rosa26

GluA2fl/fl: Tg(Sox10Cre): Rosa26-EYFP

+ Gria2

Tg(Sox10Cre

Rosa26-EYFP

Gria2

fl

fl loxP

GluA2fl/fl: Tg(Sox10Cre): Rosa26-EYFP

Tg(Sox10Cre)

Sox10Cre

GluA2fl/fl;Tg(Sox10Cre);Rosa26-EYFP
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Figure 3.3. GluA2 conditional knock-out in cells of the OL lineage. A) A diagram
depicting Cre-mediated ablation of loxP-flanked exon 11 of the GluA2 gene. Exon 11 and
12 encode membrane-spanning segments 1, 2, and 3 (M1, 2, 3) of the GluA2 subunit. B)
The genotyping strategy to detect recombination event at the GluA2 locus. When WT
GluA2 and/or non-recombined GluA2fl allele are present, PCR amplifies a 1100bp product.
In GluA2 germline KO or in the presence of Cre, GluA2fl allele is recombined leading to
excision of exon11, generating a 300bp PCR product. C) An example of genotyping with
forebrain DNA as a template shows that in GluA2fl/fl;Tg(Sox10Cre) mice (referred to as
fl/fl cre+/-) a 300bp band is present, similar to GluA2 germline KO control (KO) indicating
that the recombination takes place. The faint 1100bp band present is a result of
amplification of non-recombined GluA2 alleles in cells that do not express Cre. A 1100bp
band is also present in GluA2fl/+(fl/+), GluA2fl/fl(fl/fl) and WT controls. D) A
representative example of inward current generated by application of 100μM kainate.  E)
I-V relation of kainate-evoked current (100µM) shows inward rectification in
GluA2fl/fl;Tg(Sox10Cre) (GluA2KO), but not GluA2fl/+;Tg(Sox10Cre) (GluA2het) and
GluA2+/+;Tg(Sox10Cre) (WT) controls when 100μM spermine is included in the internal 
solution. This confirms that GluA2 is successfully knocked out in OLPs. F) A graph
showing that the current density of kainate-evoked current at -60mV is the same in the
GluA2KO and the WT and GluA2het controls (WT vs GluA2 KO, p=0.82; GluA2 Het vs GluA2
KO, p=0.14;WT vs GluA2 Het, p=0.19).
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GluA2fl/fl;Tg(Sox10Cre);Rosa26-EYFP+/- GluA2fl/+(or

GluA2+/+);Tg(Sox10Cre);Rosa26-EYFP+/-
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3.2.3 OL development is normal in the absence of GluA2

+



Chapter 3 Glutamatergic synaptic input to OLPs promotes their development

+

+

+

+ +

+

+

+ +

+ +



Chapter 3 Glutamatergic synaptic input to OLPs promotes their development

Figure 3.4. GluA2-deficient OLPs and OLs achieve normal population densities. A, C)
Representative examples of PDGFRα+ (A) and Olig2+ (C) cells in P14 and P30 corpus
callosum of GluA2fl/fl; Sox10-Cre (GluA2 KO) and GluA2fl/+;Sox10-Cre (GluA2 Het)
controls. Scale bars: 50μm. B, D) There is no significant change in the density of PDGFRα+ 
(B; P14, p=0.10; P30, p=0.70) and Olig2+ (D; P14, p=0.61; P30, p=0.16) cells in the corpus
callosum of GluA2 KO and GluA2 Het controls at P14 and P30. n is indicated at the base of
each column.
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Figure 3.5. Proliferation and differentiation of OLPs is not affected by GluA2
removal. A) EdU (green) administered for 8 hours at P14 labels proliferating PDGFRα+ 
(red) OLPs in the corpus callosum of GluA2fl/fl;Sox10-Cre (GluA2 KO) and
GluA2fl/+;Sox10-Cre (GluA2 Het) control mice. Scale bar: 50μm.  B) Higher magnification
image of the specified area in A, showing co-expression of PDGFRα (red), EdU (blue) and 
YFP (green) in the same cell.  All PDGFRα+ OLPs quantified in F were co-labelled with
YFP+, indicating that Cre is expressed in these cells. C) Cells labelled for 8 hours with EdU
at P14 were left to differentiate and examined at P30. EdU+ CC1+ OLs can be readily
detected in the corpus callosum of P30 GluA2 KO and GluA2 Het control mice. Scale bar:
50μm.  D) A higher magnification image of the specified area in C, showing co-expression
of CC1 (red), EdU (blue) and YFP (green) in the same cell. All CC1+ OLs quantified in E.
were co-labelled with YFP+, indicating that Cre is expressed in these cells. F,E) There is no
statistically significant difference in the proliferation (F; p=0.66) or differentiation (E;
p=0.35) rates of OLPs between GluA KO and GluA2 Het control. n is indicated at the base
of each column.
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Figure 3.6. Time course of OL differentiation in WT P14 corpus callosum. EdU was
administered for 8 hours at P14. A) At various times after EdU administration EdU+ CC1+
OL were counted in corpus callosum and expressed as a percentage of total EdU+ cells. 10
days after EdU administration a plateau (~ 80%) in differentiation is reached. B) At
various times after EdU administration the densities of EdU+ CC1+ OLs and EdU+ cells
were analyzed. The density of EdU+ CC1+ OLs increases with time and the density of total
EdU+ cells decreases as the EdU is diluted in dividing cells. n=3 in both graphs.
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3.2.4 OL development proceeds normally in GluA3 KO mice
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Gria3

+ + +
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Figure 3.7. GluA3 germline KO mice generate OLPs and OLs normally.
A) Representative examples of PDGFRα+ OLPs and CC1+ Olig2+ OLs in P14 corpus 
callosum of GluA3KO and WT controls. Scale bars: 50μm. B) There is no significant change
in the density of PDGFRα+ (p=0.47) OLPs or CC1+ Olig2+ OLs (p=0.85) in the corpus 
callosum of GluA3 KO or GluA3 WT mice. C) EdU was administered for 8 hours at P14
labels proliferating PDGFRα+ OLPs in the corpus callosum of GluA3 KO and GluA3 WT 
mice. Scale bar: 50μm. D) There is no significant change in the proliferation rate of OLPs in
GluA3 KO or GluA3 WT mice (p=0.41). n is indicated at the base of each column.
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3.2.5 AMPA receptor – mediated currents are reduced in dbKO OLPs

Tg(Sox10Cre) Rosa26-EYFP

Tg(Sox10Cre) GluA2fl/fl Rosa26-EYFP+/- GluA3-/- GluA3-/Y

Tg(Sox10Cre) GluA2fl/+ Rosa26-EYFP+/- GluA3-/- GluA3-/Y

+/+ +/- -/- -/Y

GluA2fl/+ or fl/fl Rosa26-EYFP+/- GluA3-/- GluA3-/Y Tg(Sox10Cre)

+
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Figure 3.8. GluA2 conditional knockout in cells of OL lineage on a GluA3 germline KO
background. A) A representative example of I-V protocol in OLPs from Tg(Sox10Cre);
GluA2fl/+; RosaYFP+/-; GluA3-/-mice (Het). B) I-V relation of kainate-evoked current
(100µM) shows inward rectification in Tg(Sox10Cre); GluA2fl/fl; RosaYFP+/-; GluA3-/-
(“dbKO”), but not Tg(Sox10Cre); GluA2fl/+ or +/+; RosaYFP+/-; GluA3-/- (“Het” or “WT”,
respectively) controls when 100μM spermine is included in the pipette solution.  This 
confirms that GluA2 is successfully knocked out in OLPs.
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Figure 3.9. Kainate - evoked current in OLPs is reduced in the double GluA2/GluA3
KO. A) A representative example of the current evoked in OLPs by application of 100µM
kainate (KA) and co-application of 100µM kainate & 50µM GYKI52466. B) Kainate-evoked
current is reduced by ~60% in Tg(Sox10Cre); GluA2fl/fl; RosaYFP+/-; GluA3-/- (“dbKO”)
compared to Tg(Sox10Cre); GluA2fl/+ or +/+; RosaYFP+/-; GluA3-/- (“Het” and “WT”,
respectively) controls (“WT” vs “dbKO”, p=2x10-5; “Het” vs “dbKO”, p=6x10-9; “WT” vs
“Het”, p=0.06). C) Kainate-evoked current is AMPAR-mediated, as it is blocked by more
than 80% by GYKI52466 . ***p<0.001
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Figure 3.10. No up-regulation of GluA1 in the corpus callosum of dbKO. In situ
hybridization for GluA1 at P14 corpus callosum of GluA2fl/fl or fl/+; RosaYFP+/-; GluA3-/-
(“WT”) and Tg(Sox10Cre); GluA2fl/fl; RosaYFP+/-; GluA3-/- (“dbKO”) mice shows no up-
regulation of the subunit.  Scale bar: 100 μm. 
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Figure 3.11. Membrane properties of OLPs are preserved in the dbKO.
A, B) No significant change in membrane resistance Rm (A; “WT” vs “dbKO”, p=0.36; “Het”
vs “dbKO”, p=0.07; “WT” vs “Het”, p=0.02) or capacitance Cm (B; “WT” vs “dbKO”, p=0.8;
“Het” vs “dbKO”, p=0.51; “WT” vs “Het”, p=0.7) of OLPs from Tg(Sox10Cre); GluA2fl/fl;
RosaYFP+/-; GluA3-/- (“dbKO”) mice compared to Tg(Sox10Cre); GluA2fl/+ or +/+;
RosaYFP+/-; GluA3-/- (“Het” and “WT”, respectively) controls. C) A representative
example of INa recorded from OLPs from “WT” control mice. Top current trace is in
response to 20 mV steps from −60 mV.  Bottom trace is after subtraction of the linearly 
scaled response to the step to −100 mV.  D) There is no significant change in INa density at
0mV in “dbKO” compared to “Het” and “WT” controls (“WT” vs “dbKO”, p=0.94; “Het” vs
“dbKO”, p=0.25; “WT” vs “Het”, p=0.37).
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Figure 3.12. Stimulation - evoked EPSCs have the same amplitude in the dbKO AMPA
receptor - mediated synaptic input is reduced in the dbKO. A) EPSCs could be evoked
by stimulating the callosal fibers in all OLPs from P14 Tg(Sox10Cre); GluA2fl/+;
RosaYFP+/-; GluA3-/- (“Het”), but only in 70% of OLPs from P14 Tg(Sox10Cre); GluA2fl/fl;
RosaYFP+/-; GluA3-/- (“dbKO”) mice. B) There is no significant change in the amplitude of
evoked EPSCs in “dbKO” compared to “Het” controls (p=0.35). C) An example of AMPAR-
mediated EPSC evoked by stimulation of callosal axons in “Het” mice. D) Stimulation-
evoked EPSCs are AMPAR-mediated as they are blocked by more than 80% by GYKI52466.
n is indicated at the base of each column.
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Figure 3.13. AMPA receptor - mediated synaptic input is reduced in the dbKO. A) An
example of ruthenium red-evoked (RR; 100µM) EPSCs in OLPs from P14 corpus callosum
of Tg(Sox10Cre)GluA2+/+; RosaYFP+/-; GluA3-/- (“WT”) and Tg(Sox10Cre); GluA2fl/fl;
RosaYFP+/-; GluA3-/- (“dbKO”) mice. The event marked by the asterisk is expanded on
the right. B) The amplitude of RR-evoked EPSCs is not affected in “dbKO” compared to
controls (“WT” vs “dbKO”, p=0.53; “Het” vs “dbKO”, p=0.46; “WT” vs “Het”, p=0.92). C) The
frequency of RR-evoked EPSCs is reduced by ~70% in the “dbKO” compared to “WT”
controls. The EPSC frequency declines wt-> het -> dbKO (“WT” vs “dbKO”, p=6x10-5; “Het”
vs “dbKO”, p=5x10-3; “WT” vs “Het", p=0.05).
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Figure 3.14. dbKO mice generate less OLPs and OLs in the corpus callosum.
A) Representative examples of PDGFRα+ OLPs in P14 corpus callosum of GluA2fl/fl or 
fl/+; RosaYFP+/-; GluA3-/- (“WT”) and Tg(Sox10Cre); GluA2fl/fl; RosaYFP+/-; GluA3-/-
(“dbKO”) mice.  Scale bar: 50 μm. B) There is a ~20% reduction in the density of
PDGFRα+ cells in the corpus callosum of the “dbKO” versus control at P14 (p=0.04) and 
P21 (p=0.04), but no reduction at P3 (p=0.09). C) Example of CC1+ Olig2+ OLs in P14
corpus callosum of “WT” and “dbKO” mice.  Scale bar: 50 μm. D) There is a ~25%
reduction in density of CC1+/Olig2+ cells in the corpus callosum of P14 (p=0.008) and P21
(p=0.02) “dbKO” compared to controls. E) There is no change in the CC1+/ PDGFRα+ ratio 
in the corpus callosum at P14 (p=0.24) and P21 (p=0.56) between “dbKO” and “WT”
controls. n is the same for B,D and E and is indicated at the base of each column in E.
*p<0.05, **p<0.01.
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3.3 Discussion
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Figure 3.15. Proliferation of OLPs is not affected in dbKO. A) A representative example
of co-immunostaining for EdU and PDGFRα in P14 corpus callosum of GluA2fl/fl or fl/+; 
RosaYFP+/-; GluA3-/- (“WT”) and Tg(Sox10Cre); GluA2fl/fl; RosaYFP+/-; GluA3-/-
(“dbKO”)  mice labelled with EdU for 8 hours before perfusion.  Scale bar: 100μm.  B) 
Proliferation rate of PDGFRα+ OLPs labelled with EdU for 3 hours at P3 and 8 hours at P14 
shows no statistically significant difference between “dbKO” and “WT” controls (P3,
p=0.48 ; P14, p=0.76).
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Figure 3.16. dbKO mice generate OLPs and OLs normally in the cortex.
A, B) Representative examples of PDGFRα+ OLPs (A) and CC1+ Olig2+ OLs (B) in P14 
cortex of GluA2fl/fl or fl/+; RosaYFP+/-; GluA3-/- (“WT”) and Tg(Sox10Cre); GluA2fl/fl;
RosaYFP+/-; GluA3-/- (“dbKO”). Scale bars: 100μm.  C) There is no significant change in 
the density of PDGFRα+ (p=0.31) OLPs or CC1+ Olig2+ OLs (p=0.22) in the corpus 
callosum of “dbKO” and “WT” control mice. n is indicated at the base of each column.
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3.3.1 AMPAR subunit composition in the corpus callosum
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3.3.2 AMPAR subunits show redundancy for a role in OL development

3.3.3 OLPs in the double KO receive reduced synatic input
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3.3.4 Function of AMPAR signalling in OLPs
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3.3.5 Functional consequences of reduced AMPAR signalling
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3.3.6 Signalling downstream of AMPAR mediating the effect
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Chapter 4: Manipulating electrical activity in OLPs

4.1 Introduction
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4.2 Results

4.2.1 Transgenic strategy for generation of GluClαβ mouse line 
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Figure 4.1. Combinatorial use of transgenes to limit expression of GluClα and GluClβ 
to the OL lineage. A) Olig2, expressed in neuroepithelial precursors (e.g. the pMN domain
in the spinal cord) and OL lineage cells, drives the expression of GluClα.  Sox10, expressed 
in OL lineage and neural crest, drives the expression of GluClβ.  Crossing two lines together 
restricts the expression of GluClα & GluClβ to the intersection of Olig2 and Sox10 
specificities i.e. the OL lineage. B) Sox10 drives the expression of GluClα & GluClβ, but 
GluClα expression is interrupted in the neural crest by means of Cre recombination using 
Msx3-Cre, which is expressed in the dorsal spinal cord and migratory neural crest. Thus,
expression of GluClα & GluClβ is restricted to the OL lineage. 



Chapter 4 Manipulating electrical activity in OLPs

4.2.2 PACs used for generation of transgenic mice

4.2.3 Design of targeting vectors
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Figure 4.2. Diagram of the genomic regions around the Sox10 and Olig2 genes
included in PACs used for transgenesis. A) Olig2 PAC includes ~140Kb sequence
upstream of the Olig2 gene (black box) and 38Kb sequence downstream. B) Sox10 PAC
includes 62Kb sequence upstream of the Sox10 gene and 53Kb downstream. Arrows
indicate restriction sites.
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Figure 4.3. Diagram of the coding region of the Sox10 gene and the GluClα targeting 
vector. The genomic region of the Sox10 PAC between exons 2 and 4 was substituted with
a loxP-GluClαYFP-IRES-Luc-(Myc)6-(polyA)4-loxP-tdTom-frt-CmR-frt cassette via 
homologous recombination using and 3’ homology cassettes (5’h and 3’h respectively).
The chlorampenicol resistance (Cmr) cassette was removed with Flp-recombinase. In the
absence of Cre, GluClα-YFP and Luciferase-6myc are expressed.  When Cre is present the 
floxed cassette is excised leading to the expression of TdTom. Arrows indicate restriction
sites.
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Figure 4.4. Diagram of the coding region of the Sox10 gene and the GluClβ targeting 
vector. The genomic region of the Sox10 PAC between exons 2 and 4 was substituted with
a GluClβCFP-IRES-(FLAG)3-GAL4-frt-CmR-frt cassette via homologous recombination 
using 5’ and 3’ homology cassettes (5’h and 3’h respectively). The chlorampenicol
resistance (Cmr) cassette was removed with Flp-recombinase. Arrows indicate restriction
sites.
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Figure 4.5. Diagram of the coding region of the Olig2 gene and the GluClα targeting 
vector. The genomic region of the Olig2 PAC in coding exon 2 was substituted with a
GluClαYFP-IRES-Luciferase-(Myc)6-frt-CmR-frt cassette via homologous recombination 
using 5’ and 3’ homology cassettes (5’h and 3’h respectively). The chlorampenicol
resistance (Cmr) cassette was removed with Flp-recombinase. Arrows indicate restriction
sites
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4.2.5 Pronuclear injection of modified PACs and founder screening

4.2.6 Characterization of Sox10-GluClα transgenic mice 

+ +
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Figure 4.6. Quantification of purified linearized construct DNA for microinjection. A)
Olig2-GluClα, B) Sox10-GluClβ, C) Sox10-GluClα. 1, 5 and 10µl of each construct were run 
along with 5µl of a standard preparation (Std) of PAC DNA, which had previously been
used successfully for microinjection. The correct DNA dilution for microinjection was
estimated accordingly.

Figure 4.7. An example of genotyping by PCR for Olig2-GluClα (A), Sox10-GluClβ (B) 
and Sox10-GluClα (C) transgenes of mouse litters born from microinjected eggs.
Mice 1/1, 1/2, 2/1 (A), 1/2 (B) and 1/1, 1/2, 2/3 (C) showed a strong specific band,
indicating the presence of the transgene in the mouse genome. Diluted modified PACs
from which DNA for microinjection was isolated were used as positive controls (+/+) and
wild type mouse DNA (-/-) and water (H2O) were used as negative controls.
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4.2.7 Characterization of Olig2-GluClα transgenic mice 
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Figure 4.8. Characterization of Sox10-GluClα transgenic mouse.  P14 brain (A-A’’, B-
B’’) and spinal cord (C-C’’, D-D’’) sections were immunolabelled for GFP (green) and
Sox10 (red). The vast majority of GFP cells co-localized with Sox10 and vice versa in the
cortex (Ctx; A-A’’) and corpus callosum (CC; B-B’’), as well as in the spinal cord grey (SC
GM; C-C’’) and white matter (SC WM; D-D’’).
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Figure 4.9. Characterization of the Olig2-GluClα transgenic mouse. P14 brain (A-A’’,
B-B’’) and spinal cord (C-C’’, D-D’’) sections were immunolabelled for GFP (green) and
Olig2 (red). A lot of Olig2+GFP+ cells can be seen in the brain and in the spinal cord. A
significant number of Olig2+GFP- cells are present in both brain and spinal cord, but more
frequently in spinal cord. E) Counts performed in P14 CNS revealed that ~68% of Olig2+
cells in the corpus callosum (CC) and ~83% of Olig2+ cells in the cortex (Ctx) expressed
GFP. In the spinal cord ~43% in the white matter (SC WM) and ~47% in the grey matter
(SC GM) of Olig2+ cell expressed GFP. n=3 mice for all specimens.
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Figure 4.10. Characterization of the Olig2-GluClα transgenic mouse. P14 brain
sections were immunolabelled for GFP (green) and Olig2 (red). The majority of GFP cells
co-localized with Olig2 and vice versa in the hippocampus (A-A’’’), striatum (B-B’’’) and
the cerebellum (C-C’’’).
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Figure 4.11. The Olig2-GluClα transgene is expressed in OL lineage cells. P14 brain
(A-A’’, B-B’’) and spinal cord (C-C’’, D-D’’) sections were immunolabelled for GFP (green)
and Sox10 (red). The majority (>97%) of GFP+ cells were Sox10+ in all CNS areas
examined (E). n=3 mice for all specimens.
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Figure 4.12. The Olig2-GluClα transgene is not expressed in neurons, microglia or 
astrocytes in the cerebral cortex. P14 brain sections were immunolabelled for GFP
(green) and a cell type-specific marker (red). No co-localization between neuronal marker
NeuN (A-A’’), microglia marker Iba1 (B-B’’) or astrocytic marker AldoC (C-C’’) was
observed.  Another astrocytic marker S100β (D-D’’) showed some co-localization with GFP 
(arrowheads).  However, S100β is also expressed in a subset of OL lineage cells. 
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Figure 4.13. The Olig2-GluClα transgene is not expressed in neurons, microglia or 
astrocytes in the corpus callosum. P14 brain sections were immunolabelled for GFP
(green) and a cell-type specific marker (red). No co-localization between microglia marker
Iba1 (A-A’’) and astrocytic marker GFAP (C-C’’) was observed. Another astrocytic marker
S100β (B-B’’) showed some co-localization with GFP (arrowheads).  However, S100 β is 
also expressed in a subset of OL lineage cells.
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Figure 4.14. The transgene is widely expressed in brain OLPs but not mature OLs of
Olig2-GluClα transgenic mouse. P14 brain sections were immunolabelled for GFP
(green) and either anti-PDGFRα or monoclonal CC1 (red).  All PDGFRα+ OLPs co-
expressed GFP in corpus callosum (A-A’’) and cortex (B-B’’). Only a subpopulation of
mature OLs expressed the transgene in the corpus callosum (C-C’’) and cortex (D-D’’). E)
Quantification revealed that >~95% of OLPs, but only ~40% of mature OLs expressed the
transgene (n=3).
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Figure 4.15. The transgene is widely expressed in the spinal cord OLPs but not
mature OLs of Olig2-GluClα transgenic mouse. P14 spinal cord sections were
immunolabelled for GFP (green) and either anti-PDGFRα or monoclonal CC1 (red).  All 
PDGFRα+ OLPs co-expressed GFP in white matter (A-A’’) and grey matter (B-B’’). Only a
subpopulation of CC1+ mature OLs expressed the transgene in the white matter (C-C’’)
and grey matter (D-D’’). E) Quantification revealed that >~95% of OLPs, but only ~20%
of mature OLs expressed the transgene in corpus callosum and cortex (n=3).
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4.2.8 Characterization of Sox10-GluClβ transgenic mice 
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Figure 4.16. Characterization of Sox10-GluClβ mice. A) Cos-7 cells were transfected
with optGluClβ plasmid and immunolabelled for GFP.  Scale bar: 100μm. B) In situ
hybridization for CFP on P14 brain tissue from Sox10-GluClα (positive control), Sox10-
GluClβ and WT (negative control).  CFP probe recognizes YFP in Sox10-GluClα tissue and 
labels widely distributed OL lineage cells throughout the cortex and corpus callosum. Only
faintly labeled cells in Sox10-GluClβ corpus callosum can be seen, suggesting that the 
expression of the transgene is very low. No signal is visible in the WT tissue, as expected.
The signal development time was kept constant between tissues.  Scale bar: 300μm. C)
P14 corpus callosum from Sox10-GluClβ and Sox10-GluClα mice was immunolabelled for 
GFP and Olig2. Using the same settings for image acquisition, only faintly labelled GFP+
cells are visible in Sox10-GluClβ as opposed to a very strong signal observed in Sox10-
GluClα mice. Scale bar: 50μm. 
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4.3 Discussion

4.3.1 Generation of Sox10-GluClα mouse line 
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4.3.2 Generation of Olig2-GluClα mouse line 
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Figure 4.17. Olig2-GluClα mice were injected with luciferin substrate. Light emission
was detected using an IVIS® luminometer. Luciferin was injected at 50mg/kg body weight
30 minutes before imaging. Signal was acquired for 1 minute.
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4.3.3 Generation of Sox10-GluClβ mouse line 

+
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4.3.4 Future experiments

-

in vivo
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Figure 5.1. Construction of Olig2-GluClα-IRES-luciferase-6myc targeting vector. The
first step in construction was a 4-way ligation step combining GluClα with 5’- and 3’-
homology regions (5’ and 3’ homo, respectively) of the Olig2 gene as well as inserting a
chloramphenicol resistance cassette (Cmr). Ampr: Ampicillin resistance.
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Figure 5.2. Construction of the Olig2-GluClα-IRES-luciferase-6myc targeting vector.
The second step was to add an IRES sequence before the luciferase coding sequence.
Ampr/Kanr/Neor: Ampicillin/Kanamycin/Neomycin resistance.
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Figure 5.3. Construction of the Olig2-GluClα-IRES-luciferase-6myc targeting vector.
The third step was to add 6myc tags to the carrier protein. Ampr: Ampicillin resistance;
MB: Mung Bean nuclease.
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Figure 5.4. Construction of the Olig2-GluClα-IRES-luciferase-6myc targeting vector.
The fourth and final step was to insert the IRES-luciferase-6myc cassette after Olig2-
GluClα. Ampr: Ampicillin resistance; Cmr: Chloramphenicol resistance; 5homo & 3homo: 5’
and 3’ homology regions; CIP: Calf Intestinal Phosphatase.
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5.2 Construction of the Sox10-GluClβ targeting vector 
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Figure 5.5. Construction of the Sox10-GluClβ-IRES-3FLAG-GAL4 targeting vector. The
first step was to insert oa 2138bp fragment containing GluClβ between the 5’ and 3’ 
homology regions of the Sox10 gene, producing Sox10-beta-M plasmid. Ampr: Ampicillin
resistance; Cmr: Chloramphenicol resistance.
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Figure 5.6. Construction of the Sox10-GluClβ-IRES-3FLAG-GAL4 targeting vector. The
second step was to insert a 1379bp Cmr fragment after the GluClβ coding sequence, 
producing plasmid Sox10-GluClβ. Ampr: Ampicillin resistance.
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Figure 5.7. Construction of the Sox10-GluClβ-IRES-3FLAG-GAL4 targeting vector. The
third step was to create IRES-3FLAG-GAL4 sequence substituting DsRed sequence in IRES-
DsRed plasmid with 3FLAG-GAL4. Ampr/KanR/NeoR: Ampicillin/ Kanamycin/ Neomycin
resistance.
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Figure 5.8. Construction of the Sox10-GluClβ-IRES-3FLAG-GAL4 targeting vector. The
fourth and final step was to insert IRES-3FLAG-GAL4 sequence after GluClβ.  
Ampr/Cmr/Kanr/Neor: Ampicillin/Chloramphenicol/Kanamycin/Neomycin resistance;
CIP: Calf Intestinal Phosphatase.
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5.3 Construction of the Sox10- GluClα targeting vector 
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Figure 5.9. Construction of the Sox10-lox-GluClα-IRES-luciferase-6myc-lox-tdT 
targeting vector. The first step in construction was to make plasmid GluClα-IRES-
luciferase-6myc by inserting a ~2.5Kb IRES-luciferase-6myc fragment after the GluClα 
gene. Ampr: Ampicillin resistance; MB: Mung Bean nuclease, CIP: Calf Intenstinal
Phosphatase.



Appendix Construction of targeting vectors

Figure 5.10. Construction of the Sox10-lox-GluClα-IRES-luciferase-6myc-lox-tdT 
targeting vector. The second step was to insert a 1025bp upstream fragment of the
GluClα gene containing ATG between 5’ and 3’ Sox10 homology regions.  Ampr: Ampicillin
resistance; Cmr: Chloramphenicol resistance.
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Figure 5.11. Construction of the Sox10-lox-GluClα-IRES-luciferase-6myc-lox-tdT 
targeting vector. The third and final step was to ligate various parts of the final construct
in a 5-way ligation step. AmpR: Ampicillin resistance; CmR: Chloramphenicol resistance;
5homo&3homo: 5’ and 3’ homology sequences.
.
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