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Characterization of the GFAP cell specific RFX4 conditional knockout mice

RFX4_v3 is the brain-specific splice variant of the transcription factor RFX4
(Blackshear et al., 2003; Matsushita et al., 2005). It was shown to play an important role
during early brain development and in the genesis of congenital hydrocephalus
(Blackshear et al., 2003).

To study the astrocytic role of RFX4_v3 in demyelination, GFAP cell specific RFX4
conditional knockout mice were generated that possess an astrocyte-specific disruption
of the RFX4_v3 gene by deletion of exon 4. A proportion of these GFAP cell specific
RFX4 conditional knockout mice showed a severe brain phenotype. Macroscopical and
histological analysis of the brains at time of birth and during adulthood revealed a
hydrocephalus with dramatic extension of the lateral ventricle, which is indicative for a
congenital, non-communicating hydrocephalus. Homozygous RFX4 conditional knockout
mice were more severely affected than heterozygotes pointing toward a gene dosage
effect. The subcommissural organ (SCO), an ependymal brain gland that is important for
the patency of the Sylvian aqueduct, was altered and dysfunctional, which was evidenced
by reduced or absent SCO glycoprotein (Reissner fiber) secretion. Furthermore,
astrocytes from RFX4 conditional knockout mice at the time of birth showed differential
expression of genes critical for brain morphogenesis such as Wnt signaling pathways that
regulate dorsal midline structuring and development of the SCO. These observations
were in line with previous findings (Blackshear et al., 2003) and supported the idea that
the hydrocephalus in RFX4 conditional knockout animals is caused by maldevelopment
and dysfunction of the SCO. My data further show that RFX4_v3 depletion in GFAP cell
lineages including astrocytes and ependymal cells is sufficient to induce congenital
hydrocephalus. | conclude that astrocytic and ependymal RFX4_v3 is highly relevant for
brain development and the pathogenesis of congenital hydrocephalus.

The role of astrocytic RFX4_v3in demyelination

In recent years, growing evidence for a contribution of astrocytes in MS pathogenesis
has emerged in the literature. In particular, the immunomodulatory capacities of
astrocytes have been suggested to play an important role during de- and remyelination
processes in MS (Nair et al., 2008). Recent studies in animal models of MS show that
astrocytes influence the activation and recruitment of microglia and peripheral leukocytes
by secretion of inflammatory mediators (Skripuletz et al., 2013; Mayo et al., 2014).

However, how astrocyte activation and secretion of inflammatory factors, such as
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chemokines and cytokines, is regulated during inflammatory demyelination in MS lesions
is poorly understood.

Our group previously identified RFX4_v3 as a highly up-regulated factor in MS lesions.
IHC of MS lesions showed RFX4 expression in various cell types with a prominent
nuclear localization in astrocytes. The aim of the present study was to investigate the
potential astrocytic role of RFX4_v3 in MS and a demyelinating mouse model. Therefore,
to study the impact of astrocytic RFX4_v3, GFAP cell specific RFX4_v3 conditional
knockout mice were subject to cuprizone induced demyelination. RFX4 _v3 deficient mice
showed increased demyelination, a reduced number of oligodendrocytes and enhanced
axonal damage. In addition, remyelination in RFX4_v3 deficient mice was delayed. These
alterations were associated with increased microglia activation in RFX4_v3 deficient
mice. Further investigations during the early phase of cuprizone treatment indicated that
increased microglia activation may be caused by enhanced oligodendrocyte apoptosis
and increased transcript levels of pro-inflammatory chemokines and cytokines in
RFX4_v3 deficient mice. This study demonstrates that astrocytic RFX4_v3 expression is
important for regulation of myelination and activation of microglia during the processes of
de- and remyelination in the cuprizone mouse model. In addition these results point
towards a control of the inflammatory environment by the transcription factor RFX4_v3 to
restrict the activation and recruitment of microglia cells as well as oligodendrocyte
apoptosis, which eventually controls the extent of de- and remyelination in the cuprizone
mouse model. Altogether these findings indicate that RFX4_v3 plays a protective role in
the cuprizone mouse model. The fact that RFX4_v3 has been described as a
transcriptional repressor suggests that astrocytic RFX4_v3 in MS might act as a regulator
of production and release of inflammatory mediators and exerts a beneficial role in MS by

restricting neuroinflammation.
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Introduction

1 Introduction
1.1 Multiple sclerosis

Multiple sclerosis (Encephalomyelitis disseminata) is a chronic inflammatory
demyelinating disease of the central nervous system (CNS), which was first described in
detail by the French neurologist Jean Martin Charcot in 1868. The etiology of multiple
sclerosis (MS) is not fully clarified, but it is widely believed that MS is a T cell mediated
autoimmune disorder of the CNS. MS affects approximately 2.5 million people worldwide
and is most often diagnosed between the early and middle adulthood. The disease leads
to lesions, also known as plaques, in the white and gray matter of the CNS. These
lesions are characterized by demyelination, inflammation, axonal loss and gliosis (Briick,
2005; Milo and Kahana, 2010; Lassmann, 2011; Kutzelnigg and Lassmann, 2014).
Astrocytes are the most abundant cell type in MS lesions and, for a long time, they were
considered to only play a secondary role in MS. However, more recently it was shown
that astrocytes play an active role in MS through their immunomodulatory capacities
(Williams et al., 2007; Nair et al., 2008; Brosnan and Raine, 2013).

1.11 Symptoms, clinical course and diagnosis

In MS, symptoms and clinical course of individual patients cover a broad spectrum.
Common symptoms are blurred or double vision for several days to weeks, loss of
balance, fatigue, numbness and tingling, weakness in arms or legs and hemiparesis.
These symptoms wax and wane over time.

Patients with MS typically display one of the following clinical courses: Relapsing
remitting (RR), secondary progressive (SP) or primary progressive (PP) (Thompson,
2004; Lublin et al., 2014).

Relapsing remitting multiple sclerosis (RRMS) is a disease form where patients have
relapses and periods of recovery or remission in between relapses. RRMS is the most
frequent initial form of MS with about 80- 85% of MS patients being affected. The relapse
period is characterized by appearance of new or worsening symptoms for a period of at
least 24 hours or longer. The relapse period is followed by a period of recovery or
remission in which symptoms partially or completely disappear.

Most patients with RRMS later develop secondary progressive MS (SPMS). SPMS is
defined by a switch from relapses and remission to a steady and chronic deterioration.

About 10-20% of the patients are initially diagnosed with primary progressive MS
(PPMS) that shows no relapses and remission. In general, PPMS is diaghosed later than

other types of MS. Due to a greater degree of spinal cord abnormalities, patients with
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PPMS often show spinal cord symptoms such as weakness in arms or legs, fatigue and
bladder and bowel difficulties (Thompson, 2004).

MS is diagnosed by the Mc Donald criteria, which were introduced 2001 with the latest
revision in 2011 (McDonald et al., 2001; Polman et al., 2011; Lublin et al., 2014). These
diagnosis criteria include analysis of clinical symptoms, cerebrospinal fluid parameters
and MRI data, which allows the diagnosis of MS after a single symptomatic episode
(Polman et al., 2011).

1.1.2 Pathology of MS

The pathological hallmark of MS is the presence of multifocal lesions in the gray and
white matter of the CNS. These lesions are characterized by an inflammatory infiltrate,
axonal loss, astrogliosis, extensive demyelination and a variable degree of remyelination
(Brick and Stadelmann, 2005). The MS plaques are present throughout the CNS with
preferential localization in the subcortical and periventricular white matter, the spinal
cord, optic nerve and the pons and medulla (Kutzelnigg and Lassmann, 2014).
Macroscopically, focal demyelinating lesions of the white matter appear as gray to
brownish discolored areas, with a size between less than a millimeter up to several
centimeters (Brick and Stadelmann, 2005; Kutzelnigg and Lassmann, 2014).

Based on the demyelinating activity MS lesions can be divided into active lesions
characterized by an extensive inflammatory infiltrate and ongoing demyelinating activity
and inactive lesions that are hypocellular and show no evidence of myelin breakdown
(Pittock and Lucchinetti, 2007).

Active lesions are subdivided in early and late active lesions. Early active lesions
contain macrophages and activated microglia containing myelin debris reactive for myelin
oligodendrocyte glycoprotein (MOG), myelin associated glycoprotein (MAG), myelin basic
protein (MBP), proteolipid protein (PLP) and 2',3'-Cyclic-nucleotide 3'-phosphodiesterase
(CNPase) and express the early activation marker myeloid-related protein 14 (MRP14). In
contrast, late active lesions contain macrophages and microglia with myelin debris, which
are only reactive for MBP and PLP - an indication for advanced myelin degradation. Late
active lesions loose MRP14 expression (Brick et al., 1995; Lucchinetti et al., 2000).

Inactive lesions are characterized by fibrillary gliosis, reduced axonal density,
diminished or absent mature oligodendrocytes and a variable degree of inflammation.
However, phagocytes in inactive lesions do not contain myelin debris that are
immunoreactive for any of the myelin proteins described for active MS lesions.

MS lesions with ongoing remyelination, a CNS intrinsic repair mechanism, are divided
into early and late remyelinating lesions. Early remyelinating lesions contain a phagocytic

inflammatory infiltrate and axons surrounded by thin myelin sheaths, while late
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remyelinating lesions (shadow plaques) contain no foamy phagocytes, axons surrounded

by newly formed thin myelin sheath and mild astrogliosis (Bruck et al., 1995).

1.1.3 Pathogenesis

MS is a chronic inflammatory demyelinating disease of the CNS. It is believed that
infiltration of autoreactive T cells into the CNS is the primary trigger and cause of
demyelination in MS. The inflammatory infiltrate in lesions mainly contains CD4" and
CD8" T lymphocytes, activated phagocytes, few B lymphocytes and plasma cells. This
inflammatory reaction in MS is accompanied by up-regluation of cytokines (e.g.
interleukin 2 (IL-2), IL-1, IL-12, tumor necrosis factor alpha (TNF-a)) and chemokines
(e.g. chemokine (C-C motif) ligand 5 (CCL5), CCL3, chemokine (C-X-C motif) ligand 10
(CXCL10)) including their receptors (e.g. chemokine (CC motif) receptor 5 (CCR5),
chemokine (CX3C motif) receptor 1 (CX3CR1)), which are associated mainly with Thl
mediated processes. Further it has been demonstrated by MRI studies of MS patients
that many lesions are preceded by focal blood brain barrier (BBB) breakdown (Lucchinetti
et al., 1998; Lucchinetti et al., 2001; Pittock and Lucchinetti, 2007). In addition, activated
endothelial cells in active lesions express adhesion molecules, fibronectin, major
histocompatibility complex class Il (MHC class IlI) molecules and stress molecules, which
were shown to impact on the BBB integrity (Lucchinetti et al., 2000; Minagar and
Alexander, 2003). These observations are highly similar to experimental autoimmune
encephalomyelitis (EAE), a T-cell mediated autoimmune disease and animal model for
human MS. EAE is induced by either administration of myelin proteins or peptides in
adjuvants or by the adoptive transfer of autoreactive T cells. Based on the MS pathology
and EAE it is believed that T cells become activated in the periphery, attach to the vessel
endothelium by interacting with adhesion molecules and pass through the BBB to enter
the CNS. In the CNS these T cells are reactivated by antigen presenting cells and
produce pro-inflammatory cytokines and chemokines, thereby recruiting phagocytes and
increasing the permeability of the BBB. This leads to an increasing inflammatory infiltrate
and subsequent myelin destruction (Baker et al., 1991; Lucchinetti et al., 1998;
Lucchinetti et al., 2001, Pittock and Lucchinetti, 2007; Williams et al., 2007).

Although MS is mainly considered as a T cell mediated disease, innate immune cells
such as microglia/macrophages and dendritic cells contribute to disease pathogenesis
(Gandhi et al.,, 2010). In MS patients, dendritic cells are activated, show increased
expression of activation markers and secrete pro-inflammatory cytokines to promote T
cell responses (Karni et al., 2006). Microglia/macrophages contribute to MS through the

secretion of pro-inflammatory molecules and antigen presentation, thereby promoting
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inflammation. In addition, these cells are involved in demyelination and phagocytosis of
the degraded myelin (Bauer et al., 1994; Benveniste, 1997).

Over the last years, it became clear that astrocytes also contribute to MS
pathogenesis. Astrocytes were believed to only play a role in providing a support
mechanism for neuronal functions such as regulating the local ion and pH homeostasis,
storing CNS glycogen, uptaking of glutamate and clearing neuronal waste (Kang et al.,
1998; Nedergaard et al., 2003; Liberto et al., 2004). However, astrocytes actually play an
active role in MS through their immunomodulatory capacity (Williams et al., 2007; Nair et
al., 2008; Brosnan and Raine, 2013).

114 The role of astrocytes in the pathogenesis of MS

In response to tissue damage astrocytes become reactive and undergo astrogliosis.
Astrogliosis is characterized by hypertrophy of cellular processes, proliferation and the
up-regulation of type Il intermediate filament proteins such as the glial fibrillary acidic
protein (GFAP) and vimentin, which form an intermediate filament network. In MS
reactive and proliferative astrocytes can form a glia scar, a dense network of hypertrophic
cells and processes. These cellular processes are accompanied by changes in gene
expression of growth factors, cytokines, chemokines, receptors and adhesion molecules.
Accordingly, astrocytes exhibit multiple immune functions that are involved in MS
pathogenesis (Williams et al., 2007; Sofroniew and Vinters, 2010; Sofroniew, 2014).

One major function of astrocytes is maintaining the BBB, which is a selective
permeable barrier that separates the circulating blood from the CNS parenchyma. The
BBB is composed of endothelial cells, basal lamina, perivascular pericytes and astrocyte
endfeets. By production and secretion of chemokines and cytokines astrocytes can
modulate the BBB permeability. The pro-inflammatory factors IL-6 and IL-13 were
reported to increase BBB permeability during inflammation, whereas transforming growth
factor beta (TGF-R) tightens the BBB (Schwaninger et al., 1999; Didier et al., 2003).

In addition, astrocytes activate autoreactive T cells by expression of adhesion
molecules, in particular intercellular adhesion molecule 1 (ICAM-1) and vascular cell
adhesion molecule 1 (VCAM-1). ICAM-1 was detected in astrocytes of demyelinating MS
lesions (Cannella and Raine, 1995), while VCAM-1 was identified in astrocytes during
EAE (Sobel et al., 1990; Gimenez, Mary Ann T et al., 2004). These adhesion molecules
bind to LFA-1 and VLA-4 on activated lymphocytes, an important step during migration of
T cells through the vascular endothelium into the parenchyma (Gimenez, Mary Ann T et
al., 2004).

Another way in which astrocytes may promote MS pathogenesis is through acting as
non-professional antigen presenting cells. Although the literature is controversial there is

evidence that in human MS tissue astrocytes express MHC class | and class Il and
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costimulatory molecules such as CD80 and CD86, which may promote the activation of
autoreactive T cells (Zeinstra et al., 2000; Zeinstra et al., 2003).

Furthermore, astrocytes express Toll-like receptors (TLR), a class of innate immune
receptors that are critical in modelating cytokine and chemokine secretion in response to
exogenous pathogens. In MS astrocytic TLR3 expression has been observed in late
stage MS lesions (Bsibsi et al.,, 2002). On the one side, TLR3 stimulation on astrocytes
triggers the release of pro-inflammatory cytokines such as type | interferons (IFN-a,B)
and IL-6, which in turn cause an increase in MHC class | and class Il expression and thus
promote a pro-inflammatory response (Carpentier et al., 2007). On the other side, TLR3
activation on astrocytes was shown to trigger the release of neuroprotective factors such
as brain-derived neurotrophic factor (BDNF) and ciliary neurotrophic factor (CNTF) and
anti-inflammatory cytokines (IL-9, IL-10, IL-11) to inhibit, for example, the secretion of IL-
12 and IL-23 (Cua et al., 2003; Jack et al., 2005; Bsibsi et al., 2006). The secretion of
pro- and anti-inflammatory mediators as well as neurotrophic factors has both detrimental
and beneficial consequences for de- and remyelination in MS lesions.

The astrocytic secretion of pro-inflammatory cytokines and chemokines recruits T
cells, macrophages and microglia to the demyelinating lesion, which supports
demyelination. Based on EAE and in vitro studies astrocyte-derived cytokines such as IL-
12, IL-17, IL-23 and TNF-a lead to T helper 1 (TH1) and T helper 17 (TH17) cell response
(Langrish et al., 2005; McFarland and Martin, 2007; Miljkovic et al., 2007). Moreover,
astrocytes were shown to be major producers of the chemokines CCL5, CXCL12, CCL2,
CXCL8, and CXCL10, which recruit macrophages, microglia, and lymphocytes towards
MS lesions or have effects on migration of lymphocytes across the BBB (Dong and
Benveniste, 2001; Calderon et al., 2006; Mayo et al., 2014).

By contrast, astrocytes also can create an environment that inhibits demyelination and
supports remyelination. Astrocytes expressing anti-inflammatory molecules such as IL-
10, TGF-B, IL-4 and IL-5 lead to an inhibition of the Thl and Th1l7 response (Bjartmar
and Trapp, 2001; Bsibsi et al., 2006). By secretion of chemokines and neurotrophic
factors astrocytes promote oligodendrocyte precursor cells (OPC) migration (CCL2),
proliferation (IL-6, IL-11, insulin-like growth factor 1 (IGF-1)), maturation (leukemia
inhibitory factor (LIF), IL-11) and survival (BDNF, CNTF) (Barres et al., 1993; Gensert
and Goldman, 1997; Bjartmar and Trapp, 2001).
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1.15 The cuprizone mouse model

To study MS pathology and pathogenesis several animal models have been
established in the past. Each animal model only mimics parts of MS pathology. The most
widely used model is EAE in mice. In EAE, immunization with myelin antigens or adoptive
transfer of myelin specific T lymphocytes induces inflammation, demyelination, axonal
loss and gliosis in the CNS, with a preference for the spinal cord (Torkildsen et al., 2008;
Croxford et al., 2011). This model is mainly used to study the inflammatory aspects of
MS.

The cuprizone mouse model was established to study the process of demyelination
and remyelination. In contrast to EAE, the BBB is intact in this model, which allows to
study de- and remyelination without significant influence of the peripheral immune system
(Kondo et al.,, 1987; Baker et al.,, 1991; McMahon et al.,, 2002). Cuprizone (bis-
cyclohexanone-oxaldihydrazone) is a copper chelating reagent, which is typically added
to normal diet at a concentration of 0.2 - 0.25%. Mice are then fed for 4 to 6 weeks to
induce significant and reproducible demyelination. In young adult mice cuprizone diet
directly or indirectly causes oligodendrocyte apoptosis (after 3 to 7 days) with subsequent
demyelination of several brain areas including corpus callosum, hippocampus, anterior
commissure, olfactory bulb, optic chiasm, brain stem, cerebellum, caudate, putamen,
cerebral cortex and cingulum (Matsushima and Morell, 2001; Gudi et al., 2009;
Koutsoudaki et al., 2009; Hesse et al., 2010; Silvestroff et al., 2010; Gudi et al., 2014).
The mechanism of cuprizone-induced oligodendrocyte damage is not completely
understood. However, it is believed that selective toxicity of cuprizone towards
oligodendrocytes is mediated by mitochondrial dysfunction leading to oligodendrocyte
death and initiation of demyelination (Matsushima and Morell, 2001; Pasquini et al., 2007;
Ransohoff, 2012; Bénardais et al., 2013). Early loss of oligodendrocytes results in
astrogliosis, microglial activation, and demyelination in the following weeks of cuprizone
diet (Hiremath et al., 1998). Microglia cells become activated in week 1 and significantly
increase after week 3 to clear myelin debris (Hiremath et al., 1998). Once demyelination
is complete microglia reach their maximum density and start to decrease (Mason et al.,
2001a). The most abundant phagocyte population in the cuprizone mouse model is the
CD11b-positive and CDA45-low population, which identifies parenchymal microglia
(Remington et al., 2007; Voss et al., 2012). Only 0.5-7% are infiltrating macrophages
(Remington et al., 2007; Voss et al., 2012). In addition, the group of Trevor Owens found
an increase of CD86 and MHC class | receptors on microglia cells in cuprizone-treated
mice. Hereby, the mean fluorescent intensity of CD80 only increased slightly and
expression of MHC class Il and CD40 was unchanged (Remington et al., 2007). In vitro,
these cells revealed high phagocytic activity and up-regulated phagocytic receptors,
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including Trem2b, CD23b (FcgRII/Ill), CD36 and Tim-3 (Voss et al., 2012). These results
indicate that phagocytosis is the dominant characteristic of microglia cells in the
cuprizone mouse model (Remington et al., 2007; Voss et al., 2012).

During the first 2 weeks of cuprizone treatment astrocytes become hypertrophic with
thick processes and up-regulate GFAP expression. Astrocytes significantly increase in
number after week 3, when significant levels of demyelination are present (Hiremath et
al., 1998). This phase of acute demyelination is followed by spontaneous remyelination
upon cuprizone withdrawal. Thereby, extensive remyelination is evident after 3—-4 weeks
(Matsushima and Morell, 2001; Mason et al., 2004; Lindner et al., 2008; Torkildsen et al.,
2008).

In the cuprizone mouse model astrocytes and microglia are thought to express and
secrete cytokines and chemokines, which are important for microglia activation and
recruitment to clear myelin debris, and to stimulate migration, proliferation and
regeneration of myelin forming oligodendrocytes (Arnett et al., 2001; Kotter et al., 2006;
Raasch et al., 2011; Skripuletz et al., 2013). The chemokine CCL2 is strongly up-
regulated during the first weeks in the cuprizone mouse model (McMahon et al., 2001).
CCL2 is produced by astrocytes and is relevant for microglia migration and recruitment
(Ransohoff et al., 1993; Hayashi et al., 1995; Raasch et al., 2011; Kim et al., 2014).

Deletion of the chemokine CCL3 in the cuprizone mouse model delayed
demyelination, which was accompanied by reduced recruitment of microglia and
astrocytes (McMahon et al., 2001). The work from Skripuletz and colleagues implicated
that also astrocytic CXCL10 is crucial for activation and recruitment of microglia and
macrophages (Skripuletz et al., 2013). In the cuprizone mouse model the cytokines IL-113
and TNF-a infere with oligodendrocyte recruitment, proliferation and differentiation. (Lee
et al., 1993; Mason et al., 2001b; Raasch et al., 2011). TNF-a acts through two receptors
TNFR1 and TNFR2, whereas in the cuprizone mouse model TNF-a only acts through
TNFR2, which is critical for oligodendrocyte regeneration (Arnett et al., 2001).
Accordingly, TNF-a and IL-13 deletion in the cuprizone mouse model significantly
reduces remyelination (Arnett et al., 2001; Mason et al., 2001b).

1.2 Regulatory factor X4: Member of the protein family
regulatory factor X

In 2008, Cahoy and colleagues provided a detailed characterization and comparison of
genes expressed by isolated astrocytes, neurons, and oligodendrocytes from the
developing and mature mouse forebrain (Cahoy et al., 2008). In this study RFX4 was
found to be highly enriched in astrocytes. Based on this work Dr. Andreas Junker

performed a quantitative PCR study of 96 astrocyte specific genes of MS lesions together
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with normal brain white matter as a control to determine astrocyte functions during
inflammatory demyelination. In this study he found RFX4 to be highly up-regulated in MS
lesions. In the present work the impact of the transcription factor RFX4 for inflammatory

demyelination was further investigated in the cuprizone mouse model.

In 1992, Dotzlaw and colleagues isolated human RFX4 from breast cancer as a patrtial
cDNA, which encoded a short RFX-type DNA-binding domain (DBD) fused to the
estrogen receptor (Dotzlaw et al.,, 1992). RFX4 is a member of the protein family
regulatory factor X (RFX), which belongs to the winged-helix subfamily of helix-turn-helix
transcription factors (Gajiwala et al., 2000). This protein family shares a highly conserved
76-amino-acid winged helix DNA binding domain and regulates the expression of their
target genes by binding to the X-box consensus sequence (Gajiwala et al., 2000). These
transcription factors are present in many eukaryotic organisms such as nematodes, fungi,
yeast, fruit flies and mammals (Morotomi-Yano et al., 2002).

Five RFX proteins (RFX1-RFX5) have been identified in mammals (Morotomi-Yano et
al., 2002). Besides the conserved DBD, RFX4 contains 3 additional conserved regions
including region B, C and the dimerization domain, which are highly conserved in RFX1,
RFX2 and RFX3 (Figure 1). Compared to other members of the RFX family RFX4 lacks
the Q (glutamine-rich), the PQ (proline and glutamine-rich) and the A region (Figure 1).
These regions are important for transcriptional activation. Therefore, it has been
suggested that RFX4 is rather a transcriptional repressor than a transcriptional activator
(Morotomi-Yano et al., 2002). However, Zhang and colleagues showed that RFX4 can
also act as transcriptional activator as shown for activation of chemokine (CX3C motif)
ligand 1 (CX3CL1) (Zhang et al., 2006a).

RFX transcription factors, such as RFX2, RFX3 and RFX4 have been described to
play a crucial role in regulation of ciliogenesis by controlling many genes involved in cilia
assembly or function (Swoboda et al., 2000; EI Zein et al., 2009; Thomas et al., 2010;
Didon et al., 2013; Kwon et al., 2014). RFX3 deficient mice show several features of
ciliopathies, which includes left—right asymmetry defects and hydrocephalus (Didon et al.,
2013). In addition, RFX3 regulates early midline structuring and is required for corpus
callosum development (Benadiba et al., 2012). RFX4 itself has been shown to regulate
sonic hedgehog signaling to control ciliogenesis in certain regions (Ashique et al., 2009).

Members of the RFX family are implicated in regulation of genes important for the
immune response. RFX1 is a well characterized member, which modulates the
expression of interleukin-5 receptor a (Gajiwala et al., 2000). In addition, a recent paper
suggests that RFX1 directly regulates CD44 expression, which may contribute to

proliferation, survival and invasion of glioblastoma cells (Feng et al., 2014). The best
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characterized member of the RFX family is RFX5, which is structurally different from all
other human RFX members only sharing the DNA binding domain with other members of
the RFEX family (Steimle et al., 1995; Emery et al., 1996). RFX5 binds to the MHC class Il
promoter and is essential for the MHC class Il gene expression (Moreno et al., 1997).
Germline mutations of the RFX5 gene lead to the bare lymphocyte syndrome, a disease
with severe immunodeficiency (Steimle et al., 1995; Reith and Mach, 2001). In addition,
CX3CL1, a chemokine gene highly expressed in the brain was identified as direct target

for RFX4_v3 (Tarozzo et al., 2003; Zhang et al., 2006a).

Up to now six alternative splice variants of RFX4 have been identified. These six isoforms
are either termed as RFX4_v1, v2, v3, v4, v5, _v6 or RFX4 A, -B, -C, -D, -E, -F
(Figure 1). RFX4_v1 and RFX4_v2 were the first isolated isoforms of RFX4 (Morotomi-
Yano et al., 2002). These two isoforms together with variant 4 are testis specific
(Blackshear et al., 2003; Matsushita et al., 2005). The study from Matsushita and
colleagues showed that variant 3 is the only variant expressed in normal brain tissue. The
MRNAs of RFX4 variant 5 and 6 in addition to the mRNA of RFX4_v3 were found in
gliomas, but no expression was observed in other tumors such as lung, esophageal,
stomach, colon or liver cancers (Matsushita et al., 2005). RFX4 variant 5 and 6 lack the
DBD (Figure 1). Therefore, it is unknown whether they can still act as transcription

factors.
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Figure 1. Schematic representation of the six RFX4 isoforms (A) and its RFX family members in
mammals (B).

A, B, and C represent evolutionarily conserved regions, DE = acidic region, P = proline-rich region, Q
= glutamine-rich regions, PQ = proline and glutamine rich region, DBD = RFX-type DNA-binding

domain, DIM = dimerization domain.
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1.2.1 RFX4 _v3: The brain specific variant of RFX4

In 2003, Blackshear and colleagues generated transgenic mice for cardiac specific
expression of the human epoxygenase gene (Blackshear et al., 2003). One line of these
strains showed a brain phenotype including head swelling and rapid neurological decline
in young adulthood (Blackshear et al., 2003). Analysis of the genomic sequences
revealed that the transgene was inserted into an intron of the mouse RFX4 locus. This
insertion created a null allele for the expression of the RFX4 variant 3 (Blackshear et al.,
2003). An alignment of the human and mouse RFX4_v3 amino acid sequences showed
96% sequence identity between the mouse and human RFX4 v3 protein (Blackshear et
al., 2003), which could point towards similar functions of RFX4_v3 in mouse and human.

The RFX4_v3 expression is restricted to the brain. RFX4_v3 expression is found
during early development as well as during adulthood (Blackshear et al., 2003;
Matsushita et al., 2005). The first expression of RFX4_v3 was detected at embryonic
stage (E) 8.5 in the neural plate. At E9.5 RFX4_v3 is expressed in two large regions, the
spinal cord and the caudal diencephalon/mesencephalon, while at E10.5 the expression
extends throughout the neural tube. From E12.5 to birth, levels of RFX4_v3 mRNA were
detected in the neuroepithelium and the ependym of the neural tube. In addition, from
E14.5 to birth RFX4_v3 transcripts were found in the ependymocytes of the developing
subcommissural organ (SCO) (Blackshear et al., 2003). In the adult brain RFX4_v3 is
expressed in several brain tissues including brainstem, midbrain, cerebellum,
hippocampus, striatum, frontal lobe and olfactory bulb (Zhang et al., 2007). In addition,
Araki and colleagues found high levels of RFX4_v3 in the suprachiasmatic nucleus. This
implicated that RFX4 function may be related to the circadian clock, because the
suprachiasmatic nucleus is the central clock locus for the circadian rhythm (Araki et al.,
2004).

1.2.2 RFX4_v3 deficiency leads to non-communicating congenital
hydrocephalus

As mentioned before, RFX4_v3 deficient mice develop head swelling and neurological
decline in young adulthood. Investigations of these transgenic mice line revealed severe
hydrocephalus in all mice at the time of birth, indicative of a congenital hydrocephalus
(Blackshear et al., 2003). Disruption of both RFX4 _v3 alleles leads to severe brain
deformation with failure of dorsal midline formation. All pups homozygous for RFX4_v3
deletion died shortly before or after birth (Blackshear et al., 2003). RFX4_v3 +/- mice
survived, but suffered from congenital hydrocephalus associated with hypoplasia or
absence of the SCO.
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Histological analysis of the brains showed severe hydrocephalus in the anterior brain,
with dramatic extension of the lateral ventricles. The SCO was absent in the transgenic
mice, while other midline structures such as the pineal body and posterior commissure
appeared to be normal (Blackshear et al., 2003). Furthermore immunohistochemistry with
an antibody specific for SCO-produced Reissner’s fibers showed in contrast to wild type
mice an absence of SCO glycoproteins in RFX4_v3 +/- mice (Blackshear et al., 2003).
Therefore, the agenesis and resulting dysfunction of the SCO was considered as the
main cause for the hydrocephalus in RFX4_v3 deficient mice (Blackshear et al., 2003;
Zhang et al., 2006a).

Interruption of both alleles of RFX4 v3 severely alters brain morphogenesis
(Blackshear et al., 2003). Heads of RFX4_v3 -/- mice at E12.5 are smaller than of wild
type mice and show an abnormal doming of the skull. Heads of RFX4_v3 -/- lack
morphological differentiation of dorsal structures, which was most obvious by the loss of
dorsal midline structures and the formation of a single central ventricle (Blackshear et al.,
2003). Blackshear and colleagues assumed that disruption of both alleles possibly
interferes with the expression of downstream genes, which leads to failed dorsal midline
structuring (Blackshear et al., 2003; Zhang et al., 2006a).

1.2.3 Potential target genes and interacting partners of RFX4_v3

To identify potential target genes of RFX4_v3 the group of Blackshear and colleagues
performed a microarray analysis of RFX4_v3 +/+ and RFX4_v3 -/- mouse brains at the
embryonical stage 10.5 to identify differentially expressed genes in RFX4_v3 -/- mice
(Zhang et al., 2006a). This approach revealed that many of the differentially expressed
genes are critical for brain morphogenesis. These included genes involved in signaling
pathways of Wnt, bone morphogenetic protein (Bmp) and retinoic acid (RA) (Zhang et al.,
2006a). Wnt signaling pathways play an important role in early and late stages of brain
development (Zhang et al.,, 2007). One of genes regulated by RFX4 _v3 was Wnt-3a.
Wnt-3a deficient mice show defects in growth and patterning of the dorsomedial cerebral
cortex indicating that Wnt signaling regulates the development of the cerebral cortex (Lee
et al.,, 2000; Louvi A and Wassef M, 2000; Huh et al., 2009). The Bmp signaling was
described to be important for the patterning of the dorsal telencephalic midline and for the
regulation of dorsal forebrain development (Furuta et al., 1997; Hébert et al., 2002; Liu
and Niswander, 2005). RFX4_v3 down-regulates msh homeobox 3 (Msx3), a gene that
belongs to a family of homeodomain transcriptional repressors (Zhang et al., 2006a).
Together with Msx1 Msx3 has been shown to mediate Bmp signaling during neural tube

development (Liu et al.,, 2004). The RA signaling pathway is also implicated in brain
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morphogenesis as shown by LaMantia and colleagues, who demonstrated that the
pathway plays a role in forebrain development (LaMantia et al., 1993).

In addition to these pathways critical for brain morphogenesis, Zhang and colleagues
identified transcription factors that have been shown before to be important for brain
development, such as forkhead box A2 (Foxa2) and retina and anterior neural fold
homeobox (Rax) (Zhang et al., 2006a; Nelander et al., 2009; Miranda-Angulo et al.,
2014). In the same study CX3CL1 was found as direct target for RFX4_v3. The
chemokine was significantly down-regulated in heads of RFX4_v3 -/- mice. The human
and mouse promoters of CX3CL1 contain the highly conserved X-boxes, which are
essential for RFX binding to DNA (Zhang et al., 2006a). Zhang and colleagues showed
that RFX4_v3 directly binds to X-box 1 of the CX3CL1 promoter and activates the
expression of this gene (Zhang et al., 2006a).

A yeast two-hybrid screening was performed to identify potential interaction partners of
RFX4_v3 (Zhang et al., 2008). With this approach nine potential interaction partners were
found, including the G-protein pathway suppressor 2 (GPS2), a nuclear factor (Zhang et
al., 2008). Immunohistochemistry showed that GPS2 and RFX4 v3 co-localize in the
nucleus and co-immunoprecipitation assays indicated a physical interaction between
GPS2 and RFX4 _v3. In addition, GPS2 was recruited by RFX4_v3 to the promoter of
CX3CL1 indicating that GPS2 functions as transcriptional co-activator of RFX4 v3
(Zhang et al., 2008).

1.3 Hydrocephalus

Hydrocephalus is characterized by excessive accumulation of cerebrospinal fluid
(CSF) inside the skull. The accumulation of CSF leads to abnormal dilation of the
ventricles, which creates a harmful pressure level on the brain tissue. CSF is produced
and secreted by the epithelial cells of the choroid plexus, which is located in the
ventricles and subarachnoid space. The CSF production follows a cycle of constant
production and reabsorption. The fluid circulates through the ventricular system, which is
composed of two lateral ventricles, the third and fourth ventricle and the cerebral
aqueduct. The CSF flows through the ventricles from the lateral to the third and via the
cerebral agueduct into the fourth ventricle. From the fourth ventricle the CSF flows via the
median aperture of Magendie and the lateral aperture of Luschka into the subarachnoid
space before being drained into the venous circulation (Ortloff et al., 2013). The balance
between production and absorption of CSF is important. Conditions that block normal
CSF flow or absorption can result in overproduction of CSF. All types of hydrocephalus
are either communicating or non-communicating. In the communicating hydrocephalus

the block of the CSF flow is mainly in the subarachnoid space distal to the ventricles,
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whereas in non-communicating hydrocephalus the impairment of the CSF flow is within

the ventricles (Pérez-Figares et al., 2001).

1.3.1 Congenital hydrocephalus

Congenital and acquired forms of hydrocephalus can be distinguished. Acquired
hydrocephalus usually occurs postnatally. Possible causes are tumors, intraventricular or
subarachnoid hemorrhage, and diseases such as meningitis and traumatic head injury
(Pérez-Figares et al., 2001; Sztriha et al., 2002; Gangemi et al., 2014).

Congenital hydrocephalus appears during fetal development and is already present at
birth. The incidence of congenital hydrocephalus in humans is about 1-3 in every 1,000
live births (Pérez-Figares et al., 1998; Huh et al., 2009).

Although the cause of congenital hydrocephalus is not well understood, it is believed
that genetic abnormalities causing aqueductal stenosis and developmental disorders,
which include neural tube defects, can lead to congenital hydrocephalus. Only one gene
the X-linked L1 cell adhesion molecule (LLCAM) gene has been identified in humans to
cause congenital hydrocephalus. Mutations in this gene are responsible for about 5% of
the congenital cases with genetic cause (Bruni et al., 1988a; Sztriha et al., 2002; Zhang
et al., 2006b). Apart from humans, congenital hydrocephalus occurs in several laboratory
mammals. The analysis of several genetically modified animal models has led to the
identification of more than 15 genes causing hydrocephalus in rodents (Rolf et al., 2001;
Blackshear et al.,, 2003; Baas et al., 2006; Dietrich et al., 2009; Huh et al., 2009;
Benadiba et al., 2012). Several studies support that stenosis of the aqueduct is a key
event and the main cause for development of congenital hydrocephalus (Bruni et al.,
1988a; Boillat et al., 1999; Jones and Klinge, 2008; Huh et al., 2009). The reason of
stenosis is not well understood, but it was shown that dysfunction of the subcommissural
organ during the fetal period may lead to aqueductal stenosis (Rodriguez et al., 1987;
Rodriguez et al., 1998; Huh et al., 2009).

1.3.2 Subcommissural organ and Reissner fiber glycoproteins

The SCO is the a small brain gland located on the roof of the third ventricle, at the
entrance of the cerebral agueduct (Pérez-Figares et al., 2001; Ortloff et al., 2013). This
organ consists of secretory ependymal and hypependymal cells, which are arranged into
2 cell layers. It differentiates early in the ontogenesis and is active during throughout life
(Naumann, 1986; Schoebitz et al., 1986; Pérez-Figares et al., 1998). However, in
humans the SCO differentiates very early during embryonic development. It is completely
developed during the second half of the embryonic stage and is regressing during early

childhood (Rodriguez et al., 1992). The SCO releases glycoproteins of high molecular



Introduction

weight into the ventricular CSF. In the CSF these glycoproteins condense to form a
fibrous structure, which is known as Reissner fiber (RF). The RF grows in a rostracaudal
direction by continuous addition of newly released glycoproteins. The condensed fibrous
structure runs along the aqueduct, fourth ventricle, spinal cord and ends in the filum
terminale. In the filum the RF glycoproteins undergo chemical changes before entering
the bloodstream (Rodriguez et al., 1987; Nualart et al., 1991; Grondona et al., 1994).

In 1954, work by Overholser indicated that the secretion of SCO glycoproteins in the
CSF during early embryonic stage prevents closure and stenosis of the aqueduct
(Overholser et al., 1954). Therefore, it was suggested that maldevelopment of the SCO
and resulting dysfunctional glycoprotein secretion lead to aqueductal stenosis and
congenital hydrocephalus (Overholser et al., 1954; Newberne, 1962). Several
publications support this hypothesis (Huh et al., 2009; Ortloff et al., 2013). It was shown
that X-irradiation induced maldevelopment of the SCO during fetal life results in
agueductal stenosis and congenital hydrocephalus (Takeuchi and Takeuchi, 1986). In
addition, immunization of pregnant rats with RF glycoproteins induced SCO defects,
stenosis and hydrocephalus (Sara Rodriguez et al, 1999). Furthermore, several
genetically modified animal models showed that maldevelopment of the SCO leads to the
development of a congenital hydrocephalus (Huh et al., 2009). One example is the
MT/Hokldr mouse, which lacks an SCO resulting in congenital hydrocephalus (Takeuchi
et al., 1987). Likewise, the SUMS/np mice developed a hydrocephalus due to aqueductal
stenosis and a small SCO (Jones et al.,, 1987; Bruni et al.,, 1988b). Lastly, severe
morphological alterations of the SCO were observed in hydrocephalic human fetuses
(Castafieyra-Perdomo et al., 1994).

The SCO originates from neuroepithelial cells that line the lumen of the dorsocaudal
aspect of the diencephalon. These epithelial precursors of the SCO differentiate into
specialized secretory ependymocytes in response to the induction of genes involved in
the Wnt and bone morphogenetic protein (Bmp) signaling pathways (Liem et al., 1995;
Liem et al.,, 1997). It was shown that SCO hypoplasia and dysfunction are associated
with a number of genetic mutations including Wnt and Bmp signaling (Louvi A and
Wassef M, 2000; Bach, 2003; Ramos et al., 2004). One example is the transcription
factor Msx1, which is induced by Bmp proteins and was shown to play an important role
for dorsal neural patterning (Bach, 2003; Hayashi et al., 2006). The factor is expressed
along the dorsal midline and neural tube and was also found in the SCO (Ramos et al.,
2004). Deletion of both alleles leads to absence or malformation of the SCO, stenosis of
the cerebral aqueduct, and development of a hydrocephalus (Fernandez-Llebrez et al.,
2004).
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1.4 Aims

The role of astrocytic RFX4_v3in demyelination

The present work was inspired by a study of Cahoy and colleagues from 2008, who
found the transcription factor RFX4 highly enriched in astrocytes (Cahoy et al., 2008).
Our group previously identified RFX4_v3 as a highly up-regulated factor in MS lesions.
The astrocytic expression of RFX4 was further confirmed by double-
immunohistochemistry for RFX4 and GFAP.

Astrocytes are the most abundant cell type in MS lesions. In the last years it became
increasingly clear that astrocytes do not only support neuronal functions, but - because of
their immunological properties - also play an active role in the pathogenesis of MS
lesions. On the one side, astrocytes support neurodegeneration and demyelination by
promoting inflammation, but on the other side they can also create an environment
conducive to regeneration and remyelination by secretion of pro-remyelinating factors
(Williams et al., 2007; Nair et al., 2008; Brosnan and Raine, 2013).

Previous studies showed that members of the RFX family regulate genes important for
the immune response (Gajiwala et al., 2000; Morotomi-Yano et al.,, 2002). RFX4 v3
directly targets and regulates the expression of CX3CL1 - a chemokine highly expressed
in the brain and implicated in regulation of leukocyte migration and recruitment to MS
lesions (Sunnemark et al., 2005; Zhang et al., 2006a; Broux et al., 2012; Blauth et al.,
2015).

This raised the question whether an up-regulation of RFX4 in astrocytes acts as
regulator of neuroinflammation, thereby influencing de- and remyelination in MS.

Therefore, the main aim of this thesis was to investigate the astrocytic role of RFX4 in
de- and remyelination. For that purpose | used GFAP cell specific RFX4 conditional
knockout mice to study the effect of RFX4_v3-deficiency on myelin loss and myelin repair

in the cuprizone mouse model.
Characterization of the GFAP cell specific RFX4 conditional knockout mice

To generate GFAP cell specific RFX4 conditional knockout mice the RFX4 flox/flox
strain was crossed with a GFAP-driven Cre transgenic strain. During the generation of
the conditional knockout strain a substantial fraction of these animals developed a
hydrocephalus.

Therefore, the second aim of this thesis was the phenotypic characterization of the

newly generated GFAP cell specific RFX4 conditional knockout mice. To explain the
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pathological and functional basis of the hydrocephalus in RFX4 conditional knockout
mice | performed histological and immunohistochemical analyses with a focus on the
subcommissural organ, an ependymal brain gland that is important for the patency of the
Sylvian aqueduct. To further understand the molecular mechanisms of the hydrocephalus
formation | studied the expression of developmental genes which regulate dorsal midline
structuring and the development of the SCO.

In the following, the first part of the thesis describes the characterization of the GFAP cell
specific RFX4 conditional knockout mice, and the second part concerns the astrocytic

role of RFX4_v3 in MS and the cuprizone mouse model.



2 Materials & methods
2.1 Materials
2.1.1 Reagents

Table 1: Reagents

Reagents

Materials & methods

Source of supply

Agarose

Crystal violet

dNTP (desoxynucleoside triphosphate) mix
EDTA (ethylenediamine tetraacetic acid
disodiumsalt dihydrate)

GeneRuler™, 1 kb Plus DNA ladder

HBSS (Hank's buffered salt solution) with Ca**
and Mg*"*

Isopropyl alcohol

PBS (phosphate buffered salt solution), sterile
Penicillin, 10,000 units / streptomycin, 10mg/ml
Trypan blue

BSA (bovine serum albumine)

Cuprizone
(Bis(cyclohexanone)oxaldihydrazone)

DAB (3,3'-diaminobenzidine)

DAPI (4',6-diamidino-2-phenylindole)

Percoll

DePex mounting medium

Dako Fluorescent Mounting Medium
Ethanol, 96%

PLL (poly-L-lysine hydro bromide), powder
Formalin (37% solution, free from acid)
Horse serum

LFB (Luxol Fast Blue)

Mayer’'s hemalum solution

Methylene blue

NaOH

NaOH (1mol/ I, 0,2mol/ I)

NacCl

PBS (Dulbecco’s PBS, 10x powder)
Periodic acid

ExtrAvidin-Peroxidase

PFA (paraformaldehyde)

StarLab GmbH, Hamburg, Germany
Sigma Aldrich, St. Louis, MO, USA
Thermo Scientific

Carl Roth, Karlsruhe, Germany

Thermo Scientific, Waltham, MA, USA
PAA,Pasching, Germany

Merck Millipore, Darmstadt, Germany
Gibco, Germany

Gibco, Germany

Sigma Aldrich, St. Louis, MO, USA
Serva Electrophoresis GmbH, Germany

Sigma-Aldrich, Germany

Sigma Aldrich, Germany

Molecular Probes, life technologies,
Germany

Sigma Aldrich, Germany

Serva Electrophoresis GmbH, Germany
Dako Deutschland GmbH, Germany
Merck, Millipore, Germany

Sigma Aldrich, Germany

Merck, Millipore, Germany
PAA,Pasching, Germany
Sigma-Aldrich, Germany

Merck, Millipore, Germany

Merck, Millipore, Germany

Merck, Millipore, Germany

Merck KGaA, Germany

Merck KgaA, Germany

Applichem, Germany

Merck KgaA, Germany

Sigma Aldrich, Germany

Sigma Aldrich, Germany
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Source of supply

Qiazol Lysis Reagent

Random Hexamers

Triton X 100

Trizma base

PCR buffer, 5x Green GoTaq Reaction Buffer
FCS (fetal calf serum)

H,0, (30% solution)

BME Medium (Eagle's Basal Medium)
GlutaMax

Ground mouse chow (complete feed for rat
& mice maintenance, ground)

HCI (25%, 1mol/ I, 0.1mol/ I)
DMEN-Dulbecco’s Modified Eagle Medium
HEPES (4-(2-hydroxyethyl)-1-

Naphthol AS phosphate

Levamisole

Fast blue BB salt

Qiagen, Germany

Invitrogen, life technologies, Germany
MP Biomedicals, Germany

Sigma Aldrich, Germany

Promega, Germany

Sigma Aldrich, St. Louis, MO, USA
Merck, Millipore, Germany

Gibco, Germany

Gibco, Germany

Ssniff Spezialdiaten GmbH, Germany

Merck, Millipore, Germany

Gibco, Germany

Sigma Aldrich, St. Louis, MO, USA
Sigma Aldrich, St. Louis, MO, USA
MP Biomedicals, LLC, Germany
Sigma Aldrich, St. Louis, MO, USA

Abbreviations:

PCR: Polymerase chain reaction

2.1.2

Table 2: Solutions, buffers and cell culture media

Solution

Solutions, buffers and cell culture media

Composition

FACS (fluorescence-activated cell
buffer

MACS (magnetic-activated cell sorting) buffer

DMEMgacs buffer

Tris-EDTA buffer

sorting)

PBS, sterile
2% FCS

PBS, sterile
0.05% BSA
2 mM EDTA
pH 7.2

DMEM
2% FCS

10 mM Tris
1 mM EDTA
pH 9.0
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Composition

LFB working solution

Tall lysis buffer

TAE buffer

PFA, 4% solution

HCl-1sopropanol

Citric acid buffer (pH 6.0)

DAB working solution

Levamisole (stock solution)

Tris HCL buffer

0.1% LFB (w/ v)
0.5% acetic acid in Ethanol

Bidistilled water

5 mM EDTA

200 mM NacCl

0.1 M Tris-HCI pH 8.5
0.2% SDS

pH 8.5

Bidistilled water

40 mM Tris acetate
1 mM EDTA

pH 8.0

40 g PFA
1000 ml 1-fold PBS
NaOH
pH 7.4

70% lIsopropyl alcohol
0.25% HCI

10 mM Citric acid
NaOH
pH6.0

49 ml PBS
1 ml DAB
20 pl hydrogen peroxide

1 M Levamisole

bidistilled water

1 M Tris HCL
1 MHCL
pH 8.2
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Composition

Naphthol AS phosphate mix (stock solution)

Fast blue

Chloral hydrate, 14% solution

BMEcompIete

Dispase Il (stock solution)

Collagenase D (stock solution)

DNase | (stock solution)

10 mg/ml Naphthol AS phosphate mix
N,N-di-methylformamide

0.5 mg/ml Fast Blue BB salt

0.2 mg/ml Naphthol AS phosphate
1 mM Levamisole

0.1 M Tris HCL buffer, pH 8.2

14 g Chloral hydrate
100 ml bidistilled water

BME

10% Horse serum

100 units Penicillin

0.1 mg/ml Streptomycin
2 mM GlutaMax

10 mg/ml Dispase Il
50 mM HEPES

100 mg/ml Collagenase D
Steril HBSS

5 mg/ml DNase |
Steril HBSS

Abbreviation:

BME: Eagle's Basal Medium; DAB: 3,3'-diaminobenzidine BSA: bovine serum albumin; EDTA:

ethylenediamine tetraacetic acid disodiumsalt dehydrate; PBS: phosphate buffered salt solution;

Tris: tris(hydroxymethyl)aminomethane; LFB:

Luxol Fast Blue; PFA: paraformaldehyde;

DNase: desoxyribonuclease; TAE: Tris-acetate-EDTA

2.1.3 Enzymes/ proteins

Table 3: Enzymes/ proteins

Enzymes/ proteins

Source of supply

ExtrAvidin-Peroxidase (0.01% solution)
Proteinase K
Trypsin-EDTA (0.05%)

BSA (bovine serum albumin)

Collagenase D

Sigma Aldrich, Germany

Sigma Aldrich, St. Louis, MO, USA

Gibco, life technologies, Germany

SERVA Electrophoresis GmbH, Heidelberg,
Germany

Roche, Basel, Switzerland
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Source of supply

Dispase
DNase |
N-glycosylase

2.1.4 Kits
Table 4: Kits
Kits

Roche, Basel, Switzerland
Worthington, Lakewood, USA

Eurogentic, Germany

Source of supply

gPCR Core Kit

RNeasy Mini Kit

TagMan MicroRNA Reverse Transcription
Kit

TopTaq Master Mix Kit

Eurogentic, Germany

Qiagen, Germany

Applied Biosystems, life technologies,
Germany

Qiagen, Germany

Abbreviations:

RNA: ribonucleic acid
2.1.5

Table 5: Monoclonal antibodies for flow cytometry

Monoclonal antibodies for flow cytometry

Specificity Fluorochrome Clone Dilution Source of supply
CD86 APC Cy7 GL1 1:200 Biolegend

H-2Kb (MHCI) FITC AF6-88.5 1:200 BD Pharmagen
CD45 PerCP 30-F11 1:200 BD Pharmagen
CD11b Bv421 M1/70 1:200 Biolegend

CD80 PE 16-10A1 1:200 Biolegend
CD16/32 - 93 1:100 Biolegend

Abbreviations:

CD: cluster of differentiation; MHCI: major histocompatibility complex class | molecule; FITC:

fluorescein isothiocyanate; PE: phycoerythrin;

PerCP: peridinin chlorophyll

protein APC:

allophycocyanin; BV: brilliant violet; APC Cy7: allophycocyanin cyanine 7

2.1.6 Primary antibodies for

immunohistochemistry

immunohistochemistry and fluorescence

Table 6: Primary antibodies for immunohistochemistry and fluorescence

immunohistochemistry

Antibody Marker for Species/ Dilution  Antigen Blocking Source of
Clonality/ retrieval buffer supply
antigen

GFAP Activated Rabbit/ 1:1000 None 10% FCS/ DAKO

astrocytes polyclonal/ Z0334 PBS
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Antibody Marker for Species/ Dilution  Antigen Blocking Source of
Clonality/ retrieval buffer supply
antigen

GFAP Activated Mouse/ Mono- 1:300 Microwave 10% FCS/  Synaptic

astrocytes clonal/ 134B1 citric acid PBS Systems
buffer

CNPase Myelin and Mouse/ Mono- 1:200 Microwave 10% FCS/ Covance

oligodendrocyte clonal/ citric acid PBS
protein SMI-91R buffer

Olig2 OPCs and mature Rbb/ Poly-clonal 1:300 Microwave 10% FCS/ IBL

oligodendrocyte Tris-EDTA PBS

p25/TPPP  mature Rbb/ Poly-clonal/ 1 :100 Microwave 10% FCS/  Abcam

oligodendrocyte EPR3316 Tris-EDTA PBS

Ki-67 Marker of Rat/ Mono-clonal/  1:20 Microwave 10% FCS/ DAKO

proliferating cells Tec3 citric acid PBS
buffer

Mac3 activated microglia  Rat/ Poly- 1:200 Microwave 10% FCS/ BD
clonal/M3/84 citric acid PBS Pharmingen

buffer

RFX4 Regulatory factor X Rbb/ Poly-clonal/  1:100 Microwave 10% FCS/ LifeSpan

4 aa352-401 (LS- citric acid PBS BioSciences
C31698) buffer
APP Amyloid precursor Mouse/ Mono- 1:2,000 Microwave 10% FCS/  Merck
protein, early clonal/ MAB348 citric acid PBS Millipore
axonal damage buffer
AFRU Reissner fiber Rabbit/ Poly- 1:1,000 None 10% FCS/  Gift from
glycoproteins clonal/ FRU PBS Esteban
Rodriguez
Caspase3  Activated Rabbit/ Poly- 1:150 Microwave 10% FCS/ BD
caspases3, clonal/ Tris-EDTA PBS Biosciences
apoptosis C92-605



Materials & methods

Antibody Marker for Species/ Dilution  Antigen Blocking Source of
Clonality/ retrieval buffer supply
antigen

MBP myelin protein Rabbit/ Poly- 1:1,000 None 10% FCS/ DAKO
clonal/ 62301 PBS

Abbreviations:

GFAP: glial fibrillary acidic protein; CNPase: 2',3'-Cyclic-nucleotide 3'-phosphodiesterase; Olig:
oligodendrocyte transcription factor; p25/TPPP: brain-specific 25-kDa protein; Ki: Kiel; Mac: macrophage;
APP: amyloid precursor protein; FRU: fiber reissner urea; AFRU: antiserum against fiber reissner urea;
MBP: myelin basic protein

2.1.7 Secondary antibodies for immunohistochemistry and fluorescence

immunohistochemistry

Table 7: Secondary antibodies for immunohistochemistry and fluorescence
immunohistochemistry

Antibody Conjugation Host Dilution Source of supply
Anti rabbit 1IgG Cy3 conjugated goat 1:100 Jackson
ImmunoResearch
Anti mouse IgG  Cy2 conjugated goat 1:100 Jackson
ImmunoResearch
Anti-rabbit IgG biotinylated goat 1:200 Jackson
ImmunoResearch
Anti-mouse 1gG biotinylated sheep 1:200 GE Healthcare
Anti-rat 1gG biotinylated goat 1:500 DCS Innovative
diagnostic system
Anti-mouse 1gG Alkaline Goat 1:50 DAKO
phosphatase
Abbreviations:
IgG: immunoglobulin G; Cy3: cyanine 3; Cy2: cyanine 2
2.1.8 Oligonucleotide primers
Table 8: Oligonucleotide primers
Primer Sequence Function Used for
N43NeodelCKOF 5-TCT GGA TGG Forward primer to RFX4  conditional
CCT TTC CTT CAG detectfloxed allele  floxed mice
TCA C-3
N43NeodelCKOR 5-AAC GGT GTG Reverse primer to RFX4  conditional
AGG GTT GTG GCA detect floxed allele  floxed mice

G-3
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Primer Sequence Function Used for
GFAPCRE TG 5-.GCG GTC TGG Forward primer to GFAP cre mice
0IMR1084 CAG TAA AAA CTA detect cre 73.12Mvs/J

TC-3
GFAPCRE TG 5-GTG AAA CAG Reverse primer to GFAP cre mice
0IMR1085 CAT TGC TGT CAC detectcre 73.12Mvs/J

RFX4 variant v3 Fw

RFX4 variant v3 Rev

RFX4 variant v2/v4 FW

RFX4 variant v2/v4 Rev

RFX4 variant vl FW

RFX4 variant vl Rev

TT-3'

5-ATG CAT TGT
GGG TTACTG GAG-3

5-TGA ATATGC CAC
TGTCTGTTT G-3

5-GGG CTT CTC CAA
ACT CCT GT-3

5-AGC CAC TTT TAG
CCACTC ATC-3

5-GCA GAAATATCA
CGG AAT GGT-3'

5-AGC CAC TTT TAG
CCACTC ATC-3

Forward primer to RFX4 variant v3

detect RFX4_v3
Reverse primer to RFX4 variant v3
detect RFX4_v3
Forward primer to RFX4 variant v2/v4
detect RFX4 v2/v4

Reverse primer to RFX4 variant v2/v4

detect RFX4 v2/v4
Forward primer to RFX4 variant vl
detect RFX4 v1

Reverse primer to RFX4 variant vl

detect RFX4 vl

Source of supply:

Oligonucleotide primers were ordered from Metabion, Planegg/Steinkirchen, Germany.

2.1.9

TagMan Expression Assays

Table 9: TagMan Expression Assays

Gene symbol

Gene name

Source of supply

GapDH

Glyceraldehyde-3-phosphate

dehydrogenase

RFX4

GFAP

Regulatory factor X 4

Glial fibrillary acidic protein

Applied Biosystems, life technologies/
Mm99999915 g1

Applied Biosystems, life technologies/
Mm01240658_m1

Applied Biosystems, life technologies/
Mm01253033_m1



Gene symbol

Gene name
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Source of supply

TNF-a

CXCL10

CCL2

CCL3

CXCL12

IL-113

Wnt3

Wnt3a

Foxa2

Ctnnb1l

Fzd10

Rspol

Vin

CX3CL1

Tumor necrosis factor alpha
Chemokine (C-X-C motif) ligand
10

Chemokine (C-C motif) ligand 2
Chemokine (C-C motif) ligand 3
Chemokine (C-X-C motif) ligand
12

Interleukin 1 beta

Wingless-type MMTV integration
site family, member 3
Wingless-type MMTV integration
site family, member 3a
Forkhead box A2

Beta-catenin-1

Frizzled class receptor 10

R-spondin 1

Vitronectin

Chemokine (CX3C motif) ligand 1

Applied Biosystems, life
technologies/ Mm00443258 m1
Applied Biosystems, life
technologies/ Mm00445235 m1
Applied Biosystems, life
technologies/ MmM00441242 _ml
Applied Biosystems, life
technologies/ MmM00441259 gl
Applied Biosystems, life
technologies/Mm00445553 _m1
Applied Biosystems, life
technologies/Mm00434228 m1
Applied Biosystems, life
technologies/Mm00437336_m1
Applied Biosystems, life
technologies/Mm00437337_m1
Applied Biosystems, life
technologies/MmM01976556_s1
Applied Biosystems, life
technologies/Mm00495976_m1
Applied Biosystems, life
technologies/Mm00558396_s1
Applied Biosystems, life
technologies/Mm00507077_m1

Applied Biosystems, life
technologies/ Mm00483039_m1

Applied Biosystems, life
technologies/Mm00436454 _m1

FAM labeled primers/probes were selected to be intron spanning.

2.1.10

Consumables

Table 10: Consumables

Consumable

Source of supply

96 PCR Plate Biosphere Plus
Tubes (50 ml, 15 ml, 2 ml, 1,5 ml, 0.2 ml)

Cell culture flask, 25 cm?

MS columns

Bottle top filter, 0.2 pm

Sarstedt
Sarstedt, Nuembrecht, Germany

Greiner bio-one, Kremsmuenster, Austria

Miltenyi Biotec, Bergisch Gladbach,

Germany

Sarstedt, Nuembrecht, Germany
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Source of supply

Bottle top filter, 0.2 pm
Cryogenic tubes
FACS tube, 5 ml
Needles

Syringes

Syringes

Nunc™ MicroWell™ Plates, 96 well round

bottom

Bottle top filter, 0.2 pm

Glass microscope slides (Superfrost Plus)
24-well tissue culture plates, sterile

BD Falcon'" tube, 50 ml

BD Falcon™ tube, 15 ml

70 um cell strainer

Sarstedt, Nuembrecht, Germany

Thermo Scientific, Waltham, MA, USA
BD Biosciences, Franklin Lakes, NJ, USA
BD Biosciences, Franklin Lakes, NJ, USA
BD Biosciences, Franklin Lakes, NJ, USA
B Braun, Melsungen, Germany

Thermo Scientific, Waltham, MA, USA

Sarstedt, Nuembrecht, Germany

Thermo Scientific, USA

Greiner bio-one, Kremsmuenster, Austria
BD Biosciences, Germany

BD Biosciences, Germany

BD Biosciences, Germany

Abbreviations

FACS: fluorescence-activated cell sorting
2.1.11 Technical devices

Table 11: Technical devices

Device

Source of supply

Cell incubator CWJ300DABA

Neubauer chamber

Centrifuge 5415 R

Centrifuge 5810 R

FACS Aria™ ||

Ocular counting grid, WHSZ 10X-H
Microtome SM2000R

Microwave NN E201 WM

Light microscope BX41

iQ5 Real-Time PCR Detection System
Thermo mixer comfort

UV transluminator

T3 Thermocycler

Speed vacuum Concentrator 5301
Fluorescence microscope BX51
OctoMACS™ separator

Camera for fluorescence microscope XM10

Camera for light microscope DP71

Cellstar, Nunc GmbH, Germany

Superior Marienfeld, Lauda-Koenigshofen,
Germany

Eppendorf, Hamburg, Germany
Eppendorf, Hamburg, Germany

BD Biosciences, Franklin Lakes, NJ, USA
Olympus, Germany

Leica, Germany

Panasonic, Germany & Austria

Olympus, Germany

Bio-Rad, Germany

Eppendorf, Hamburg, Germany

Vilber Lourmat, Eberhardzell, Germany
Biometra, Germany

Eppendorf, Hamburg, Germany

Olympus, Germany

Miltenyi Biotec, Bergisch Gladbach,
Germany

Olympus, Germany

Olympus, Germany
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Device Source of supply
Mastercycler gradient Eppendorf, Hamburg, Germany
Excelsior AS tissue processor Thermo scientific

Microscop IX51 Olympus, Germany

Abbreviations:

FACS: fluorescence-activated cell sorting; MACS: magnetic-activated cell sorting

2.1.12 Software

Table 12: Software

Software Source of supply

GraphPad Prism 5.01 GraphPad, USA

FlowJo 7.6.1 Tree Star Inc., Ashland, OR, USA

BD FACSDiva Software 6.1.2 BD Biosciences, Franklin Lakes, NJ, USA
PSRemote 1.6.5 Breeze systems limited, Camberley, UK
AnalysisTM Olympus, Germany

CellsensDimension 1.7 Olympus, Germany

iQ5 Optical System Software Bio-Rad, Germany

2.1.13 Tissue from MS patients

Table 13: Tissue from MS patients

Case-number Age Sex MS lesion
B515/10K-2 31 m Early active
A20/12 63 f Chronic inactive

The types of MS lesions were determined by Dr. Andreas Junker and Prof. Christine Stadelmann.

2.2 Animals

2.3 Mouse strains

All mutant mice were generated from in house breeding colonies at the animal facility

of the University Medical Center Goettingen.

C57BI1/6J mice

Seven- to eight-week-old C57Bl/6J mice were purchased from Charles River
laboratories, Sulzfeld, Germany or from the animal facility of the University Medical
Center Goettingen. C57BL/6J PO mice were provided by the animal facility of the

University Medical Center Goettingen.
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RFX4 flox/flox

The RFX4 flox/flox mice were generated and provided by Dr. Perry Blackshear. This
line was backcrossed to C57BL/6 animals. This strain contains LoxP sites flanking the

exon 4 of the RFX4 gene.
GFAP-Cre 73.12 mice

The GFAP cre line 73.12 was purchased from Charles River, Germany.
GFAP cre 73.12 mice are generated and characterized by Michael V Sofroniew in 2004
(Garcia, A Denise R et al., 2004). This line was backcrossed to C57BL/6 animals for at
least 14 generations. Cre recombinase activity under control of the GFAP promoter is
targeted to ependymal cells and to most astrocytes in the healthy and injured brain and
spinal cord.

GFAP cell specific RFX4 conditional knockout mice

To generate GFAP cell specific RFX4 conditional knockout mice, the GFAP cre line
73.12 was crossed with the RFX4 flox/flox mice, which results in RFX4 deletion under
control of the GFAP promoter. The exon 4 of RFX4 is shared with variant 2, and variant 3
of RFX4. Variant 2 of RFX4 has been identified in the testis, while the RFX4 variant 3 has
been only identified in the brain (Blackshear et al., 2003; Matsushita et al., 2005).
Therefore and due to the hydrocephalus phenotype of the GFAP cell specific conditional
RFX4 knockout mice the strain was desighated as RFX4_v3 conditional knockout mice in
the discussion of the phenotype of GFAP cell specific conditional RFX4 knockout mice
and in the second part of my thesis.

2.3.1 Housing

Animals were housed in the animal facility of the University Medical Center
Goettingen. Up to 7 mice were housed together on 12/12h light/ dark cycle and had
access to food and water ad libitum under SPF conditions. Animals were adapted to the
new environment for at least one week before the experiments were started. All animal
experiments were performed in accordance with the European Communities Council
Directive of 24 November 1986 (86/EEC) and were authorized by the Government of

Lower Saxony, Germany.
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2.4 Methods
2.4.1 Genotyping

DNA extraction

For genotyping, genomic DNA was extracted from tail biopsies of RFX4 flox/flox mice,
GFAP cre 73.12 mice and GFAP cell specific RFX4 knockout mice. Therefore, the tail
biopsies were lysed in 350 pl tail lysis puffer with proteinase K (1:100) for at least 2.5
hours in a thermo mixer (350 rpm, 56°C). The digested tissue was centrifuged for 10 min
at maximum speed to remove remaining tissue. The genomic DNA in the supernatant
was precipitated with 350 ul isopropyl alcohol and centrifuged for 10 min at maximum
speed. The pellet was washed with 700 ul 70% ethanol and centrifuged for 5min at
maximum speed. The supernatant was discarded and the pellet was dried in a speed

vacuum concentrator. The dried pellet was resuspended in 100 ul bidistilled water.

Genotyping of RFX4 flox/flox and GFAP specific RFX4 conditional knockout mice
PCR reaction was performed with the TopTaq buffer and TopTagq DNA Polymerase.
Each PCR reaction included:

Volume Component

10 pl genomic DNA

0.5 ul 10 mM dNTP mix

2.5 ul 10 x TopTaq buffer

0.5 ul 10 pmol oligonucleotide primer (N43NeodelCKOF/
N43NeodelCKOR)

0.125 ul  TopTaq DNA polymerase

10,9 ul bidistilled water

PCR reactions were run in the Eppendorf thermocycler (Mastercycler gradient) at the

following cycling conditions:



Temperature
94°C

94°C

60°C

72°C

72°C

4°C

Time
3 min
30s
30s
1 min

10 min

35 cycles
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Step

Initial denaturation
Denaturation
Annealing
Extension

Final extension

storage

To analyze the amplified PCR product, the samples (10 ul) were loaded on an agarose gel in

TAE buffer containing ethidium bromide. The endogenous allele was characterized by a

band at 280 bp, while the floxed allele was detected by a band at 420 bp. Both bands were

detected in heterozygous animals.

Genotyping of GFAP cre 73.12 mice and GFAP specific RFX4 conditional knockout

mice

Each PCR reaction included:

Volume Component

2 pl genomic DNA

0.125pul 10 mM dNTP mix
2.5l 5 x Go-Tag DNA polymerase buffer
0.25 pl 100 pmol oligonucleotide primer (GFAPCRE TG 0IMR1084,

GFAPCRE TG 0lMR1085)
0.2 ul PfuS DNA polymerase

7,2 ul bidistilled water

PCR reactions were run in the T3 thermocycler at the following cycling conditions:

Temperature
98.5°C
98.5°C

65°C

72°C

72°C

4°C

Time
3 min
30s
30s
1 min
2 min

s o]

35 cycles

Step

Initial denaturation
Denaturation
Annealing
Extension

Final extension

storage
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To analyze the amplified PCR product, the samples (10 ul) were loaded on an agarose gel in
TAE buffer containing ethidium bromide. The cre recombinase allele was detected by a band
at 100 bp.

2.4.2 PCR for the analysis of RFX4 transcript variants in MS

The PCR analysis to determine the specific RFX4 variant in MS lesions was performed
by Andreas Junker. We received a cDNA sample from an active MS lesion from the
Netherlands brain bank. About 30 ng of the synthesized cDNA was used for each PCR

reaction. The primers sequence for the specific variant 1, 2/4 and 3 are listed in Table 8.

Each PCR reaction included:

Volume Component

3 ul cDNA

0.5 ul 10 mM dNTP mix

2.5l 10 x TopTaq buffer

0.2 pl 100 pmol oligonucleotide primer (Primer pair for RFX4_v1, RFX4_v2/4 or
RFX4_v3)

0.125 pl Taq DNA polymerase
15.6 pl bidistilled water

PCR reactions were run in the Eppendorf thermocycler at the following cycling conditions:

Temperature Time Step

95°C 5 min Initial denaturation
95°C 1 min Denaturation
55°C 30s 35 cycles Annealing

72°C 45 s Extension

72°C 10 min Final extension
10°C 0 Storage

To analyze the amplified PCR product, the samples (10 ul) were loaded on an agarose gel in
TAE buffer containing ethidium bromide. The RFX4 variant 1 was characterized by a band at
260 bp, the RFX4 variant 2 and 4 by a band at 270 bp and RFX4 variant 3 by a band at
about 500 bp.
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2.4.3 Cuprizone mouse model

To analyze demyelination seven to eight week old GFAP cell specific RFX4 conditional
knockout mice and C57BL/6J mice were fed with the cupper chelator cuprizone in normal
chow (0.25%) for 4 weeks. To analyze remyelination the 0.25% cuprizone diet was
removed after 4 weeks and mice were fed with a normal diet for either 7 or 14 days. After
de- and remyelination brains of mice were prepared for analysis by histochemistry,

immunohistochemistry, flow cytometry and real time quantitative PCR.
2.4.4 Histology

To perform histology mice were transcardially perfused with a 4% PFA solution in
PBS. Therefore mice were intraperitoneally injected with a lethal dose of a 14% chloral
hydrate solution. Perfusion was performed through the left heart ventricle briefly with PBS
and followed by 4% PFA solution. For post- fixation brain, liver and spleen from each
mouse were removed and collected in 4% PFA for at least 2 days. After post fixation the
tissue was transferred to PBS and embedded in paraffin. Therefore brains were cut into
2-3 mm coronal sections, washed in water, dehydrated over night
(alcohol/xylene/paraffine series) and then embedded into paraffin. For histological
analysis embedded coronal brain sections were cut using a sliding microtome to obtain 1
um thick sections. These 1 um sections were mounted onto glass slides. The tissue
sections were then deparaffinized and rehydrated. For deparaffinization sections were
prior incubated for one hour at 60°C and then transferred to xylene. The deparaffinization

and rehydration steps were performed as follows:

4x 10min xylene

1x 5min xylene/ isopropyl alcohol
2x  5min 100% isopropyl alcohol
1x 5min 90% isopropyl alcohol
1x 5min 70% isopropyl alcohol
1x 5min 50% isopropyl alcohol

distilled water

After histochemistry or immunohistochemistry sections were dehydrated by performing
the xylene/ isopropyl series above in a reversed direction. Finally, sections were mounted

with DePex mounting medium.
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245 Luxol Fast Blue - Periodic Acid Schiff (LFB-PAS) staining

LFB-PAS staining was performed to determine the extent of demyelination in RFX4
conditional knockout mice and C57BL/6J mice. Therefore brain sections were
deparaffinized, rehydrated to 90% isopropyl alcohol and incubated in LFB working
solution over night at 60°C. The following day sections were washed with 90% isopropyl
alcohol. For the differentiation step, sections were shortly incubated in 0.05% lithium
carbonate, 70% isopropyl alcohol and finally washed in distilled water to stop the
differentiation. These 3 steps were repeated until only the myelin appeared deep blue.
For the PAS staining sections were transferred in 1% periodic acid for 5 min, washed in
distilled water and incubated in Schiff's reagent for 30 min. Then the sections were
washed for 20 min with tap water. To counterstain the nuclei the sections were incubated
for 2 min in Mayers Hamalaun, washed in distilled water and shortly incubated in 1%
HCL-isopropyl alcohol for the differentiation. Finally the sections were shortly washed in

distilled water and subsequently transferred for 10 min to tap water.
2.4.6 Hematoxylin and eosin (H&E) staining

H&E staining was performed to analyze the hydrocephalus and in particular the SCO
of RFX4 conditional knockout mice. Therefore sections were deparaffinized, rehydrated
and incubated for 8 min in Mayers Hamalaun. For differentiation the sections were
transferred to 1% HCL-isopropyl alcohol, shortly washed in distilled water and transferred
for 10 min to tap water. Then the sections were transferred to a 1% eosin solution for 1

min and finally dehydrated and mounted with DePex.

2.4.7 Immunohistochemistry and fluorescence immunohistochemistry

Primary and secondary antibodies used for immunohistochemistry (IHC) and

fluorescence immunohistochemistry are listed in Table 6 and Table 7.

2.4.7.1 Immunohistochemistry

Many epitopes are masked in formalin fixed tissue. For de-masking epitopes sections
were heated in a microwave with either 10 mM citric acid buffer or 1 mM Tris-EDTA buffer
(5 times for 3 min). The epitope retrieval buffer used for each primary antibody is listed in
Table 6. After epitope retrieval the sections cooled down at RT and were washed with
bidistilled water. In the next step the sections were transferred to 3% H,O, in PBS for 20
min at 4°C to block the endogenous peroxidase. The sections were then washed with
PBS and subsequently incubated with blocking buffer for at least 20 min to reduce
unspecific antibody binding (Table 6). After these procedures the sections were prepared

for primary and secondary antibody incubation. All primary antibodies were diluted in
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blocking buffer and incubated over night at 4°C and then washed three times with PBS.
Primary antibody binding was visualized by using biotin conjugated secondary antibodies,
ExtrAvidin-Peroxidase and DAB. Therefore the sections were incubated for 1 h with the
secondary antibody diluted in blocking buffer, another 1 h with the ExtrAvidin-Peroxidase
1:1000 in blocking buffer and subsequently washed with PBS. Finally DAB working
solution was used to visualize the antibody binding. Thereby DAB is oxidized by the
peroxidase, which produces a dark brown reaction. In the double IHC for RFX4 and
GFAP, GFAP was visualized with an alkaline phosphatase conjugated secondary
antibody and Fast blue. The counterstain of the nuclei was performed with Mayers

Hamalaun as described above.

2.4.7.2 Fluorescence immunohistochemistry

Fluorescence double IHC was performed for RFX4 and GFAP (monoclonal mouse
antibody). For that purpose the sections were incubated consecutively with the primary
and secondary antibodies. Between each antibody incubation step, the sections were
washed for three times with PBS. The primary antibodies were visualized with cyanine
Cy3-conjugated goat-anti-rabbit IgG (RFX4) and Cy2-conjugated goat-anti-mouse IgG
(GFAP).

Finally sections were incubated with DAPI (1:10,000) for 10-15 min at RT to

counterstain the nuclei.

2.4.8 Morphometry and data aquisition

LFB-PAS stained sections and myelin proteins MBP, CNPase

To evaluate the extent of demyelination in the corpus callosum of RFX4 conditional
knockout mice and C57BL/6J mice after 1, 2, 3, 4 weeks of demyelination and after 7 or

14 days remyelination a semi quantitative score was used as follows:

Score Extent of demyelination
0 No demyelination

1 0-33% demyelination

2 33%-66% demyelination
3

>66% demyelination
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Mac3" microglia/ macrophages

The density of Mac3 positive cells after 1, 2, 3 weeks cuprizone treatment and 14 days
of remyelination in the corpus callosum was determined at 400x magnification with an

ocular counting grid.

Score Extent of microgliosis

0 few microglia

1 0-33% moderate microgliosis
2 33%-66% marked microgliosis
3 >66% severe microgliosis

Mac3 positive cells after 1, 2, 3 weeks cuprizone treatment and 14 days of remyelination

in the corpus callosum were counted at 400x magnification with an ocular counting grid.
APP" spheroids and glial cells
To assess the number of APP* spheroids and GFAP®, Olig2*, p25* cells in corpus
callosum of RFX4 conditional knockout mice and control mice, cells were counted at 400x
magnification with an ocular counting grid

Caspase3’ cells

Caspase3 positive cells were counted at 400x with an ocular counting grid after 1

week of cuprizone treatment.
Double immunohistochemistry of RFX4 and GFAP in MS lesions
Double immunohistochemistry of RFX4 and GFAP were analyzed in a chronic inactive

MS lesion and in a early active lesion. The types of MS lesions were determined by Dr.

Andreas Junker and Prof. Christine Stadelmann.
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2.4.9 Isolation of astrocytes from newborn mice

For isolation of astrocytes newborn (P0O) RFX4 conditional knockout mice and
C57BL/6J mice were decapitated. The skulls were immediately opened and the brains
were removed and transferred into pre-warmed HBSS (37°C). To minimize fibroblast
interference to glia cell growth meninges were removed from the brain with a forceps.
After these procedures brains were collected and washed in HBSS. In a following step
brains were dissected and digested with a 0.05% Trypsin EDTA solution (500 pl per
brain) for 10 min at 37°C. The reaction was stopped by adding BME;mpiete @and a cell
suspension was produced by pipetting up and down with a sterile pipette (10 ml). After a
centrifugation step (200 x g for 10 min) the supernatant was exchanged by fresh
BMEcompiete @and the pellet was resuspended. The cell suspension was then transferred
into a PLL coated flask and incubated at 5% CO, and 37°C in the tissue culture incubator
(1 brain/ 25 cm? flask). After 3-5 h medium was exchanged with fresh BME ompiete @and the
primary cell culture was cultured until the cells build a 100% confluent layer. Every 3 to 4
days medium was exchanged with fresh BMEcompiete-

Oligodendrocytes and microglia cells were removed by vigorously agitating and
washing the cells several times with PBS. The remaining astrocytes were detached with
0.05% Trypsin-EDTA (2-3 min). To stop Trypsin-EDTA reaction BMEompiete Was added to
the cell suspension and then centrifuged at 200 x g for 10 min. The pellet was
resuspended in BMEcmpete @and the number of astrocytes was calculated using a
Neubauer counting chamber. For the quantitative PCR and the migration assay
astrocytes were plated in PLL coated 24 well plates at a density of 120,000 cells per well

in BME medium containing 10% FCS and were cultured for another 48 h.
2.4.10 In vitro migration assay

A cell migration assay was performed to test if astrocyte functions differ between
RFX4 conditional knockout mice and C57BL/6J mice. Thereby the ability of astrocytes to
migrate into a cell- free area was investigated. In a confluent astrocyte monolayer a
scratch (straight line) was set with a 10 pl pipet tip. To remove cellular debris the cell
culture was washed with BME media. In order to always catch the same area during
image acquisition, a reference point on the bottom of the 24-well plate was made with a
tip marker. Images were taken after 0, 24, 33 and 48 h. Images acquired for each well
were further analyzed using the software AnalysisTM. Migration assays were performed

twice with at least 3 animals (at least 3 wells/ animal) per group.
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2.4.11 Quantitative PCR analysis

Quantitative PCR analysis of the transcript RFX4 in MS lesions

The quantitative PCR analysis of RFX4 in MS lesions was performed by Dr. Andreas
Junker. Frozen 10 pm thick sections were mounted on membrane-covered polyethylene
naphthalate slides (Zeiss, Jena, Germany). Parallel sections were stained with LFB to
allow identification of the lesions. Tissue blocks were classified according to defined
criteria: active lesions contained abundant macrophages with early (LFB and Oil Red O
positive) myelin degradation products, either throughout the whole lesion or in a broad
rim at the lesion edge. Inactive demyelinated lesions were sharply demarcated from the
periplaque white matter, lacked a rim of microglia activation and were devoid of LFB or
Oil Red O-reactive myelin degradation products in immune cells.

For the analysis of mMRNA transcripts, white matter MS lesions or control white matter
specimens were dissected from the slides with a scalpel and 15 sections were pooled for
RNA extraction. This mRNA analysis was restricted to white matter tissue samples to
limit possible confounding effects of neuronal mRNAs. The qPCR was performed on the
ABI 7900 (Applied Biosystems) using the gPCR Core Kit and uracyl N-glycosylase to
determine the expression level of RFX4 and other transcripts.

Quantitative PCR analysis of transcripts in PO astrocytes

Quantitative PCR was performed from cultured PO astrocytes of RFX4 conditional
knockout mice and C57BL/6J mice to characterize hydrocephalus involved genes.
Therefore cultured astrocytes were washed twice with PBS, lysed with QlAzol Lysis

Reagent and used for RNA isolation.
Quantitative PCR analysis of transcripts in corpora callosa

The transcript levels of RFX4, GFAP, cytokines and chemokines in the corpora callosa
were measured by quantitative PCR. GFAP cell specific RFX4 conditional knockout mice
and C57BL/6J mice were perfused with PBS after one week of 0.25% cuprizone
treatment. The brains were removed and cut into 2-3 mm coronal sections. Brain slices
with corpora callosa were briefly frozen in liquid nitrogen and the corpus callosum was
immediately excised and transferred in QIAzol Lysis Reagent for the RNA isolation
procedure. The experiment was repeated twice and one representative experiment is

depicted in the results.
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2.4.11.1 Isolation of RNA

RNA was isolated from the corpus callosum and primary astrocyte cultures using the

RNeasy Mini Kit according to the manufacturer’s instructions.
2.4.11.2 cDNA Synthesis

The complementary DNA (cDNA) synthesis was performed with the TagMan
MicroRNA Reverse Transcription Kit and Random Hexamers. Each reaction included
300-500ng of the isolated RNA, 1 x RT buffer, 4 mM dNTPs, 10 uM Random Hexamers,
1 U/ul RNase Inhibitor and 2.5 U/pl MultiScribe Reverse Transcriptase. Reverse
transcription reactions were run in the Eppendorf thermocycler (Mastercycler gradient) at

the following cycling conditions:

Temperature Time Step

25°C 10 min Annealing

37°C 120 min Reverse transcription
85°C 5s Inactivation of reverse

transcriptase
2.4.11.3 Quantitative PCR

The quantitative PCR was performed with the qPCR Core Kit and TagMan gene
expression Assays according to the manufacturer’s instructions. For the quantitative PCR
reaction the cDNA was first diluted to a concentration of 3 ng/pl. From the diluted cDNA 4
ul (12 ng) was used per gPCR reaction. Quantitative PCR reactions were run in the iQ5™

Real Time PCR Detection System at the following cycling conditions:

Temperature Time Step

98.5°C 3 min Initial denaturation
98.5°C 30s7 40 cycles Denaturation

65°C 30 s} Annealing/elongation

The expression level of each transcript is indicated as the percentage of the

housekeeping gene Gapdh.
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2.4.12 Isolation of murine microglia cells from the corpus callosum for flow
cytometry

The isolation of phagocytes from the corpus callosum was established by and
performed together with Dr. Martina Ott.

To isolate phagocytes from the corpus callosum, mice were intraperitoneally injected
with a lethal dose of a 14% chloral hydrate solution and transcardially perfused with cold
PBS. The brains were immediately removed and cut in 2-3 mm coronal sections with a
razor blade. The corpus callosum was immediately excised and transferred to a 70 um
cell strainer, homogenized in cold DMEM medium and centrifuged for 10 min at 300 x g,
4°C. In the next step the enzyme mix was prepared with a final concentration of 1 mg/ml
Dispase II, 2.5 mg/ml Collagenase D and 1 mg/ml DNase | in DMEM medium (2 ml/
corpus callosum). Each corpus callosum pellet was resuspended in 2 ml of the enzyme
mix and pre-incubated for 10 min at 37°C. The incubation was continued with rotation for
40 min at 37°C. To stop the reaction 10 ml of DMEMg,cs buffer was added to the digest,
mixed and centrifuged for 10 min at 300 x g, 20°C. The pellet was then washed by
resuspending the cell suspension in 10 ml DMEMgacs buffer and spinning 10 min at 300 x g,
20°C.

During the centrifugation step the Percoll gradient was prepared. Therefore a 38%
percoll solution containing 2.8 ml percoll and 1.2 ml DMEMgacs buffer and a 70% percoll
solution containing 1.9 ml percoll and 3.1 ml DMEMgacs buffer was prepared for each
corpus callosum. The 70% percoll solution was transferred to a 15 ml canonical tube (5
ml per corpus callosum).

After the centrifugation the supernatant was discarded and the pellet was resuspended
in the 38% percoll solution (4 ml per corpus callosum) and transferred to the 15 mi
canonical tube by slowly pipetting the 4 ml 38% percoll solution on top of the 70% percoll
solution. The gradient was centrifuged for 25 min at 500 x g, 20°C. The centrifuge
stopped with no brake so that the interphase was not disturbed. From the 70%-38%
interphase 2.0 - 2.5 ml was collected into a clean 15 ml canonical tube. To wash the cells
10 ml FACS buffer was added, mixed and centrifuged for 10 min at 300 x g, 4°C. The cell
pellet was then resuspended in FACS buffer and used for the FACS staining.

2.4.12.1 FACS staining of phagocytes

After the gradient, cells from each animal were resuspended in FACS buffer (200 pl/
FACS antibody), distributed on a 96 well plate and centrifuged for 5 min at 300 x g and
4°C. After the washing step the cell pellets were resuspended in 100 pl blocking buffer
and incubated for 10 min at 4°C. The blocking buffer included anti-CD16/CD32 antibody
diluted 1:100 in FACS buffer. To prepare the fluorochrome-labeled antibody mix,
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antibodies were diluted 1:100 in FACS buffer. From the antibody mix 100 pl were added
to each well to obtain a final dilution of 1:200. The cells were then incubated for another
20 min at 4°C. After these procedure cells were centrifuged (5 min, 300 x g, 4°C), and
washed with 100 pl FACS buffer. Finally cells were resuspended in 200 pl FACS buffer

and analyzed by flow cytometry.
2.4.12.2 Flow cytometry analysis

Microglia cell sorting and flow cytometry analysis were performed by Sabrina Becker

of the Flow cytometry core facility at the University Medical Center Goettingen.
2.4.13 Statistical analysis

All statistics were calculated using the GraphPad Prism5.01 software. The data were
first tested for normal distribution with the Kolmogorov-Smirnov test with Dallal-Wilkinson-
Lilliefor p-value. For two experimental groups, unpaired t test was performed for
parametric values, while the Mann-Whitney test was performed for non-parametric
values. For comparison of more than 2 groups, one way ANOVA with Bonferroni post test
was used for parametric data, while the Kruskal-Wallis test with Dunn’s post test was

carried out for non-parametric data. Statistical significance was defined by p<0.05.
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3 Results

3.1 Part 1. Characterization of the GFAP cell specific RFX4
conditional knockout mice

3.1.1 Hydrocephalus and mortality of RFX4 conditional knockout mice

A——"

% survival

1+ RFX4 +/+ (n=25)

201 -e- RFX4 +/- (n=87)

o] = RFX4 - (n=52)

0 1 2 3 4 5 6 7 8 9 10
weeks

Figure 2: Hydrocephalus and mortality of GFAP cell specific RFX4 conditional knockout mice.

(A-B) Appearance of wild type (A) and mutant (B) mice at the age of 5 weeks. (C) H&E stained
sagittal sections from RFX4 +/+ mice, RFX4 +/- and RFX4 -/- mice with extensive dilatation of the
lateral ventricle. (D) Kaplan-Meier survival curve of RFX4 +/- mice , RFX4 -/- mice and RFX4 +/+ mice

(littermate control mice). Lv, lateral ventricle, IVv, fourth ventricle. Scale bar = 1 mm

To generate GFAP cell specific RFX4 conditional knockout mice, GFAP cre mice,
expressing the Cre recombinase under control of the GFAP regulatory sequence

(promoter), were crossed with RFX4 LoxP (floxed) mice. GFAP cell specific RFX4
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conditional knockout mice were born at the expected Mendelian ratio, were normal in size
and appearance at birth. Several of the heterozygous mice and a large percentage of the
homozygous mice exhibited head swelling (Figure 2 A, B) followed by neurological
deficits like convulsions and loss of balance, that ended in death in young adulthood.
Heterozygous mice died at an age of 6 weeks and most RFX4 homozygous mice died
between 4 to 6 weeks as shown in the Kaplan-Meier survival curve (Figure 2 D). The
mortality rate at an age of 6 weeks was about 20% for RFX4 +/- mice, whereas RFX4 -/-
mice died with a rate of about 50% at the same age. This implies a gene dosage effect.
Mice which did not develop a hydrocephalus had a normal phenotype. Histological
examination of the brains of symptomatic adult mice manifested severe hydrocephalus,
with extensive dilatation of the lateral ventricles, but no distention of the fourth ventricle
(Figure 2 C). Investigation of transgenic mice at the time of birth or few days after birth
showed that the hydrocephalus was already present, indicating that the hydrocephalus is
congenital (Figure 3). This suggested a congenital blockage in the aqueduct of Sylvius as
has been reported for RFX4_v3 transgenic mice generated by Blackshear and
colleagues, which leads to disruption of RFX4_v3 (Blackshear et al., 2003).

RFX4 /- P1 RFX4 /- P3 REX4 +/+ P3

Figure 3: Hydrocephalus of newborn RFX4 conditional knockout mice.

H&E stained sections from rostral (r) to caudal (c), from both P1 and P3 RFX4 homozygous

conditional knockout mice and P3 wild type animals. Lv, lateral ventricle. Scale bar =1 mm

3.1.2 Hydrocephalus in RFX4 conditional knockout mice is associated with
abnormalities of the subcommissural organ

The primary cause of a congenital hydrocephalus is stenosis or narrowing of the

Sylvian aqueduct in the midbrain. The origin of the stenosis is not well understood, but it
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has been reported that maldevelopment and resulting dysfunction of the SCO is involved
in the cause of agueductal stenosis (Overholser et al., 1954; Vio et al., 2000). The SCO
is a small gland that secretes glycoproteins of high molecular mass into the ventricles to
form Reissner’s fiber (Nualart et al., 1991; Rodriguez et al., 1998). The SCO is situated in
the dorsocaudal region of the third ventricle at the entrance of the Sylvian aqueduct
(Rodriguez et al., 1998).

Part of the thesis was to explain the reason for the hydrocephalus formation in RFX4
conditional knockout mice. For that purpose, the severity of the hydrocephalus in
symptomatic adult RFX4 conditional knockout mice was assessed in serial sections from
caudal to rostral. In addition, the presence of the SCO and the severity of SCO
hypoplasia was investigated (Table 14). 10 homozygous and 8 heterozygous mice with

hydrocephalus were analyzed.

Table 14: Severity of the hydrocephalus and SCO hypoplasia in RFX4 conditional knockout

mice

Strain RFX4 Severity of Presence Severity of SCO

deficient hydrocephalus of SCO hypoplasia

mice

analyzed

Moderate Marked Severe Moderate  Marked Severe

RFX4 +/- 8 4 2 2 8 4 3 1
RFX4 -/- 10 3 3 4 10 2 4 4

Sections from caudal to rostral were studied from RFX4 heterozygous and homozygous conditional
knockout mice with hydrocephalus. The severity of the hydrocephalus, the presence of the SCO and the
severity of the SCO hypoplasia were assessed. Two representative animals for each genotype are

presented in Figure 4.
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3.1.3 GFAP cell specific RFX4 conditional knockout mice suffer from
congenital hydrocephalus of variable severity

RFX4 +/+

RFX4 +/-

RFX4 -/-

Figure 4. GFAP cell specific RFX4 conditional mice suffer from congenital hydrocephalus of
variable severity accompanied by SCO hypoplasia.

H&E histochemistry from wild type and RFX4 deficient mice with hydrocephalus of variable severity
and SCO hypoplasia of each presented animal. (A,B,C) reflects a wild type mouse, (D,E,F) a RFX4 +/-
mouse with a moderate hydrocephalus and marked SCO hypoplasia, (G,H,l) a RFX4 +/- mouse with
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marked hydrocephalus and moderate SCO hypoplasia, (J,K,L) a RFX4 -/- mouse with marked
hydrocephalus and severe SCO hypoplasia and (M,N,O) shows a RFX4 -/- mouse with severe
hydrocephalus with severe SCO hypoplasia. SCO, subcommissural organ, Lv, lateral ventricle, lllv,
third ventricle, S.aq., Sylvian aqueduct, PC, posterior commissure. Scale bar = (A,D,G;J;M) 1 mm,
(B,C.E,F,H,I,K,L,N,O) 50 um

All analyzed mice developed a hydrocephalus, while the severity of the hydrocephalus
was variable (Figure 4). Most of the RFX4 +/- mice had a moderate to marked
hydrocephalus, while the majority of the homozygous animals showed hydrocephalus of
a marked to severe degree. This may indicate an effect of gene dosage on the severity of
hydrocephalus. In the most marked to severe cases, hydrocephalus was characterized by
extensive dilatation of the lateral and third ventricles (Figure 4 G, M), while less severe
cases showed only a mild dilatation of the lateral ventricles and no distention of the third

ventricle (Figure 4 D).
3.14 Subcommissural organ hypoplasia

The SCO was present in all analyzed animals. However all animals studied exhibited
different degrees of SCO hypoplasia. The degree of SCO hypoplasia correlated well with
the severity of the hydrocephalus as is shown in Table 14 and Figure 4 G-l and M-O. In
wild type animals, ependymal cells of the SCO are elongated and their apical poles
protrude in the direction of the third ventricle, where they secrete glycoproteins (Figure 4
A-C). In contrast RFX4 conditional knockout mice showed a reduced number of
ependymal cells (Figure 4 F, I, L, O). Remaining cells in the posterior commissure were
flattened (Figure 4 1, L), arranged in a disordered fashion (Figure 4 F, O) and their apical
borders no longer protruded into the lateral ventricle (Figure 4 F; I; L; O). The highly
specialized ependymocytes of the SCO are either absent or inappropriately differentiated

in RFX4 conditional knockout mice.
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3.1.4.1 Dysfunction of the SCO

RFX4 +/+ RFX4 +/- RFX4 -/-
R e T e (i
By B AZEDRNRE SRR Y e i
“a. -5 Y . .,

Figure 5: Expression of SCO RF glycoprotein is deregulated in RFX4 conditional knockout
animals.

IHC with an antibody specific for RF glycoproteins (AFRU) of young adult brain sections of wild type
and RFX4 deficient mice. (A) represents a wild type mouse, (B-C) a RFX4 +/- mouse and (D-E) shows

a RFX4 -/- mouse. Scale bar = 50 um

Due to maldevelopment of the SCO in RFX4 deficient mice | assumed that the SCO
may be dysfunctional. A well developed SCO secretes glycoproteins of high molecular
mass (Nualart et al., 1991). The majority of the glycoproteins are released in the ventricle
where they aggregate to form a threadlike structure, known as Reissner’s fiber (Sterba
and Wolf, 1969). To investigate whether the SCO of RFX4 conditional knockout mice is
functional, adult brain section were stained with an antibody specific for RF glycoproteins
(AFRU).

In wild type mice strong RF glycoprotein expression was restricted to the SCO. This
conspicuous glycoprotein expression was lacking in RFX4 conditionally deficient mice. It
was replaced by a lower level of SCO glycoprotein production in RFX4 +/- or was

completely absent in several cases of RFX4 -/- mice (Figure 5).
3.15 Loss of developmental factors impairs SCO formation and function

The SCO is derived from neuroepithelial cells that line the lumen of the dorsocaudal
aspect of the diencephalon (Huh et al., 2009). These neuroepithelial precursors of the
SCO differentiate into specialized secretory ependymocytes in response to the induction

of Wnt and Bmp signals (Huh et al., 2009). Components of the Wnt and Bmp signaling
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pathway were reported to be potential targets for RFX4_v3 in E10.5 brains (Blackshear et
al., 2003; Zhang et al., 2006a). Due to the observed hypoplasia of the SCO of RFX4
conditional knockout mice | assumed a similar deregulation of the Wnt and Bmp signaling
pathways in our conditional knockout mouse. In order to test this hypothesis | cultured
astrocytes of PO mice and characterized them morphologically. In a second step |
isolated RNA from PO astrocytes and measured the expression levels of components
involved in the Wnt and Bmp signaling pathway by qPCR. A selection of critical genes for
early brain development, based on a microarray of heads from RFX4 _v3 -/- mice at
E10.5, were measured by gPCR (Zhang et al., 2006a).

3.1.5.1 Characterization of RFX4 deficient PO astrocytes in vitro
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Figure 6: Characterization of RFX4 deficient PO astrocytes in vitro.

(A) Representative IHC for GFAP and RFX4 of wild type and RFX4 deficient astrocytes. (B)
Quantitative real time PCR for RFX4 from PO astrocytes obtained from individual wild type and RFX4
deficient animals (*p<0.01, ***p<0.001, one way ANOVA with Bonferroni post test). (C) Migration
scratch assay of wild type, RFX4 +/- and RFX4 -/- mice. A scratch was made in an astrocyte
monolayer from wild type, RFX4 +/- and RFX4 -/- mice. The ability to migrate was compared after 24h,
33h and 48h. (n(wt)= 4; n(RFX4 +/-)= 3; n(RFX4 -/-)= 5) (C). Data are presented as mean + SEM.
Scale bar = 50 um
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Astrocytes were isolated and cultured from GFAP cell specific RFX4 conditional
knockout mice and wild type mice at time of birth. To measure the expression level of
RFX4 RNA was isolated from astrocytes of RFX4 +/-, RFX4 -/- and wild type mice.
Quantitative real time PCR showed a significant reduction of RFX4 transcripts in PO
astrocytes obtained from RFX4 conditional knockout mice compared to wild type mice
(Figure 6 B). The transcript level of RFX4 showed a reduction of about 3- fold for RFX4
+/- and about 7- fold for RFX4 -/- compared to wild type astrocytes.
Immunohistochemistry for GFAP showed characteristically shaped astrocytes
comparable to the wild type. Immunohistochemistry for GFAP and RFX4 of RFX4
conditional knockout mice and wild type astrocytes illustrates expression of RFX4 in the
nucleus, perinucleus and in the cytoplasm of wild type astrocytes. In astrocytes obtained
from RFX4 -/- mice reduced expression was observed (Figure 6 A).

A migration assay was performed to test whether RFX4 deficiency affects astrocyte
functions. A scratch was made in an astrocyte cell monolayer from wild type, RFX4 +/-
and RFX4 -/- mice and the ability to migrate was compared after 24h, 33h, and 48h. The
ability to migrate into a cell free area was similar for RFX4 conditional knockout mice and
wild type animals. In vitro astrocytes from RFX4 conditional knockout mice did not display

obvious morphological and functional deficits.
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3.1.5.2 Regulation of hydrocephalus associated genes in RFX4 conditional
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Figure 7: Regulation of hydrocephalus associated genes in RFX4 conditional knockout

astrocytes.
Based on Zhang and colleagues 2006 selected genes relevant for the development of congenital

hydrocephalus (A) and factors critical for early brain development (B) were analyzed by quantitative
real time PCR. (A-B) qPCR was performed from mRNA of cultured PO astrocytes of RFX4 conditional
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knockout mice and control mice (p>0.05, *p<0.05, **p<0.01, Mann Whitney test). The mean of each

group is indicated.

Based on Zhang and colleagues, 2006, which identified potential target genes of the
brain specific variant 3 of RFX4, the expression levels of selected genes were measured
by gPCR of RNA from PO astrocytes isolated from the brains of RFX4 -/- and wild type
mice. For the Wnt pathway Wnt3, Wnt3a, R-spondin, Frizzeled 10 (Fzd10) and 3-catenin
were measured. For the Bmp signaling pathway Msx3 and cytochrome P450 26Al1
(Cyp26a) were studied. Furthermore, other factors critical for early brain development
Foxa2, vitronectin (Vtn), IGF1 and CX3CL1 were measured. The expression levels of
Wnt3a, Msx3 and Cyp26a were not measurable (too low) in PO astrocytes with a raw CT
> 35. Hence a difference between wild type and RFX4 conditional knockout animals was
not measurable. However mRNA levels of all other transcripts were detectable and were

evaluated.
3.1.5.2.1 Transcript changes of Wnt signaling

The Wnt signaling pathway is an evolutionary conserved pathway that regulates
important aspects of cell fate determination, cell migration, cell polarity, neural patterning
and embryonic development (Komiya and Habas, 2014). Zhang and colleagues studied
potential target genes in RFX4_v3 deficient mice at embryonic stage 10.5 and identified
four genes which belonged to the Wnt signaling pathway. Their transcript levels were
dramatically down- regulated in heads from RFX4_v3 -/- mice. The levels of the secreted
Wnt3 and Wnt3a glycoproteins were decreased by approximately 5- and 16- fold (Zhang
et al., 2006a). In our RFX4 conditional knockout mice the level of Wnt3 was reduced by
approximately 3- fold at the time of birth (Figure 7 A). The expression level of Wnt3a was
not detectable at this time point.

Fzd10 belongs to the frizzled gene family and was decreased by 2.4- fold in E10.5
brains of RFX4_v3 -/- mice (Zhang et al., 2006a). In this study it was found to be reduced
6- fold compared to astrocytes of wild type mice (Figure 7 A). R-spondin was decreased
by 1.5- fold at E10.5 (Zhang et al., 2006a). The factor is a transmembrane protein that
acts as activator of the canonical/wnt B3-catenin signaling pathway (de Lau, Wim B M et
al., 2012). The gene was reduced by about two fold in RFX4 conditional knockout
astrocytes compared to wild type (Figure 7 A). B-catenin was not detected by Zhang and
colleagues in E10.5 heads, but it has been reported that it acts as an intracellular signal
transducer in the Wnt signaling pathway (Clevers and Nusse, 2012). Further, the gene
was found to be crucial for proper midbrain development, and mutation of 3-catenin led to
hydrocephalus (Ohtoshi, 2008). In conditional RFX4 knockout mice, [-catenin was
significantly down-regulated by about 1.5- fold (Figure 7 A).
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3.1.5.2.2 Expression of factors critical for early brain development and neuronal

regulators

During neuroblastoma cell differentiation Foxa2 up-regulates Vtn expression (Shimizu
et al., 2002). Both genes were found to be down-regulated in E10.5 RFX4_v3 -/- heads.
Vin was decreased by about 1.7- fold and Foxa2 by about 1.5- fold (Zhang et al., 2006a).
In RFX4 conditional mice mRNA levels of Vtn were still significantly reduced whereas
transcript levels of the transcription factor Foxa2 were not significantly changed at the
time of birth (Figure 7 B). CX3CL1 has been reported as direct target gene, because
RFX4_v3 binds to the CX3CL1 promoter (Zhang et al., 2006a). CX3CL1 is a chemaokine
that was decreased by approximately 3- fold in E10.5 heads of RFX4_v3 -/- mice (Zhang
et al., 2006a; Zhang et al., 2008). RFX4 conditional knockout animals showed a reduction
by approximately 1.7- fold at PO (Figure 7 B). IGF1 was increased by two fold in E10.5
heads of RFX4 v3 deficient mice (Zhang et al., 2006a). Insulin like growth factor has
been shown to play role in regulating neural development including neurogenesis and
myelination (Beck et al., 1995). Conditional RFX4 knockout mice did also up-regulate

IGF1 compared to wild type mice by about two fold (Figure 7 B).
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3.2 Part 2: The role of astrocytic RFX4_v3in demyelination
321  RFX4in MS

3.2.1.1 RFX4is produced by astrocytes and up-regulated in MS lesions
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Figure 8: RFX4 is up-regulated in MS lesions.
RFX4 expression levels in individual tissue samples were determined by quantitative PCR. The mean

of each group is indicated. (** p<0.01, Mann Whitney U test).

MS is an inflammatory, demyelinating, neurodegenerative disorder of the CNS. A wealth
of data describe that astrocytes play an active and possibly dual role in CNS
inflammatory diseases such as MS. On the one side they have the ability to increase
immune responses and inhibit myelin repair, on the other side they can also be protective
and limit CNS inflammation while supporting oligodendrocyte and axonal regeneration
(Nair et al., 2008). To determine astrocyte functions during inflammatory demyelination in
MS lesions, Andreas Junker did a quantitative PCR study of MS lesions, together with
normal brain white matter as control. 96 astrocyte specific genes, which were identified
by Cahoy and colleagues 2008, were measured (Cahoy et al., 2008).

This approach revealed RFX4 as a highly up-regulated factor in MS lesions. The
transcript level of RFX4 was about 6-fold higher in MS lesions compared to normal brain
white matter (**p<0.01) (Figure 8). The expression level of RFX4 in normal brain white
matter was clearly detectable with a mean of 2.5% Gapdh.

To determine astrocytic RFX4 expression in MS lesions double IHC for RFX4 and
GFAP was performed on an actively demyelinating MS lesion, chronic inactive MS lesion
and on normal appearing white matter (NAWM) as control (Figure 9). MS lesions were
characterized using LFB-PAS histochemistry (Figure 9 A-E). RFX4 was detectable in
NAWM and in both active and chronic inactive MS lesions (Figure 9). The transcription
factor showed nuclear localization in various cell types including immune cells and glia
cells of NAWM (Figure 9 A,F,K) and MS lesions of different activity status (Figure 9 G-J).



Results

Double labeling for GFAP and RFX4 exhibited RFX4-expressing astrocytes in both acute
(Figure 9 G) and chronic MS lesions (Figure 9 H-J). In the presented active lesion RFX4
positive astrocytes were detected in the perivascular area and at the lesion border
(Figure 9 G). In the chronic inactive lesion RFX4 positive astrocytes were located in the

lesion center and more prominently at the lesion border (Figure 9 I, J).



Results

anti-RFX4/ anti-GFAP

]

LFB-PAS anti-RFX4/ anti-GFAP

R

normal appearing white matter

active MS lesion

chronic inactive MS lesion

Figure 9: RFX4 is expressed by astrocytes and up-regulated in MS.

Histochemistry and immunohistochemistry using sections of normal appearing white matter, an active
MS lesion and a chronic inactive MS lesion as indicated. (A-E) Histochemistry using LFB-PAS. (F-J)
Double immunohistochemistry using anti-RFX4 (brown) and anti-GFAP (blue) antibodies. (K-O) Close-
up of anti-RFX4 and anti-GFAP IHC shown in F-J. Scale bars = (C,HM) 500 pm;
(A,F.K,B,G,L,D,I,N,E,J,0) 50 pm



Results

3.2.1.2 RFX4 variant 3 is expressed in MS lesions
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Figure 10: Only RFX4_v3is expressed in MS lesions.

Expression of the transcript variants RFX4_v1, v2, v3, v4 in MS lesions was measured by RT PCR
using variant-specific primer pairs for vl, v2/v4 and v3. (A) Schematic representation of RFX4
genomic structure and its main splice variants. The exons are depicted as boxes, and open reading
frames are shown as green boxes. Primer pairs used for RT PCR are presented as red arrows and
red dashed lines. Expected lengths of RT PCR products are indicated. (B) Agarose gel

electrophoresis of RT PCR reactions. Gel was stained with ethidium bromide. M=DNA size marker

In humans four main alternatively spliced variants of RFX4 have been described in
normal tissue, which include RFX4 _v1, v2, v3 and _v4 (Figure 10 A). In the testis
variants v1, v2 and v4 are expressed and in the brain only RFX4_v3 has been detected
(Matsushita et al., 2005).

To investigate the expression of transcript variants RFX4_v1, v2, v3 and _v4 in MS
lesions RT PCR was performed using published variant specific primer pairs (Matsushita
et al., 2005). In MS lesions no RFX4_vl, v2 and _v4 mRNA was detectable. RT PCR
detected only variant 3 with the expected length of 500 base pairs in MS lesions (Figure
10 B). RFX4_v3, was identified by the binding of the forward primer to exon 1 which is
unique for RFX4_v3.



Results

3.2.2 Role of astrocytic RFX4 _v3 during de- and remyelination in the
cuprizone mouse model

Pathologically, MS is characterized by the presence of areas of demyelination and
inflammation in the white and gray matter of the CNS. Demyelination denominates a
selective loss of myelin with relative axonal preservation. The natural response to
demyelination is remyelination, the process of rebuilding the myelin sheaths including the
generation of new oligodendrocytes. Unfortunately extensive remyelination of MS lesions
is only rarely observed (Franklin, Robin J M and ffrench-Constant, 2008; Stadelmann and
Brick, 2008; Kierdorf et al., 2013). Astrocytes are implicated to play a crucial role in
regulating de- and remyelination in MS (Nair et al., 2008).

Regarding the finding of astrocytic RFX4_v3 in MS lesions, | assumed a possible role
for the factor in the process of de- and remyelination. Therefore, the cuprizone mouse
model was used to investigate the role of astrocytic RFX4 v3 during de- and
remyelination.

Demyelination was studied using 7 to 8 week old GFAP cell-specific RFX4 v3
conditional knockout mice without hydrocephalus and control mice (C57BI/6). Both were
treated for 4 weeks with a 0.25% cuprizone diet. To analyze remyelination cuprizone was
removed from the diet after 4 weeks and mice were kept on a cuprizone-free diet for

another 7 or 14 days.
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3.2.2.1 Cuprizone intoxication for 4 weeks induces strong demyelination in
the corpus callosum of RFX4_v3 conditional knockout mice
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Figure 11: Cuprizone feeding for 4 weeks induces strong demyelination in the corpus callosum
of RFX4_v3 conditional knockout mice.

RFX4 _v3 +/+, RFX4 v3 +/- and RFX4_v3 -/- mice were treated for 4 weeks with a 0.25% cuprizone
diet. (A) Schematic representation of cuprizone treatment. (B) LFB-PAS staining of representative
sections from RFX4_v3 +/+, RFX4_v3 +/- and RFX4_v3 -/- mice after 4 weeks of cuprizone ingestion.
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(C-D) Quantification of demyelination by scoring LFB-PAS staining in the medial and lateral corpus
callosum. A score of O represents complete myelination and a score of 3 represents complete
demyelination. Statistical significance was determined by Kruskal-Wallis test with Dunn’s post test (***
p<0,001, ** p<0,01). Data are presented as mean + SEM. Scale bar = 500 um

A corpus callosum medial B corpus callosum lateral
3.5' %k 3-5'
3.0 ] ] 3.0+
3 + 8
'E % 2.54 [ EEEEE E % 2.5+ (] [ ]
'g = 204 » N E = 204 o0 _a;_.
Q @ %
35 15- * = —— T 5 15{ ecene T —
P} - O
E® 101 % = E® 104 ]
@ [}
@ 05- eeese @ 0.5-
0.0
RFX4_v3 +/+ RFX4_v3+- RFX4_v3 /- RFX4_v3 +/+ RFX4_v3+- RFX4_v3 -
C corpus callosum medial D corpus callosum lateral
3.5- . 3.5+ .
3.0¢ 3.0
2 n 2 .
E % 2.5¢ ] EEEEE —— E % 2.54 [
€0 20% ) €0 204 ® n
§ o 'E_ § o @ % —i—
1.5 ] L] ] 1.54 ] |
I i —=-
1.0¢ [ ] 1.0+ (XX [
3 —— ] —— 3 L u
0.57 eeee 0.5-
[ ]
0.0
RX4_v3 ++ RFX4_v3+- RFX4_v3 - RFX4_v3 +/+ RFX4_v3+/- RFX4_v3 -

Figure 12: Cuprizone-induced demyelination correlates with reduced myelin proteins in the
corpus callosum of RFX4 deficient animals.

Brain sections from RFX4_v3 +/+, RFX4_v3 +/- and RFX4_v3 -/- mice were stained for myelin proteins
MBP and CNPase. Extent of demyelination was quantified by scoring (A-B) MBP and (C-D) CNPase
in corpus callosum medial (A,C) and corpus callosum lateral (B,D). Score of O represents complete
myelination and score of 3 represents complete demyelination. Statistical significance was determined
by Kruskal-Wallis test with Dunn’s post test (*p<0.05, ** p<0.01). Data are presented as mean + SEM.

Brain sections from RFX4_v3 +/+, RFX4_v3 +/- and RFX4_v3 -/- mice were examined
and scored for demyelination by LFB-PAS staining (Figure 11). Thereby, a score of 0
represents complete myelination and a score of 3 represents complete demyelination in
the corpus callosum. The corpus callosum of RFX4_v3 deficient mice was almost
completely demyelinated after cuprizone treatment, while the myelin of wild type animals
appeared to be still intact especially in the medial part of the corpus callosum after week

4 of cuprizone intoxication. No difference was observed between RFX4_v3 +/- and
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RFX4_v3 -/- mice. Compared to wild type animals RFX4_v3 +/- conditional knockout
animals showed a significantly increased demyelination in the medial (score medial
RFX4_v3: +/- 2.6 £ 0.1 vs RFX4_v3 +/+: 0.8 + 0.2, ***p<0.001) and lateral (score lateral
RFX4_v3: +/- 2.7 + 0.1 vs. 1.9 + 0.2 **p<0.01) part of the corpus callosum on LFB-PAS
stained sections.

In addition, enhanced demyelination after week 4 of cuprizone diet was confirmed by
the reduced presence of myelin proteins in the corpus callosum of RFX4 deficient
animals (Figure 12). The extent of demyelination was evaluated by scoring sections from
RFX4_v3 +/+, RFX4_v3 +/- and RFX4_v3 -/- mice stained for myelin proteins MBP and
CNPase. MBP as well as CNPase were significantly diminished mainly in the medial part
of the corpus callosum of RFX4_v3 +/- compared to control mice (MBP score medial 2.2
+ 0.14 vs. 0.9 £ 0.2, **p<0.01) (CNPase score medial 2 + 0.16, score medial 1 + 0.23,
*p<0.05) (Figure 12 A, C).
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3.2.2.1.1 Increased axonal damage in RFX4 deficient mice
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Figure 13: Increased demyelination was accompanied by enhanced acute axonal damage in the
corpus callosum of RFX4_v3 deficient mice.

(A) APP IHC of brain sections from wild type and RFX4_v3 conditional knockout mice after cuprizone
treatment. A representative medial section from corpus callosum is shown. (B-C) Quantification of
APP positive spheroids in corpus callosum medial (B) and lateral (C) sections of indicated mice after 4
weeks of cuprizone intoxification (** p<0,01, *** p<0,001, Kruskal-Wallis test with Dunn’s post test).

Data are presented as mean + SEM. Scale bar = 50 um

Substantial demyelination, as seen in the corpus callosum of RFX4 v3 deficient mice
after cuprizone treatment, can lead to axonal damage. | thus investigated axonal
transport disturbance in corpus callosum sections from wild type and RFX4_v3
conditional knockout animals by IHC for APP (Figure 13).

APP IHC revealed increased numbers of APP positive spheroids in RFX4_v3 deficient
mice after week 4 of cuprizone intoxication. The quantitative analysis showed a
significant increase of acute axonal damage in the medial and lateral parts of the corpus
callosum for RFX4_v3 +/- mice compared to RFX4 _v3 +/+ mice (medial 1295 + 138 vs.
176 + 72 positive APP spheroids per mm?, ***p<0.001; lateral 924 + 149 vs. 343 + 51
positive APP spheroids per mm?, **p<0.01) (Figure 13).
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3.2.2.1.2 Extensive microglia accumulation in the corpus callosum of RFX4 v3

conditional knockout mice after 4 weeks of cuprizone treatment
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Figure 14: Extensive accumulation of microglia/macrophages in the corpus callosum of
RFX4_v3 conditional knockout mice during demyelination.

(A) Mac3 IHC of corpus callosum sections from RFX4_v3 +/+, RFX4_v3 +/- and RFX4_v3 -/- mice
after cuprizone treatment. Representative sections are shown. (B-C) Quantification of Mac3 IHC in
corpus callosum medial (B) and lateral (C) of indicated mice after 4 weeks of cuprizone intoxication. A
score of O represents the presence of few microglia/macrophages with low immune reactivity and

score of 3 represents high density of microglia/macrophages with intense immune reactivity in the
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corpus callosum. (** p<0.01, *** p<0.001, Kruskal-Wallis test with Dunn’s post test). Data are

presented as mean + SEM. Scale bar = 500 um

Beside enhanced demyelination and axonal damage increased cellularity in the
demyelinated corpus callosum was observed in RFX4 deficient mice after week 4 of
cuprizone challenge (Figure 11 and Figure 13). Earlier studies demonstrated an
increased response of microglia/ macrophages in the demyelinated corpus callosum to
clear myelin debris (Hiremath et al., 1998). Therefore, | analyzed microglia/macrophage
accumulation by Mac3 staining in the corpus callosum.

Mac3 signals were scored in brain sections of RFX4 v3 +/+, RFX4_v3 +/- and
RFX4_v3 -/- mice. Score of O represents the presence of few microglia/ macrophages
with low immune reactivity and score of 3 represents high density of microglia/
macrophages with intense immune reactivity in the corpus callosum. After week 4 of
cuprizone treatment extensive microglia/ macrophage accumulation was observed in
RFX4_v3 deficient mice compared to wild type (Figure 14 A). Quantitative analysis
revealed that microglia/ macrophages significantly accumulated in larger numbers in the
corpus callosum from RFX4 deficient animals compared to wild type animals (score
medial 2.4 + 0.16 vs. 0.5 £ 0.2, ***p<0,001; score lateral 2 + 0.18 vs. 1 £ 0.18, **p<0.01)
(Figure 14 B/C).

3.2.2.1.3 Blood brain barrier is closed in RFX4_v3 deficient mice

RFX4_v3 +/+ RFX4_v3 -/- RFX4_v3 -/- (positive control)
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Figure 15: Blood brain barrier is closed in RFX4_v3 deficient mice w/o hydrocephalus.
(A-B) Fibrinogen IHC of brain sections from RFX4 v3 +/+ and RFX4 v3 -/- mice after cuprizone
treatment. (C) Fibrinogen staining of RFX4_v3 -/- mice with severe hydrocephalus and brain

hemorrhage (positive control). Representative sections are shown. (D-E) CD3 staining of brain
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sections from RFX4_v3 +/+ and RFX4_v3 -/- mice. Representative sections are shown. Scale bar
(A,B,C)=1 mm; (D,E)= 100 um

Previous studies have demonstrated that the BBB is closed in the cuprizone mouse
model, which allows to study the processes of de- and remyelination without substantial
influence of the peripheral immune system (Bakker and Ludwin, 1987; Kondo et al.,
1987). Because of increased numbers of phagocytes in the corpus callosum of RFX4_v3
deficient mice during cuprizone exposure | investigated whether the BBB remained intact
in RFX4_v3 deleted mice.

Therefore, IHC for fibrinogen was performed in cuprizone treated wild type and
RFX4_v3 conditional knockout mice (Figure 15). As positive control | used a RFX4_v3 -/-
mouse with severe hydrocephalus and brain hemorrhage. A positive immunolabeling for
fibrinogen was observed in the RFX4_v3 -/- mouse with severe hydrocephalus, but was
not detected in RFX4_v3 deficient mice. Thus the BBB of RFX4_v3 deficient mice remain
intact under cuprizone challenge, indicating that the Mac3 positive cells most likely
represent microglia, but not blood-borne macrophages.

To assess numbers of T lymphocytes in the corpus callosum of wild type and RFX4
deficient mice IHC was performed with an antibody against CD3 (Figure 15). Very few
CD3 positive T lymphocytes were detected in both RFX4_v3 +/+ and RFX4_v3 -/- mice.
This provides further evidence that the BBB in RFX4 _v3 deficient is closed under

cuprizone challenge as it is the case for wild type mice.
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3.2.2.1.4 RFX4 v3 deficiency in astrocytes increases the number of microglia in the

corpora callosa without differential activation patterns
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Figure 16: RFX4_v3 deficiency in astrocytes increases the number of microglia in the corpus
callosum after cuprizone feeding without induction of microglial activation markers.

(A) Flow cytometry analysis of CD45 and CD11b-positive cells of dissociated corpora callosa of wild
type and RFX4 v3 deficient animals after week 4 of cuprizone challenge. RFX4 v3 +/+: n=7,
RFX4_v3 +/-: n=6, *p<0,05, (unpaired t-test). (B-F) Flow cytometry analysis of microglia from corpora
callosa for activation markers after cuprizone treatment of RFX4 v3 +/+ or RFX4_v3 +/- mice.
Microglia samples were gated on CD11b-positive, CD45-dim cells for microglia. The mean
fluorescence intensity was examined for (B) CD11lb (n=7 per group, p>0.05, unpaired t-test), (C)
CD45 (n=7 per group, p>0.05, unpaired t-test), (D) CD86 (n=7 per group, p>0.05, unpaired t-test) (E)
CD80 (n=7 per group, p>0.05, unpaired t-test) and (F) MHC class | (n=7 per group, p>0.05, unpaired

t-test). Data are presented as mean + SEM.



Results

The histological characterization of microglia cells in cuprizone-treated mice
demonstrated enhanced microglia/ macrophage accumulation in the corpus callosum of
RFX4 deficient mice compared to control mice. To further characterize the microglia
phenotype of the demyelinated corpus callosum of RFX4 conditional knockout animals
and control mice | used flow cytometry analysis.

In a first step dissociated corpora callosa were analyzed for CD45 and CD11b-positive
cells by flow cytometry analysis to quantify the number of microglia in wild type and
RFX4_v3 deficient animals after week 4 of cuprizone ingestion. Absolute numbers of
microglia from RFX4_v3 +/- deficient animals were significantly increased after 4 weeks
of cuprizone treatment compared to wild type animals (179 = 25 vs. 494 + 110, *p<0,05)
(Figure 16 A).

In a second step microglia from corpora callosa were analyzed for expression of
activation markers using flow cytometry at week 4 after cuprizone treatment (Figure 16 B-
F). For analysis of expression of activation markers on microglia, samples were gated on
CD11b-positive CD45 dim cells for microglia. The mean fluorescence intensity was
examined for CD11b, CD45, CD86, CD80 and MHC class I. For none of the analyzed
activation markers a significant difference between RFX4 v3 +/- deficient mice and
control mice was observed.

Loss of RFX4_v3 in astrocytes thus leads to an increase of microglia in the corpus
callosum, but does not significantly alter the expression of activation markers on

microglia during demyelination compared to wild type.
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3.2.2.1.5 Higher numbers of proliferating cells are present in the corpus callosum of
RFX4 v3 mutants
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Figure 17: Elevated numbers of proliferating cells in the corpora callosa of RFX4-deficient
animals.

(A) IHC for Ki-67 in wild type and RFX4_v3 conditional knockout mice brain sections after cuprizone
treatment (B) Quantification of Ki-67 positive cells in the medial and lateral corpus callosum of

indicated mice after cuprizone treatment (***p<0.001 Kruskal-Wallis test with Dunn’s post test). Data
are presented as mean + SEM. Scale bar = 200 pum.

To explain the increased microglia numbers in the demyelinated area | considered
whether higher numbers of proliferating cells are detectable in the corpus callosum of
RFX4_v3 deficient mice. Therefore IHC for Ki-67 was performed from wild type and
RFX4_v3 conditional knockout mice to assess numbers of proliferating cells (Figure 17
A).

Significantly higher numbers of Ki-67 positive cells could be detected in the medial
part of RFX4_v3 +/- animals compared to control animals (score medial 459 + 70 vs. 65 +
23 Ki-67 positive cells per mm?, ***p<0,001) (Figure 17 B).
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3.2.2.1.6 Reduced numbers of oligodendrocytes in the corpus callosum of RFX4_v3

deficient mice after cuprizone exposure
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Figure 18: Reduced numbers of oligodendrocytes in the corpus callosum of RFX4_v3 deficient
mice after cuprizone exposure.

(A) Immunostaining using the oligodendrocyte marker anti-Olig2 of brain sections from RFX4 deficient
animals and wild type animals. Representative images are shown. (B) Quantification of Olig2 staining
in corpus callosum medial of indicated mice (**p<0.01, unpaired t test). Data are presented as mean +
SEM. Scale bar =100 pum

To assess the total number of oligodendrocytes after week 4 of cuprizone treatment |
stained sections from RFX4_v3 +/+ and RFX4_v3 +/- mice with an antibody against
Olig2, a marker for oligodendrocyte precursor cells (OPCs) and mature oligodendrocytes
(Figure 18). RFX4_v3 +/- mice showed significantly lower numbers of oligodendrocytes in
the medial part of the corpus callosum after week 4 of cuprizone treatment (medial score
RFX4_v3 +/- 540 + 40 vs. RFX4_v3 +/+ 903 + 98 Olig2 positive cells per mm?, *p<0.05).
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3.2.2.2 RFX4 _v3 conditional knockout mice show delayed remyelination

In the cuprizone mouse model the removal of cuprizone from the diet permits rapid
remyelination which is almost complete after 4 weeks.

To analyze their potential for remyelination 7 to 8 week old wild type and GFAP cell
specific conditional RFX4_v3 knockout mice were treated for 4 weeks with a 0.25%
cuprizone diet to induce demyelination. For the induction of remyelination, cuprizone
infused chow was removed and animals were fed with a normal diet for either 7 days or
14 days.
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3.2.2.2.1 RFX4 v3 conditional knockout mice remain demyelinated after induction of

remyelination for 1 week
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Figure 19: RFX4_v3 conditional knockout mice remain demyelinated after induction of

remyelination for 1 week.
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(A) Schematic representation of experimental layout. RFX4 v3 +/+, RFX4 v3 +/- and RFX4 v3 -/-
mice were treated for 4 weeks with a 0.25% cuprizone diet followed by one week of a cuprizone-free
diet. (B) LFB-PAS staining of representative sections from RFX4_v3 +/+, RFX4_v3 +/- and RFX4_v3
-/- mice. (C-D) Quantification of demyelination by scoring LFB-PAS staining in (C) corpus callosum
medial and (D) corpus callosum lateral. Score of O represents complete remyelination and score of 3
represents complete demyelination (* p<0.05, ** p<0.01, one way ANOVA with Bonferroni post test;

Kruskal-Wallis test with Dunn’s post test). Data are presented as mean + SEM. Scale bar = 500 pm
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Figure 20: RFX4_v3 conditional knockout mice remain demyelinated after induction of
remyelination for 1 week.

Brain sections from RFX4_v3 +/+, RFX4_v3 +/- and RFX4_v3 -/- mice were stained for myelin proteins
MBP and CNPase. Extent of remyelination was quantified scoring (A-B) MBP and (C-D) CNPase
signal intensity in corpus callosum medial (A,C) and corpus callosum lateral (B,D) (* p<0.05, **
p<0.01, Kruskal-Wallis test with Dunn’s post test). Score of 0 represents complete remyelination and

score of 3 represents complete demyelination. Data are presented as mean + SEM.

Remyelination was first analyzed 1 week after cuprizone withdrawal. Sections from
RFX4 _v3 +/+, RFX4 _v3 +/- and RFX4 v3 -/- mice were examined and scored for
remyelination by LFB-PAS staining (Figure 19). A score of 0 represents complete
remyelination and score of 3 represents complete demyelination. RFX4_v3 deficient

animals remained demyelinated after 1 week cuprizone withdrawal. The corpus callosum
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of RFX4_v3 deficient mice was still demyelinated, whereas the myelin of control mice
appeared to be remyelinated after 1 week cuprizone cessation (Figure 19 B). Quantitative
analysis of the medial and lateral part of the corpus callosum revealed a significantly
lower level of remyelination in RFX4_v3 conditional knockout animals compared to
control mice (medial score RFX4_v3 -/-: 2.8 £ 0.2; RFX4_v3 +/-: 2.4 £ 0.3 vs. RFX4_v3
+/+: 0.7 £ 0.2; *p<0.05 **p<0.01) (lateral score RFX4_v3 -/-: 2.1 + 0.4; RFX4_v3 +/-: 1.4
0.3 vs. RFX4_v3 +/+: 0.7 £ 0.2; *p<0.05 **p<0.01) (Figure 19 C/D).

These results were confirmed by analyzing the content of myelin proteins in the corpus
callosum of control mice and RFX4_v3 deficient animals. The extent of remyelination was
evaluated by scoring sections from RFX4_v3 +/+, RFX4_v3 +/- and RFX4_v3 -/- mice
immunostained for myelin proteins MBP and CNPase. Myelin protein MBP was still
significantly reduced in RFX4 deficient animals compared to wild type animals (medial
score RFX4 v3 -/- 1.9+ 0.3; RFX4_v3 +/- 1.4 £ 0.2 vs. RFX4_v3 +/+ 0.75 £ 0.2, *p<0.05,
**p<0.01) (lateral score RFX4_v3 -/- 2 £ 0.3 vs. RFX4_v3 +/+ 0.7 = 0.2, *p<0.05) (Figure
20 A, B). However no significant difference between wild type and RFX4_v3 conditional
knockout animals was observed for the myelin protein CNPase (p>0.05) (Figure 20 C, D),

indicating that the process of remyelination was active also in RFX4_v3 deficient mice.
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3.2.2.2.2 Microglia accumulation in the corpus callosum of RFX4 v3 conditional

knockout animals is still increased after 1 week cuprizone withdrawal
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Figure 21: Microglia accumulation in RFX4_v3 conditional knockout animals is still increased
after 7 days cuprizone withdrawal.

(A) Mac3 IHC of brain sections from RFX4_v3 +/+, RFX4_v3 +/- and RFX4_v3 -/- mice 1 week after
cuprizone cessation. Representative sections are shown. (B-C) Quantification of Mac3 IHC in medial
(B) and lateral (C) corpora callosa of the different genotypes after 4 weeks of cuprizone intoxification.
A score of 0 represents the presence of few microglia/macrophages with low immune reactivity and

score of 3 represents high density of microglia/macrophages with high immune reactivity in the corpus



Results

callosum (* p<0,05, ** p<0,01, *** p<0,001, Kruskal-Wallis test with Dunn’s post test). Data are

presented as mean + SEM. Scale bar = 500 um

With the onset of remyelination after removal of cuprizone from the diet Mac3-positive
microglia cells usually begin to decrease in the corpus callosum.

| thus analyzed microglia/ macrophage accumulation during remyelination by anti-
Mac3 IHC of sections from RFX4_v3 +/+, RFX4_v3 +/- and RFX4_v3 -/- mice after one
week of cuprizone cessation. As predicted, cuprizone removal led to a reduction of
microglia/macrophage accumulation in wild type animals whereas RFX4_v3 deficient
animals retained a high infiltration rate of microglia/macrophage cells. Quantitative
analysis revealed a significant difference in the medial part of the corpus callosum for
both RFX4_v3 +/- and RFX4_v3 -/- versus control mice (medial score RFX4_v3 -/-: 2.9 +
0.1; RFX4_v3 +/-: 2.1 £ 0.3 vs. RFX4_v3 +/+: 0.7 £ 0.3, **p<0.01, *p<0.05) (Figure 21 B).
In the lateral part of the corpus callosum a significant difference was only observed
between RFX4_v3 -/- mice and wild type mice (lateral score RFX4 _v3 -/-: 2.3 + 0.4 vs.
RFX4_v3 +/+: 0.2 £ 0.1, ***p<0.001) (Figure 21 C).
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Results

Loss of RFX4 v3 in astrocytes restricts oligodendrocyte differentiation

without changing numbers of oligodendrocyte precursor cells
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Figure 22: Loss of RFX4_v3in astrocytes restricts oligodendrocyte differentiation without

changing numbers of oligodendrocyte precursor cells.

(A) Immunostaining using the oligodendrocyte marker anti-Olig2 of brain sections from RFX4 deficient

animals and wild type animals. Representative images are shown. (C) Quantification of Olig2 IHC in

corpus callosum medial. (B) Immunostaining using the mature oligodendrocyte marker anti-p25 of

brain sections from RFX4 deficient animals and wild type animals. Representative images are shown.

(D) Quantification of p25 IHC in corpus callosum medial of indicated mice (* p<0.05, ** p<0.01, one

way ANOVA with Bonferroni post test). Data are presented as mean + SEM. Scale bar = 100 um
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The process of remyelination depends on the presence of OPCs which differentiate to
mature oligodendrocytes to produce the myelin sheath around the axon.

| analyzed oligodendrocyte differentiation during remyelination, by immunostaining for
Olig2, a marker for oligodendrocytes, and for p25, a marker for mature oligodendrocytes.
Although a slight decrease in numbers of oligodendrocytes in the medial part was
observed, loss of astrocytic RFX4 _v3 had no significant effect on numbers of Olig2
positive oligodendrocytes (Figure 22 A, C).

However, mature oligodendrocytes were significantly reduced in the medial part of the
corpus callosum during the process of remyelination as revealed by p25 IHC (medial
score RFX4_v3 -/- 176 +/- 49; RFX4_v3 +/- 414 + 131 vs. RFX4_v3 +/+ 956 + 148 p25
positive cells per mm?, **p<0.01, *p<0.05) (Figure 22 B, D).

Thus, the majority Olig2 positive cells in RFX4_v3 deficient mice represented most
likely OPCs and not mature oligodendrocytes. This indicates that RFX4_v3 deletion does
not change proliferation of OPCs, but impedes differentiation of OPCs into mature

oligodendrocytes.
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3.2.2.2.4 RFX4 v3 conditional knockout mice show delayed remyelination of the

corpus callosum compared to wild type mice
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Figure 23: RFX4_v3 conditional knockout mice remyelinate in the corpus callosum with a delay
compared to wild type mice.

(A) Schematic representation of the experimental design. RFX4_v3 +/+ and RFX4_v3 +/- were treated
for 4 weeks with a 0.25% cuprizone diet followed by 2 weeks of a cuprizone-free diet. (B) LFB-PAS
staining of representative sections from RFX4 v3 +/+ and RFX4 v3 +/- mice. (C) Quantification of
demyelination by scoring LFB-PAS staining in corpus callosum medial and lateral. Score of 0
represents complete remyelination and score of 3 represents complete demyelination (** p<0.01, one
way ANOVA with Bonferroni post test). Data are presented as mean + SEM. Scale bar = 500 um

To resolve whether RFX4_v3 deficient mice remain demyelinated in the corpus callosum,
remyelination was analyzed after 2 weeks of cuprizone withdrawal. Sections from
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RFX4_v3 +/+, RFX4_v3 +/- were examined and scored for remyelination by LFB-PAS
staining. LFB-PAS staining revealed intact myelin in RFX4_v3 deficient animals after 14
days of cuprizone withdrawal. Quantitative analysis of the medial and lateral part of the
corpus callosum revealed a significantly lower level of remyelination in RFX4_v3
conditional knockout animals in the medial part compared to control mice (medial score
RFX4_v3 +/-: 1.7 + 0.2 vs. RFX4_v3 +/+: 0.9 + 0.13; **p<0.01) (Figure 23 C). In the

lateral part of corpus callosum no difference was observed

3.2.2.2.5 Numbers of Mac3 positive stained microglia are comparable in the corpus
callosum of RFX4_v3 mutants and wild type animals 2 weeks after

cuprizone cessation
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Figure 24: Numbers of Mac3 positive microglia are comparable in the corpus callosum of
RFX4_v3 mutants and wild type animals 2 weeks after of cuprizone cessation.

(A) Mac3 IHC of brain sections from RFX4_v3 +/+ and RFX4 v3 +/- mice 2 weeks after cuprizone
cessation. Representative sections are shown. (B) Quantification of Mac3 IHC in the corpus callosum
medial and lateral of indicated mice 2 weeks after cuprizone withdrawal (p>0.05, Kruskal-Wallis test

with Dunn’s post test) (B). Data are presented as mean + SEM. Scale bar = 500 pm
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Microglia accumulation after 2 weeks of remyelination was analyzed by Mac3 IHC of
brain sections of RFX4_v3 +/+, RFX4_v3 +/- mice. 2 weeks of cuprizone cessation
reduced the amount of microglia accumulation in wild type animals and RFX4_v3
deficient mice (Figure 24 A). Quantitative analysis revealed no significant difference

between RFX4_v3 deficient mice and wild type mice (Figure 24 B).

3.2.2.3 Effects of astrocytic RFX4_v3 inhibition are present after 2 weeks of
cuprizone challenge

In order to better understand the cuprizone induced pathology in RFX4_v3 deficient
mice | performed a time course experiment to study the course of demyelination based
on LFB-PAS histochemistry, of astrogliosis based on GFAP IHC and of microglia
activation based on Mac3 IHC. Therefore 7 to 8 week old GFAP cell-specific RFX4_v3
conditional knockout mice without hydrocephalus and control mice (C57BI/6) were treated

with a 0.25% cuprizone diet for 1, 2, 3, and 4 weeks.
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3.2.2.3.1 RFX4 v3deficiency markedly accelerates demyelination in vivo
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Figure 25: RFX4_v3 deficiency accelerates demyelination in vivo.

(A) Schematic representation of experimental layout. Time course analysis of demyelination was
performed after 1, 2 or 3 weeks of cuprizone ingestion. (B) LFB-PAS histochemistry of representative
sections from RFX4_v3 +/+ and RFX4_v3 +/- mice after indicated weeks of cuprizone treatment. (C-D)
Quantification of demyelination by scoring LFB-PAS in corpus callosum medial and lateral after (C) 2
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weeks and (D) 3 weeks of cuprizone ingestion. Score of 0 represents complete myelination and score
of 3 represents complete demyelination (*p<0,05, Mann Whitney test). Data are presented as mean +
SEM. Scale bar = 500 um.

A time course experiment was performed to analyze demyelination after 1, 2 and 3 weeks
of cuprizone ingestion (Figure 25 A). The extent of demyelination in sections from
RFX4_v3 +/+, RFX4_v3 +/- mice was examined by scoring the extent of demyelination
based on LFB-PAS staining. After 1 week of cuprizone treatment the myelin in both
RFX4_v3 deficient mice and control mice appeared to be intact (Figure 25 B). First signs
of demyelination were observed after 2 weeks of cuprizone ingestion with a higher score
of demyelination in RFX4 deficient mice compared to wild type mice. The difference was
more prominent after week 3 with a significant difference in the lateral part of the corpus
callosum (score lateral RFX4_v3 +/- 1.5 £ 0.3 vs. RFX4_v3 +/+ 0.3 £ 0.3, *p<0.05).
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3.2.2.3.2 Astrocyte specific RFX4_v3 deficiency has no influence on the density of

activated GFAP positive astrocytes in the corpus callosum.

A Cuprizone

|
1
week 0 1 2 3 4

B

RFX4 V3 +/+ RFX4 V3 +/-
e >> . Yo 1000~
E e o -,
o % s " S
<( w —-——a = = NE 800+ L
W S L P A I o @ =
9 = - o g = 600+ ﬁ—.. % ﬁ.-
ok " < 4, 400- [ R
Gl M . 2
O = > - o (0 200+
g o o et T4
i, - 2 0.
b . ' ‘ REX4_v3 +/+ RFX4_v3+- RFX4_v3 -
- o —— w LY
3 S Lot e 1000-
! : % = - - = .
%. i o : i = '“E 800- (1] w
oy e SR
el o s ; 3 i ==
N~ iR . = - B .t
- N o ~ o o 4& 400+
o 5 -
S : g -
g A 5 e &
(S o p oy - o TURFX4v3 ++  RFX4 ¥3 4
and N P S S5
: b il et . ey | ~ . . o 1500
V e T i
- - EE S gty & = - o
rd e e R L P E
L | S e~ e Sy SO = 5% Es
(.D —r_ —— S _“.\._-‘w -ﬂ’ J = s - E
s Gt AP 2 , 2 T
2""-.—\‘ w OB -;r - f" ~ N T NLJT'.L. 500 ]
o> ~ e Sl R e oot <t 007
o= e - B g ' R S
S gt FUNES SOty g e ©
>E—= %t e W ol T
e g ' Y | Zaiay. — LI ‘i__:_!__ RFX4.v3 +/+ RFX4.v3 +/-
AN s . PR O P LW * Viing,
i \__'" - (_' w5 “l j i‘ e 4 Lo - 1600+ L
o T - RTE i X 3 AL L - +
% 'ﬁ}/::ﬁ N g0 . S 5 .NE -
L g i M. o o ) % E %y .
O = N e e e = - Wy . 10004 IEs -
R T F i PN SSees 3 o T
< : ~ = ST X 3 ® H L
— & . N - +
¥ P e B T & 5004
[} - L TR 2 <
g I T e YRR RS SNy B
LN -~ % m T " e - : -\
ya ‘- "\.-._ iy - ’.'. - : ) ” e -3 o~ .' w T T 3 T 3
Yo ot o e 0 S R RFX4_v3+/+ RFX4_v3+- RFX4_v3 -

Figure 26: Astrocyte-specific RFX4_v3 deficiency has no influence on the density of activated
GFAP-positive astrocytes in the corpus callosum.

(A) Schematic representation of experimental layout. Time course analysis of astrocyte proliferation
after 1, 2, 3 or 4 weeks of cuprizone ingestion. (B) Left panels: Representative brain sections of the
medial corpus callosum of wild type and RFX4_v3 conditional knockout animals were stained for
GFAP after 1-4 weeks of cuprizone treatment. Right panels: Quantification of GFAP positive cells
(p>0.05, one way ANOVA with Bonferroni post test (week 1), Kruskal-Wallis test with Dunn’s post test

(week 4), Mann Whitney test (weeks 2 and 3). Data are presented as mean + SEM. Scale bar = 50 ym
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It was reported that cuprizone intoxication leads to hyperplasia and an increase in
numbers of astroglia, which starts from the second to third week and is most pronounced
in the fourth week of cuprizone treatment (Hiremath et al., 1998). Hence | asked whether
similar results can be obtained in response to RFX4_v3 inhibition in astrocytes.

Therefore a time course experiment was performed to evaluate the density of GFAP
positive astrocytes in the corpus callosum of wild type and RFX4 deficient mice after 1, 2,
3 and 4 weeks of cuprizone diet (Figure 26 A). GFAP immunohistochemistry was used to
assess the number of activated astrocytes in brain sections from wild type and RFX4_v3
conditional knockout animals. The densities of activated GFAP positive astrocytes in the
corpus callosum were comparable in RFX4 conditional knockout and wild type animals at
all time points (Figure 26 B). In addition the morphology of astrocytes was comparable
until week 3. RFX4_v3 conditional knockout mice showed a slight change in the
morphology of the astrocytes after week 4. The astrocytes appeared to be less dense
compared to wild type animals, presumably due to the high cellularity in the corpus
callosum of RFX4 +/- animals compared to wild type animals, which may leads to a

displacement of the astrocytes (Figure 26 B).



3.2.2.3.3 Astrocyte specific RFX4_v3 deletion
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Figure 27: Astrocyte-specific RFX4_v3 deletion leads to accelerated microglia infiltration into

the corpus callosum.

(A) Schematic representation of experimental layout. Time course analysis of Mac3-positive
phagocytes in the corpus callosum of wild type and RFX4 deficient mice after 1, 2 or 3 weeks of
cuprizone diet. (B) Left panels: Mac3 immunostaining of brain sections at given time points after
cuprizone treatment. Representative sections are shown. Right panels: Quantification of Mac3-positive
cells for each week respectively (**p<0.01, unpaired t test (B, week 2), *p<0.05, Mann Whitney test (B,
week 3), p>0,05, one way ANOVA with Bonferroni post test (B, week 1)). Data are presented as mean
+ SEM. Scale bar = 50 um.

the

microglia/macrophage after four weeks of cuprizone challenge, | was interested to study

Due to the considerably enhanced infiltration of corpus callosum by
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the course of microglia activation during the process of demyelination in RFX4_v3
deficient mice compared to control mice.

Therefore a time course experiment was set up to evaluate the density of Mac3
positive microglia in the corpus callosum of wild type and RFX4 deficient mice 1, 2, and 3
weeks after cuprizone ingestion (Figure 27 A). The number of activated phagocytes was
assessed by immunostaining sections from wild type and RFX4_v3 conditional knockout
animals for Mac3. The numbers of Mac3 positive stained microglia/ macrophages were
comparable after 1 week of treatment between wild type and RFX4_v3 conditional
knockout mice. However, RFX4_v3 deletion led to a faster phagocyte infiltration into the
corpus callosum after 2 and 3 weeks with significantly higher numbers of Mac3 positive
stained phagocytes in the corpus callosum (week 2 RFX4_v3 +/-: 605 = 60 vs. RFX4_v3
+/+: 336 + 21 positive Mac3 stained cells per mm?, **p<0.01), (week 3 RFX4_v3 +/-: 1717
+ 176 vs. RFX4_v3 +/+: 926 + 42 positive Mac3 stained cells per mm?, *p<0.05).

The morphology of microglia cells in RFX4_v3 deficient mice and control mice was
comparable at all time points. In the first and second week the microglia cells appeared
to be ramified, while in week 3 the microglia cells appeared to be larger and obtained an

amoeboid morphology.

3.2.2.4 Deletion of RFX4 v3 in astrocytes increases oligodendrocyte
apoptosis and increased mRNA levels of cytokine and chemokines in
the corpus callosum

The time course experiment demonstrated that the first differences in demyelination
and microgliosis appear after two weeks of cuprizone challenge in RFX4_v3 deficient
mice compared to wild type mice. | concluded that significant differences may take place
as early as after 1 week of cuprizone diet in RFX4_v3 deficient mice compared to wild
type mice.

Accordingly | decided to treat RFX4_v3 deficient mice for one 1 week with a 0.25%
cuprizone diet and further investigated oligodendroglial apoptosis, which is typically
observed at this time point (Figure 28). Furthermore | measured chemokine and cytokine
MRNA levels in the corpus callosum of RFX4 v3 deficient mice, which contribute to
microglia recruitment and oligodendrocyte toxicity in the cuprizone mouse model (Figure
29).
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3.2.2.4.1 Increased oligodendroglial apoptosis under loss of RFX4_v3in astrocytes
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Figure 28: Increased oligodendroglial apoptosis in RFX4_v3 deficient mice.

(A) Experimental layout. RFX4 v3 +/+, RFX4 v3 +/- and RFX4_v3 -/- mice were treated for one week
with 0.25% cuprizone diet. (B) Apoptotic cells were stained with caspase 3 using brain sections of
indicated mice. Representative images are shown. (C) Quantification of caspase 3-positive cells in
corpora callosa of indicated mice (* p<0,05, ** p<0,01 one way ANOVA with Bonferroni post test).

Data are presented as mean = SEM. Scale bars =50 um

Evaluation of apoptotic cells took place after one week of 0.25% cuprizone treatment.
Sections of RFX4_v3 +/+, RFX4_v3 +/- and RFX4_v3 -/- mice were stained for caspase
3, a marker for cells undergoing apoptosis.

Compared to wild type animals, RFX4 deficient mice show more apoptotic cells in the
corpus callosum (Figure 28). Quantitative analysis revealed a significant difference of
RFX4_v3 deficient mice compared to wild type mice (RFX4_v3 +/- 140 + 11 RFX4_v3 -/-
134 + 10 vs. RFX4_v3 +/+ 92 + 6 positive caspase 3 stained cells per mm?, * p<0.01
**p<0.01).



3.2.24.2

inflammatory cytokines and chemokines in

treatment in the corpus callosum
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Inhibition of astrocytic RFX4_v3 substantially increases transcripts for pro-
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Figure 29: Loss of RFX4_v3increases the pro-inflammatory response in the corpus callosum.
Transcript levels were measured using quantitative real-time PCR for (A) RFX4,(B) GFAP and (C)

cytokines/ chemokines in RNA isolated from freshly prepared corpus callosum of untreated and
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cuprizone treated RFX4_v3 +/+ and RFX4_v3 -/- mice. One representative experiment is shown. For
each gene the mean of each group is indicated. RFX4: ** p<0,01, Kruskal-Wallis test with Dunn’s post
test. GFAP: p>0,05, one way ANOVA with Bonferroni post test. CXCL10: ** p<0.01, *** p<0.001, IL-
1B: ** p<0.01, *** p<0.001, CCL2: * p<0.05, *** p<0.001, TNF-a: ** p<0.01, *** p<0.001, CCL3: **
p<0.01, *** p<0.001, CXCL12: *** p<0.001, one way ANOVA with Bonferroni post test.

To measure transcript levels after 1 week of cuprizone intoxication quantitative real-
time PCR was used. The transcript levels of RFX4 (Figure 29 A), GFAP (Figure 29 B)
and cytokines/ chemokines (Figure 29 C) from samples isolated from freshly prepared
corpus callosum of untreated and cuprizone treated RFX4_v3 +/+, and RFX4_v3 -/- mice
were measured (Figure 29).

Cuprizone treatment itself had no significant influence on mRNA levels of RFX4 and
GFAP after 1 week of cuprizone challenge. However there is a significant difference in
RFX4 mRNA levels between wild type and RFX4_v3 -/- under similar mRNA levels of
GFAP in the corpus callosum (Figure 29 A, B). RFX4 transcript levels of RFX4 v3 -/-
mice were decreased about 4-fold (**p<0.01) compared to wild type animals (Figure 29
A).

Cuprizone treatment itself had an impact on measured cytokine and chemokine levels
(Figure 29 C). Transcript level of CCL2 was significantly increased (about 40-fold
*p<0.05), whereas transcript levels of CXCL12 (about 3-fold ***p<0.001) were
significantly decreased (Figure 29 C). Transcript levels of CXCL10 (about 27 fold, p>
0.05) and CCL3 (about 3 fold, p> 0.05) increased, but not significantly (Figure 29 C).

RFX4_v3 deficiency in astrocytes significantly enhanced transcript levels of all
measured cytokines and chemokines, except CXCL12, after 1 week cuprizone challenge
(Figure 29 C). The mRNA levels of CCL2 were significantly increased at about 2-fold for
RFX4_v3 -/- mice (*p<0.05) compared to wild type. Transcript levels of IL-1B were
significantly increased at about 4-fold for RFX4_v3 -/- mice (**p<0.01) compared to wild
type. CXCL10 mRNA levels were significantly increased at approximately 3-fold for
RFX4 _v3 -/- mice (**p<0.01) compared to wild type. The transcript levels of TNF-a were
significantly increased at approximately 3-fold for RFX4_v3 -/- mice (**p<0.01), compared
to wild type. The same was measured for CCL3 with significant increased mRNA levels at

approximately 3-fold for RFX4_v3 -/- mice (**p<0.01) compared to wild type mice.



Discussion

4 Discussion

4.1 Part 1. Characterization of the GFAP cell specific RFX4
conditional knockout mice

4.1.1 GFAP specific loss of RFX4 leads to congenital hydrocephalus

Hydrocephalus is characterized by an abnormal accumulation of CSF in the brain. CSF is
produced and secreted by the epithelial cells of the choroid plexus (Ortloff et al., 2013). It
circulates through the ventricular system from the lateral to the third ventricle and then
via the cerebral aqueduct into the fourth ventricle. From the fourth ventricle the CSF flows
via the median aperture of Magendie and the lateral apertures of Luschka into the
subarachnoid space before being drained into the venous circulation. Hydrocephalus can
be caused by overproduction of CSF, a failure to drain the CSF at the subarachnoid
space or reduced reabsorption of the CSF (Pérez-Figares et al., 2001; Linninger et al.,
2009). However, it has been reported that the main cause of congenital hydrocephalus is
the obstruction of CSF flow through the narrow Sylvian aqueduct. The Sylvian aqueduct
is located between the third and fourth ventricles (Pérez-Figares et al., 2001; Huh et al.,
2009). It is suggested that genetic factors play a role in the pathogenesis of
hydrocephalus. So far only one gene, the X-linked L1CAM, has been identified in
humans. (Sztriha et al., 2002). This gene is responsible for about 5% of the congenital
cases with genetic cause (Bruni et al., 1988a; Zhang et al., 2006b). The analysis of
genetically modified animal models has led to the identification of more than 15 genes
resulting in hydrocephalus in rodents (Rolf et al., 2001; Blackshear et al., 2003; Baas et
al., 2006; Dietrich et al., 2009; Huh et al., 2009; Benadiba et al., 2012).

In 2003, Blackshear and colleagues described that RFX4_v3 is crucial for early brain
development and that its absence leads to congenital hydrocephalus (Blackshear et al.,
2003). Disruption of both RFX4_v3 alleles leads to severe brain deformation with failure
of dorsal midline formation. All pups homozygous for RFX4_v3 died shortly before or
after birth (Blackshear et al., 2003). RFX4_v3 +/- mice survived, but suffered from
congenital hydrocephalus associated with hypoplasia or absence of the SCO. The fact
that lack of one allele already leads to congenital hydrocephalus was explained by either
autosomal dominance or gene dosage effects (Blackshear et al., 2003; Zhang et al.,
2007).

In this study | demonstrate that GFAP cell specific RFX4 conditional knockout mice
exhibit a very similar phenotype. GFAP cre driven cell specific disruption of RFX4 led to
agenesis of the SCO and congenital hydrocephalus resulting in death in young
adulthood.
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The RFX4 flox/flox strain contains LoxP sites flanking the exon 4 of the RFX4 gene.
RFX4 conditional knockout mice were generated by crossing the RFX4 flox/flox strain
with a GFAP driven Cre transgenic strain, which results in RFX4 gene inactivation by
deletion the exon 4 in vivo. Three variants of RFX4 have been described in mice, which
includes variants 1, 2 and 3. Only RFX4_v2 and RFX4_v3 include the exon 4 in their
sequence. Using transcript specific probes Blackshear and colleagues determined, that
RFX4_v2 as well as RFX4_vl are expressed in the testis, but they could not observe
hybridization for either variant in the fetal and adult brain (Blackshear et al., 2003).
However, RFX4_v3 has been identified in the fetal and adult brain and was not found in
the testis (Blackshear et al.,, 2003; Matsushita et al., 2005). Therefore and due to the
phenotype of the GFAP cell specific RFX4 conditional knockout mice | conclude that
RFX4 variant 3 is deleted in our strain. In the following parts of my thesis the GFAP cell
specific RFX4 conditional knockout mice are therefore termed GFAP cell specific
RFX4_v3 conditional knockout mice.

The mortality rate at an age of 6 weeks was about 20% for heterozygous RFX4 v3
conditional knockout mice, while homozygous RFX4 _v3 conditional knockout mice died
at a rate of about 50% at the same age. This implies that the phenotype of RFX4 v3
conditional knockout mice is also due to either autosomal dominance or more likely to
gene dosage effects. This was further confirmed by the fact that RFX4_v3 +/- conditional
mice had a moderate to marked hydrocephalus, whereas the majority of the homozygous
animals analyzed showed a marked to severe hydrocephalus. In newborn transgenic
mice hydrocephalus was already present at birth, indicating that the hydrocephalus is
congenital. This suggested a blockage in the aqueduct of Sylvius that has also been

reported for RFX4_v3 transgenic animals (Blackshear et al., 2003).

4.1.2 Hydrocephalus in RFX4_v3 conditional knockout mice is caused by
SCO hypoplasia

As mentioned above the primary cause of congenital hydrocephalus is stenosis or
narrowing of the Sylvian aqueduct (Perez Figares, 2001). The etiopathogenesis of
aqueductal stenosis is not well understood, but it has been reported that maldevelopment
and resulting dysfunction of the SCO is involved in the genesis of aqueductal stenosis
(Vio et al., 2000). The SCO also known as Reissners fiber complex is a small brain gland
of the circumventricular system (Vio et al, 2000). The SCO is built by secretory
ependymal cells, which secrete glycoproteins into the ventricles, where they aggregate
and form the so called Reissner fiber. These aggregates grow at a constant rate and

extend along the aqueduct, fourth ventricle and central canal of the spinal cord (Vio et al.,
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2000). The secretion of glycoproteins into the rostral end of the cerebral aqueduct may
prevent the closure of the cerebral aqueduct. This would hinder stenosis of the aqueduct
and prevent hydrocephalus formation (Vio et al, 2000). A direct prove for this theory was
given by the fact that immunizing pregnant rat with RF glycoproteins induced SCO
defects, stenosis and hydrocephalus (Sara Rodriguez et al, 1999).

RFX4 variant 3 is described to play an important role for the development of the SCO
(Blackshear et al., 2003). Hypoplasia or absence of the SCO in RFX4_v3 +/- mice was
described as the main cause for the hydrocephalus (Blackshear et al., 2003).

In our study, the SCO was present in all analyzed RFX4_v3 conditional knockout
animals. However, all symptomatic mice exhibited SCO hypoplasia. RFX4_v3
conditionally deficient mice showed a reduced number of SCO ependymocytes. The
remaining cells were flattened, unstructured and their apical borders no longer extended
into the lateral ventricle. Thus the specialized ependymocytes of the SCO were either
absent or inappropriately differentiated in RFX4_v3 conditional knockout mice.

Moreover, residual ependymal cells of the SCO showed reduced immunoreactivity or
were not immunoreactive with anti-Reissner’'s fiber serum (AFRU), implicating a
dysfunctional glycoprotein secretion.

This observation is consistent with the findings of Blackshear and colleagues and
supports the hypothesis that hydrocephalus in conditional knockout animals is caused by

maldevelopment of the SCO.

The SCO originates from neuroepithelial cells that line the lumen of the dorsocaudal
aspect of the diencephalon. These epithelial precursors of the SCO differentiate to
specialized secretory ependymocytes in response to the induction of Wnt and Bmp
signals (Liem et al., 1995; Liem et al., 1997). Blackshear and colleagues showed by in
situ hybridization that RFX4_v3 is expressed in early development. From E12.5 to birth,
levels of RFX4_v3 mRNA were detected in the neuroepithelium and the ependyma of the
neural tube. In addition from E14.5 to birth RFX4_v3 transcripts were found in the
ependymocytes of the developing SCO (Blackshear et al., 2003).

In our conditional knockout mice, RFX4 v3 is deleted under control of the GFAP
promoter. GFAP is the major intermediate filament protein of mature astrocytes. Sousa
and colleagues described that the expression of GFAP is regulated under developmental
and pathological conditions (Sousa, Vivian de Oliveira et al., 2004). GFAP is also
expressed in neural progenitors like the neuroepithelium during embryogenesis and in
nearly all adult neural stem cells (Garcia, A Denise R et al., 2004). It has been reported
that in adult rat and mouse, the circumventricular organs are rich in GFAP positive cells

(Bennett et al., 2009). Moreover an immunohistochemical study of rat SCO-
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ependymocytes illustrates that these cells express GFAP from E19 until P3 (Chouaf et
al., 1991). For adult RFX4_v3 conditional knockout mice it can be assumed that RFX4_v3
will be absent in astrocytes and neural stem cells. During embryogenesis RFX4_v3 will
be deleted in neural progenitors including the neuroepithelium (Goldman, 2003; Garcia, A
Denise R et al., 2004), suggesting that deletion of RFX4_v3 in conditional and transgenic
mice which leads to interruption of RFX4_v3 is in many aspects congruent during
embryogenesis. This implicates that similar processes in response to the development of

the hydrocephalus occur.

4.1.3 Regulation of developmental factors by RFX4 v3 impairs SCO
formation and function

Maldevelopment of the SCO is associated with a number of genetic mutations
including the Wnt and Bmp signaling pathways. These morphogens influence the
establishment of dorsolateral patterning of the CNS and the development and function of
the SCO and the ventricular ependymal cells (Liem et al., 1995; Liem et al., 1997). A
transcriptional repressor of these pathways is the Msx1 protein. Homozygous Msx1
knockout mice were not able to maintain Wntl and Bmp6 in the dorsal midline of P1 mice
(Bach, 2003). The loss of morphogens reduced the transcript levels of the cell fate
markers paired box 6 and 7 (Pax6/7). As a consequence Msx1l mutants developed a
hydrocephalus and had a dysfunctional SCO together with neuroependymal denudation
(Bach, 2003; Ramos et al., 2004). In addition to that Wntl and Pax6 mutants revealed
similar hydrocephalic or SCO phenotypes (Louvi A and Wassef M, 2000; Estivill-Torrus et
al., 2001). Similarly, 2009 Dietrich and co-workers published that inactivation of
Huntington’s disease gene in Wntl cell lineages display reduced growth, dismorphic SCO
and congenital hydrocephalus as reflected by expansion of the lateral ventricle and loss
of cortical tissue (Dietrich et al., 2009). From these studies, Wnt and Bmp signaling seem
to be important regulatory mechanisms necessary for the correct differentiation of
ependymocytes of the SCO and for preventing the initiation of hydrocephalus formation.
Two members of the RFX family RFX3 and RFX4_v3 are found in the dorsal neural tube
and seem to be crucial for regular SCO development (Blackshear et al., 2003; Baas et
al., 2006). Homozygous RFX4_v3 complete knockout mice were embryonically lethal due
to ruinous midline defects (Blackshear et al., 2003). These defects were accompanied by
down regulation of Msx2 and a loss of Wnt7a and Wnt7b in the cortical hem at E12.5
(Blackshear et al., 2003). Furthermore a microarray of E10.5 heads of RFX4_v3 -/- mice
identified components of Wnt and Bmp signaling as potential targets for RFX4_v3
(Blackshear et al., 2003; Zhang et al., 2006a).
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Because the Wnt and Bmp signaling pathways play an important role in early and late
stages of brain development (Zhang et al., 2007) | investigated these genes in a gPCR
study of PO astrocytes from conditional knockout mice. The study revealed that genes
implicated in Wnt and Bmp signaling pathways are regulated in RFX4_v3 conditional
knockout mice. | was able to show that mRNA levels of Wnt3, Rspondin and Frizzeled10
are reduced at the time of birth as was shown before at E10.5 in RFX4_v3 -/- mice. In
addition to established factors regulated by RFX4 v3, | could show that (3-catenin, an
important regulator of Wnt signaling, is down-regulated at PO. This gene was found to be
crucial for proper midbrain development. Conditional mutation of R-catenin led to
hydrocephalus (Ohtoshi, 2008). Other transcripts quantified like IGF1, vitronectin and
CX3CL1 confirmed and supported our hypothesis that genes in conditional RFX4_v3
knockout animals are similarly modulated as in the complete RFX4_v3 knockout mice.

Although not all genes studied were detectable at PO (i.e. Msx3, Wnt3a) these findings
imply that RFX4_v3 deleted astrocytes regulate early morphogens that are relevant for
dorsal midline structuring including the development of the SCO. Additionally this
supports the idea that hydrocephalus in our RFX4 conditional knockout strain is mainly
caused by SCO agenesis and resulting stenosis of the aqueduct, which is in line with the
work of Blackshear, 2003 and Zhang, 2006.

In summary, our results indicate that astrocytic and ependymal RFX4 v3 is highly
relevant for early brain development and the pathogenesis of congenital hydrocephalus in
rodents.

Congenital hydrocephalus in humans occurs with an incidence of 0.1-0.3% of live
births (Perez Figares et al., 2001). So far, only the gene LLCAM has been linked to
congenital hydrocephalus in humans (Sztriha et al., 2002). Further research is required to
investigate if different expression levels of RFX4_v3 are involved in the pathogenesis of
human congenital hydrocephalus.
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4.2 Part 2: The role of astrocytic RFX4_v3 in demyelination
4.2.1 RFX4 is produced by astrocytes and up-regulated in MS lesions

MS is a chronic demyelinating, inflammatory autoimmune disease, typically affecting
multiple regions within the CNS. MS lesions are characterized by demyelination,
inflammation, axonal loss and gliosis (Briick, 2005; Milo and Kahana, 2010; Lassmann,
2011; Kutzelnigg and Lassmann, 2014). The mechanisms leading to tissue injury in MS
are complex and not fully understood. A specific inflammatory environment,
predominantly consisting of pro- and anti-inflammatory molecules, appears to play a
central role in regulating CNS inflammation and regeneration. On the one hand, active
MS lesions display a mainly pro-inflammatory environment, which probably causes
inflammation-associated demyelination. On the other hand at later stages MS lesions can
exhibit a more anti-inflammatory and protective environment to support remyelination and
neuroregeneration (Kerschensteiner et al., 2003). Different cell types have been
described to secrete cytokines, chemokines and neurotoxins, which contribute to the
inflammatory milieu. These cell types comprise infiltrating peripheral immune cells like
auto-reactive T cells and macrophages as well as CNS-resident cells like microglia and
astrocytes (Nair et al., 2008).

Astrocytes have been deemed to play a secondary role in MS. However, it is now
believed that astrocytes play an active role in MS due to their immunomodulatory
capacity (Williams et al., 2007; Nair et al., 2008). Astrocytes have been shown to
modulate de- and remyelination through the production and secretion of pro- and anti-
inflammatory cytokines and chemokines (Dong and Benveniste, 2001; Nair et al., 2008).
They may promote demyelination by enhancing the immune response by antigen
presentation or secretion of chemotactic molecules (Dong and Benveniste, 2001;
McFarland and Martin, 2007). Conversely, astrocytes also inhibit aspects of immune
response pathways, thereby downmodulating demyelination for example by production of
anti-inflammatory cytokines (Schénrock et al., 2000; Valerio, 2002).

Based on Cahoy and colleagues 2008, Dr. Andreas Junker did a quantitative PCR
study to measure 96 astrocyte-specific genes in MS lesions to determine astrocyte
functions during inflammatory demyelination in MS lesions. This approach revealed RFX4
as a highly up-regulated factor in MS lesions. The work presented here demonstrates that
RFX4 is expressed in various cell types of actively demyelinating MS lesions and chronic
inactive MS lesions. In addition double IHC of RFX4 and GFAP displayed prominent
expression of RFX4 in astrocytes. This confirmed the work of Cahoy and colleagues,
which find RFX4 highly enriched in astrocytes (Cahoy et al., 2008).

In humans four main splice variants of RFX4 have been described, but only variant 3

was detected in brain tissue (Matsushita et al., 2005). Likewise, RT PCR with variant
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specific primers (Matsushita et al., 2005) demonstrated that only the mRNA of RFX4_v3
is present in MS lesions.

RFX4 belongs to the protein family of regulatory factor x (RFX), which share a highly
conserved winged helix DNA binding domain (Morotomi-Yano et al., 2002). Interestingly,
members of the RFX family are known as regulators of immune response (Moreno et al.,
1997) and RFX4_v3 modulates the expression of CX3CL1, a chemokine gene which is
highly expressed in brain and implicated in MS (Zhang et al., 2006a).

Together, these facts raised the possibility that astrocytic RFX4 v3 may act as
regulator of neuroinflammation, thereby influencing de- and remyelination in MS. To
further investigate the role of the astrocytic RFX4_v3 in MS, GFAP cell-specific RFX4_v3
conditional knockout mice were used to study de- and remyelination in the cuprizone

mouse model.

4.2.2 RFX4 v3 expression is important for regulation of myelination and
activation of phagocytes in the cuprizone mouse model

4.2.2.1 Increased demyelination in the corpus callosum of RFX4 v3 deficient
mice after 4 weeks of cuprizone treatment

To investigate the effects of astrocyte specific RFX4_v3 deletion on demyelination,
conditional RFX4_v3 knockout animals and wild type controls were fed with cuprizone for
4 weeks. In this toxic experimental MS model, the copper chelator cuprizone is classically
fed for 4 to 6 weeks, which induces a significant and reproducible demyelination in a
variety of CNS regions, including the corpus callosum (Matsushima and Morell, 2001,
Gudi et al., 2009; Koutsoudaki et al., 2009; Silvestroff et al., 2010, Gudi et al., 2014,
2014). Because of the high mortality rate in the conditional RFX4_v3 -/- knockout mice,
the animals were treated with cuprizone for 4 weeks. Demyelination was subsequently
analyzed in the corpus callosum.

Compared to wild type, RFX4 v3 deficient mice displayed reduced LFB-PAS and
myelin protein staining after 4 weeks of the cuprizone diet. A time course experiment
revealed first signs of demyelination after 2 weeks of cuprizone ingestion with a higher
score of demyelination in RFX4 deficient mice compared to wild type mice. The difference
was even more pronounced after week 3 with a significant difference in the lateral part of
the corpus callosum. Additionally, compared to wild type, RFX4_v3 deficient mice
showed more axonal damage and a reduced total number of oligodendrocytes in the

corpus callosum after 4 weeks of cuprizone treatment.
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4.2.2.2 Remyelination in RFX4_v3 deficient mice is delayed

In the model of cuprizone induced demyelination, acute demyelination is followed by
spontaneous remyelination upon cuprizone withdrawal. Typically, remyelination in wild
type mice is already marked in the 1st and 2nd week after cuprizone withdrawal and is
almost complete after 4 weeks (Lindner et al., 2008; Torkildsen et al., 2008). Mason and
colleagues reported that remyelination already starts during continued cuprizone
ingestion (Mason et al., 2001a). Remyelinated axons are detectable with antibodies
against myelin proteins CNPase and MBP (Matsushima and Morell, 2001; Lindner et al.,
2008; Gudi et al., 2009) and show pale staining with LFB.

In this study cuprizone withdrawal revealed that RFX4_v3 deficient mice failed to
remyelinate in the corpus callosum after week 1 of cuprizone cessation. Very low levels
of remyelination were detected by analyzing LFB-PAS and MBP in mutant mice. However
semiquantitatively, a significant difference between the RFX4_v3 deficient mice and the
control mice was not observed for the myelin protein CNPase. This indicates an active
ongoing remyelination process, which was further confirmed by a similar density of
remyelinated fibers after 14 days in RFX4_v3 deficient and wild type mice. | thus
concluded that remyelination is delayed, but not completely failing in RFX4_v3 deficient
mice.

The process of remyelination includes migration, proliferation and differentiation of
OPCs and a reduction of microglia/macrophages in the demyelinated corpus callosum
(Matsushima and Morell, 2001; Stangel and Hartung, 2002). OPCs start to migrate and
proliferate in week 3-5 during cuprizone exposure, while microglia cells remove myelin
debris in the corpus callosum (Mason et al., 2000). OPC proliferation is followed by
differentiation into mature oligodendrocytes to restore the myelin sheath (Koutsoudaki et
al., 2010).

Immunohistochemical analyses were performed to evaluate OPC proliferation and
differentiation in RFX4 deficient animals during the period of remyelination. Based on
Olig2, a marker for precursor and mature oligodendrocytes, a reduced number of
oligodendrocytes in the corpus callosum of RFX4_v3 deficient mice was observed after 4
weeks of cuprizone treatment. However, no significant difference in the density of Olig2-
positive oligodendrocytes was observed after 7 days of remyelination between RFX4_v3
deficient and wild type mice. Thus, OPC proliferation is occurring in both wild type and
RFX4 deficient mice, with a delayed onset in RFX4_v3 deficient mice, which shows that
the process of regeneration is active and not failing after 7 days of cuprizone withdrawal.
By assessing p25, a marker for mature oligodendrocytes, a significantly lower number of
mature oligodendrocytes was observed in the corpus callosum of RFX4_v3 deficient mice
demonstrating that Olig2-positive cells in RFX4_v3 deficient mice mainly represent OPCs

and not mature oligodendrocytes. The fact that OPC proliferation was delayed and
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remyelination was observed after 14 days of cuprizone withdrawal suggests that OPC
differentiation is delayed and inefficient but not failing after 7 days of cuprizone

withdrawal.

4.2.2.3 Increased phagocyte activation and accumulation during de- and
remyelination

Increased demyelination and delayed remyelination were accompanied by massive
microglia/macrophage accumulation in the corpus callosum of RFX4_v3 deficient mice.
Microglia cells are the resident immune cells of the CNS. In healthy brains, resting
microglia scan the parenchyma for injuries to neurons or macroglia such as
oligodendrocytes or astrocytes (Ajami et al., 2007). CNS injuries induce activation of
microglia cells (Kettenmann et al., 2011). The resting ramified microglia cells take on an
amoeboid-like shape, which is characterized by retracted processes (Aguzzi et al., 2013).
In the mouse cuprizone model microglia cells become activated within week 1 and
significantly increase during week 3 and 4 to clear myelin debris (Hiremath et al., 1998).

The presented work revealed comparable numbers of Mac3-positive microglia for wild
type and RFX4_v3 conditional knockout mice after 1 week of cuprizone treatment.
However, in week 2 to 4 RFX4_v3 deficient mice showed significantly higher numbers of
Mac3-positive phagocytes. This increase in phagocyte accumulation correlated well with
the course of demyelination in RFX4_v3 deficient mice.

When demyelination is complete microglia cells reach a maximal number and then
start to decline gradually (Mason et al., 2004). Therefore, phagocyte numbers were
investigated during the remyelination phase. After 1 week of remyelination a large
number of microglia/macrophages were still present in the corpus callosum of RFX4_v3
deficient mice, while their numbers were significantly reduced in the corpus callosum of
wild type mice. However, 2 weeks after cuprizone cessation the density of microglia cells
in the corpus callosum of RFX4_v3 deficient and wild type mice was comparable. Given
these findings, | propose that the massive infiltration of the corpus callosum by microglia
postpones the process of regeneration. The large excess of phagocytes might require
more time to decline, which in turn leads to a delay in spontaneous remyelination in
RFX4_v3 deficient mice.

These results raised two main questions: What is the reason for the massive
microglia/macrophage accumulation and how does RFX4_v3 deficiency in astrocytes
contribute to this? The second question is whether microglia/macrophage accumulation is
the cause or consequence of increased demyelination and delayed remyelination in
RFX4_v3 deficient mice.
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4.2.3 The blood brain barrier is closed in RFX4_v3 deficient mice.

The first step to answer these questions was to clarify the origin of the Mac3-positive
cells in the corpus callosum of RFX4_v3 deficient mice. Therefore, we investigated the
BBB integrity in RFX4_v3 deficient and control mice, as a leaky BBB could indicate and
result in enhanced infiltration of phagocytes in the corpus callosum. An important function
of astrocytes is maintaining the BBB, which is a selective permeable barrier that
separates the circulating blood from the CNS parenchyma. The structure of the BBB
consists of capillaries built by endothelial cells, a basement membrane and pericytes
which are surrounded by astrocyte end-feet, (Ballabh et al., 2004). As astrocytes are
involved in formation of the BBB, we questioned the BBB integrity in mice with astrocytic
RFX4_v3 deficiency.

Based on IHC for fibrinogen and CD3 we concluded that the BBB is intact in RFX4_v3
deficient mice during cuprizone-induced demyelination. A positive IHC for the
glycoprotein fibrinogen and CD3, a marker for lymphocytes, was not observed, which
would indicate BBB disruption.

Previous publications showed that the BBB is closed in the cuprizone mouse model
(Kondo et al., 1987; Baker et al., 1991; McMahon et al., 2002). Peripheral monocytes
were only present in the brains of cuprizone treated mice when the brain was
preconditioned, for example through irradiation (Mildner et al., 2007; Remington et al.,
2007). Hence, increased numbers of activated microglia in the brain of cuprizone treated
mice originate from local recruitment and proliferation of microglia and not from
recruitment of monocytes from the blood. Therefore, the cuprizone model is suitable to
study de- and remyelination without a significant influence of the peripheral immune
system.

In line with these data, the results of the present work indicate that Mac3-positive cells
in RFX4_v3 deficient mice most likely represent microglia and not blood-borne
macrophages. This further supports the hypothesis that RFX4_v3 deficiency leads to an

increased recruitment, activation and proliferation of microglia.

4.2.4 RFX4 v3 deficiency causes microglial cell proliferation without
stimulation of microglial activation markers

To further characterize microglia cells of RFX4 deficient mice the cells were analyzed
by flow cytometry.

Flow cytometry experiments demonstrated that the CD45-low and CD11b-positive cell
population was the most abundant cell population in RFX4 deficient mice. In addition this
population increased in absolute numbers after 4 weeks of cuprizone treatment, which

was in agreement with elevated numbers of proliferating cells in the corpus callosum of
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RFX4_v3 deficient mice. This leads to the assumption that RFX4_v3 deletion in
astrocytes increases recruitment and proliferation of microglia cells.

The data is in line with two previously published studies that reported activation,
proliferation and migration of microglia into the corpus callosum in response to primary
demyelination by cuprizone intoxication. Both studies demonstrated that after 4.5 or 5
weeks of cuprizone intoxication the CD11b-positive and CD45-low population are the
most abundant phagocytes in the demyelinated corpus callosum (Remington et al., 2007;
Voss et al., 2012). The CD11b-positive and CD45-low population identifies parenchymal
microglia. At this time point only 0.5-7% are infiltrating monocytes, which showed high
expression of CD45 (Remington et al., 2007; Voss et al., 2012).

The next question was whether microglia cells of RFX4_v3 deficient mice only
increase in cell number due to recruitment and proliferation or whether they have a more
“activated” phenotype thereby causing more severe demyelination and axonal damage. A
study of Krauthausen and colleagues showed that CXCR3- deficient mice reveal a milder
clinical course accompanied by significantly less microglia activation, which was shown
by reduced expression levels of CD45 and CD11b (Krauthausen et al., 2014).

Based on the activation markers described by Remington and co-workers (Remington
et al., 2007), microglia cells were characterized in the corpus callosum of RFX4 v3
deficient mice and control mice. No significant differences in the expression levels of
CD11b, CD45, CD86, CD80 and MHC class | were observed between RFX4_v3 deficient

mice and control mice.

In summary these data indicate that astrocytic RFX4_v3 deficiency leads to increased
microglia recruitment and proliferation in the corpus callosum in mice exposed to
cuprizone. However, loss of RFX4_v3 does not significantly alter the expression of
activation markers on microglia cells during demyelination. Therefore, enhanced
demyelination and axonal damage cannot be explained by a more activated microglia
phenotype, which could lead to increased phagocytic activity. It is more likely that
increased numbers of microglia cells in the corpus callosum contribute to increased
demyelination and axonal damage. Although it is not clear at this point whether increased
microglia recruitment and proliferation is the cause or consequence of increased

demyelination and axonal damage.

Based on results from previous studies two possible explanations could account for
increased microglia recruitment and proliferation.

First, it was demonstrated that astrocytes regulate microglia recruitment and
proliferation by secretion of chemokines and cytokines (Raasch et al., 2011; Skripuletz et

al., 2013). In addition inhibition of nuclear factor kappa B activation in astrocytes resulted
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in reduced demyelination, reduced expression of pro-inflammatory mediators and a
significantly diminished glial response (Raasch et al., 2011). This led to the hypothesis
that deletion of RFX4_v3 in astrocytes may change the astrocytic phenotype or astrocyte
function, in particular the ability of astrocytes to secrete cytokines and chemokines.
Second, it was described that less demyelination in the corpus callosum is associated
with less oligodendrocyte apoptosis or a limited loss of oligodendrocytes in the corpus
callosum. This results in reduced microglia/ macrophage accumulation (Li et al., 2008;
Raasch et al., 2011). Therefore, | asked the question whether elevated levels of
oligodendrocyte apoptosis contribute to enhanced microglia accumulation in RFX4_v3

deficient mice.

4.2.5 RFX4 v3 loss in astrocytes modulates chemokine and cytokine
transcript levels, thereby attracting phagocytes into the demyelinated
corpus callosum

4.25.1 Astrocyte specific RFX4_v3 deficiency has no influence on numbers
of activated GFAP positive astrocytes in the corpus callosum

Previous studies indicate that astrocytes play a crucial role in the recruitment of
microglia in the cuprizone mouse model. Deletion of IkB kinase 2 in astrocytes was
sufficient to protect mice from myelin loss in the cuprizone mouse model (Raasch et al.,
2011). In addition Skripuletz and colleagues demonstrated that a loss of astrocytes in
GFAP-thymidine kinase transgenic mice reduced removal of damaged myelin and also
delayed the remyelination process in the cuprizone mouse model. These effects were
combined with a decrease in microglial activation and recruitment (Raasch et al., 2011,
Skripuletz et al., 2013). Due to RFX4_v3 loss in astrocytes | hypothesized that a possible
malfunction of astrocytes could lead to the observed microglia phenotype in the
cuprizone mouse model.

Therefore PO astrocytes were characterized from RFX4_v3 deficient mice and control
mice in vitro. Despite the fact that RFX4 transcripts in PO astrocytes were significantly
reduced, PO astrocytes from RFX4_v3 deficient mice showed no morphological changes
by IHC for GFAP. In addition, PO astrocytes from RFX4_v3 deficient mice behaved in the
same way as wild type astrocytes in a scratch migration assay. Thus, in vitro astrocytes
from RFX4_v3 conditional knockout mice did not display obvious morphological and
functional deficits.

As the next step astrocytes from RFX4_v3 deficient mice and wild type mice were
analyzed in the cuprizone mouse model after 1, 2, 3 and 4 weeks.

In the cuprizone mouse model astrocytes usually increase in number and obtain a
changed morphology during demyelination. During the first two weeks of 0.2% cuprizone

treatment the quantity of astrocytes remains on a basal level (Hiremath et al., 1998).
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However, during the third week of cuprizone ingestion, when significant levels of
demyelination are present, astrocytes significantly increase in numbers (Hiremath et al.,
1998). Astrocytes in untreated mice show few, delicate and short processes, while
astrocytes from cuprizone treated mice become hypertrophic with thick processes already
during the first 2 weeks (Hiremath et al., 1998). Apart from the typical morphological
changes, activated astrocytes express high levels of the intermediate filament glial
fibrillary acidic protein (GFAP) (Eng, 1985). Astrocytic proliferation is enhanced in
response to the toxin cuprizone, which was demonstrated by double immunostaining with
BrdU and GFAP (Hiremath et al., 1998; Gudi et al., 2009; Gudi et al., 2014).

In the RFX4_v3 deficient mice the number of activated GFAP-positive astrocytes in the
corpus callosum was comparable to wild type animals at all time points and thus was in
line with the literature (Hiremath et al., 1998). In addition the morphology of astrocytes
was comparable until week 3. After 4 weeks | observed slight changes in RFX4_v3
deficient mice. At this time point astrocyte density decreased compared to the wild type
animals. This is probably due to the high cellularity of the corpus callosum of RFX4_v3
heterozygous animals, which may lead to a displacement of astrocytes. In addition after 1
week the expression level of the astrocytic activation marker GFAP in the corpus
callosum was comparable between RFX4_v3 deficient and control mice.

Altogether no substantial differences were found in cell density, morphology, and
function between astrocytes from RFX4_v3 deficient and control mice in vitro and in vivo
after cuprizone treatment. Thus, microglia recruitment and proliferation in RFX4_v3
deficient mice cannot be explained through changes in astrocyte phenotype or density.
However, | assumed that astrocytic functions such as chemokine and cytokine production

were modified in RFX4_v3 deficient mice upon cuprizone treatment.

4.2.5.2 Inhibition of astrocytic RFX4_v3 substantially increases transcripts of
pro-inflammatory cytokines and chemokines in response to cuprizone

Astrocytes produce a bulk of chemokines in MS (Dong and Benveniste, 2001; Nair et
al., 2008). Hence, it was suggested that chemokine secretion is important for
demyelination to recruit inflammatory cells to the injured area, such as macrophages and
microglia (Babcock et al., 2003; Remington et al., 2007; Bianchi et al., 2011; Qin and
Benveniste, 2012).

The present work demonstrates that RFX4_v3 deficient mice have elevated levels of
demyelination, oligodendrocyte loss and axonal damage, which are accompanied by
massive microglia activation, recruitment and proliferation. Based on the reports
discussed above | wondered whether astrocytic RFX4_v3 is involved in regulating the

cytokine and chemokine production in astrocytes after cuprizone treatment. Compared to
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wild type mice the first noticeable differences in demyelination and microgliosis in
RFX4_v3 deficient mice appeared after two weeks of cuprizone treatment. Hence, |
assumed that differences between wild type and RFX4_v3 deficient mice would start to
appear after approximately one week of cuprizone treatment. Therefore, mMRNA
expression levels of the chemokines and cytokines CCL2, CCL3, CXCL10, IL-1R, TNF-a
and CXCL12 were measured at this time point in the corpus callosum of RFX4_v3
deficient and wild type mice. Some of these cytokines and chemokines have been
reported in the context of altered astrocyte activation in the cuprizone mouse model.
Besides decreased demyelination and reduced microglia cells, IkB kinase 2 deletion in
astrocytes additionally reduces astrocytic production of chemokines and cytokines
including CCL2, CCL3, CXCL10 and TNF-a (Raasch et al., 2011). Skripuletz and
colleagues also demonstrated that reduced microglia recruitment is associated with a
reduction of CXCL10 production in mice after astrocyte ablation (Skripuletz et al., 2013).

Compared to wild type mice the mRNA levels of CCL2 in RFX4_v3 deficient mice were
strongly up-regulated after 1 week of cuprizone diet. Up-regulated levels of CCL2 mMRNA
were particularly found during the first week of cuprizone ingestion (McMahon et al.,
2001; McMahon et al., 2002; Buschmann et al., 2012). This is in line with the results from
cuprizone treated wild type mice compared to untreated wild type mice. In MS CCL2
expression was found in the brain, CSF and blood (Mahad and Ransohoff, 2003). In the
cuprizone mouse model and EAE this factor was shown to be produced by astrocytes
(Ransohoff et al., 1993; Raasch et al., 2011; Kim et al., 2014). GFAP cell specific CCL2
conditional knockout mice have less severe EAE and show lower numbers of
macrophages and T cells recruited into the white matter of the spinal cord and lower
numbers of microglia in both white and gray matter. Finally, reduced axonal loss and
demyelination was observed in GFAP cell specific CCL2 conditional knockout mice (Kim
et al., 2014). Hayashi and colleagues showed that CCL2 induces chemotaxis of
microglia. In addition they reported that LPS, IL-13 and TNF-a stimulation leads to CCL2
secretion by astrocytes, but does not induce CCL2 secretion by microglia (Hayashi et al.,
1995). Based on these results, | deduced that up-regulation of CCL2 in astrocytes with
RFX4_v3 deletion might be responsible for microglia activation and attraction to the
demyelinated corpus callosum.

Compared to wild type mice also CCL3 was significantly up-regulated in RFX4_v3
conditional knockout mice after 1 week of cuprizone treatment. CCL3 has been reported
to be present in the brain of mice after 2 days of cuprizone treatment, with increasing
levels until week 4 and a slight decrease after week 5, which was in line with the data of
untreated versus treated wild type mice (McMahon et al., 2001; Raasch et al., 2011;
Buschmann et al., 2012; Krauthausen et al., 2014). CCL3 is produced by astrocytes and

microglia cells in the cuprizone mouse model as well as in EAE (Nygardas et al., 2000;
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Raasch et al., 2011). Deletion of this chemokine leads to reduced recruitment of microglia
and astrocytes, which results in delayed demyelination in the cuprizone mouse model
(McMahon et al., 2001). Studies in EAE with neutralizing antibodies against CCL3 and
CCL2 revealed that these chemokines regulate the mononuclear accumulation and
infiltration, which enhances the severity of the disease (Karpus et al., 1995; Kennedy et
al., 1998). In vitro it was demonstrated that CCL3 influences migration and activation of
microglia (Hayashi et al., 1995; Cross and Woodroofe, 2001).

The work from Skripuletz and colleagues implied that CXCL10 is involved in the
process of activation and recruitment of microglia and macrophages (Skripuletz et al.,
2013). With IHC techniques Skripuletz and colleagues showed that the factor was
expressed by reactive astrocytes, but not in reactive microglia (Skripuletz et al., 2013). In
the present study CXCL10 was significantly up-regulated in RFX4_v3 -/- compared to
wild type mice. Increased levels of CXCL10 were also observed in cuprizone treated wild
type mice in contrast to untreated wild type mice, which was in line with previous studies
(Skripuletz et al., 2013). CXCL10 expression was found in MS, where the factor was
expressed in astrocytes in the lesion border of demyelinated plagues (Tanuma et al.,
2006). The authors speculated that the production of CXCL10 and CCL2 by astrocytes
activates astrocytes and directs reactive gliosis followed by migration and activation of
microglia/macrophage in demyelinated lesions (Tanuma et al., 2006). Astroglial CXCL10
deletion in mice led to milder clinical deficits and reduced acute demyelination in EAE
accompanied by a reduced accumulation of CD4-positive lymphocytes in the spinal cord
perivascular space, while the overall composition of these cells was unchanged. In
addition the IBA1-positive microglia/macrophage accumulation was not affected in these
mice (Mills Ko et al., 2014).

By contrast, the chemokine CXCL12 was not regulated by RFX4_v3 deletion. After 1
week of cuprizone treatment the factor was significantly down-regulated in both wild type
and RFX4_v3 deficient mice to comparable mRNA levels. Expression of CXCL12 in the
cuprizone mouse model was shown at later time points during the cuprizone diet,
implicating that astrocytic CXCL12 is not important for early microglia/macrophage
attraction, but rather for the process of remyelination as was described by Patel and
colleagues (Patel et al., 2012).

Compared to wild type mice the pro-inflammatory cytokines IL-13 and TNF-a were
significantly increased in the corpus callosum of RFX4_v3 deficient mice. Previous
studies showed that IL-1R3 promotes astrocyte proliferation and is also required for
reactive astrogliosis upon CNS injury, which is a typical feature in the cuprizone mouse
model (Giulian and Lachman, 1985; Herx and Yong, 2001). The cytokine IL-13 is mainly
produced by microglia and macrophages, but was also found in a subpopulation of

astrocytes and has been shown to activate TNF-a, IL-6 and nitric oxide, thereby
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contributing to the inflammatory response (Lee et al., 1993; Mason et al., 2001b). It has
been reported that the factor is up-regulated from the first week onwards of cuprizone
intoxication, which was confirmed by our data. The factor strongly increased at week 3
and stayed on this level until week 6 (Mason et al., 2001). IL-1R deletion in the cuprizone
mouse model reduced the differentiation of OPCs, which leads to inefficient remyelination
(Mason et al., 2001b). The role of IL-11 during the first week of cuprizone exposure is still
unclear, but the factor was described to promote reactive astrogliosis and activation of
astrocytic chemokine secretion such as CCL2 in vitro. Hence, in RFX4_v3 deficient mice
IL-18 might have an indirect effect on the activation and recruitment of
microglia/macrophages by activating the secretion of other chemokines in the corpus
callosum.

The cytokine TNF-a has been described to play a dual role in the cuprizone mouse
model. Mice lacking TNF-a showed a decreased loss of oligodendrocytes during the first
3 weeks, but also displayed significantly delayed remyelination. Reduced remyelination
was associated with a reduction of the pool of proliferating OPCs and thus a reduced
number of mature oligodendrocytes (Arnett et al., 2001). Although TNF-a is produced by
microglia cells and astrocytes, Raasch and colleagues showed with laser microdissection
that astrocytes regulate the transcript level of TNF-a in the cuprizone mouse model
(Raasch et al., 2011). TNF-a is involved in many inflammatory diseases such as MS and
is mainly produced by microglia/macrophages in the central nervous system, which has

been shown to influence leukocyte activation and invasion (Bradley, 2008).

Altogether, | conclude that after cuprizone treatment of astrocytic RFX4_v3 deficient
mice, up-regulated levels of CXCL10, CCL2, CCL3, IL-13 and TNF-a are involved in the
activation and recruitment of microglia/macrophages. The results suggest that the
transcription factor RFX4_v3 controls the activation and response of astrocytes through
production of chemokines and cytokines, thereby influencing the recruitment of
phagocytes. Finally this could contribute to increased demyelination, oligodendrocyte loss
and axonal damage in RFX4_v3 deficient mice.

4.25.3 The transcription factor RFX4 _v3 possibly acts as a regulator of
cytokine and chemokine production in MS

In the neuroinflammtory disorder MS RFX4 _v3 was found to be up-regulated. The
factor showed a prominent expression in the nucleus of astrocytes in active and inactive
MS lesions. In addition, it was suggested that RFX4 acts rather as a transcriptional
repressor than as a transcriptional activator (Morotomi-Yano et al., 2002; Zhang et al.,
2007). This could be an indication for a protective role of RFX4 in the context of

neuroinflammation in MS.
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MS lesions are characterized by inflammation, demyelination and axonal damage
(Lassmann et al., 1998). It is thought that MS is driven by a T cell mediated autoimmune
reaction against myelin proteins (Hohlfeld, 2004). In the context of neuroinflammation,
astrocytes have been reported to regulate the infiltration of peripheral pro-inflammatory
leukocytes into the CNS (Bush et al., 1999; Voskuhl et al., 2009; Toft-Hansen et al.,
2011; Kim et al., 2014). Ablation of reactive astrocytes in adult transgenic mice leads to
an increased infiltration of leukocytes including monocytes, macrophages, neutrophils
and lymphocytes, failure of the BBB repair and neuronal degeneration (Bush et al.,
1999). This was confirmed by Toft-Hansen and co-workers, who showed that inhibition of
reactive astrocytosis after initiation of EAE causes increased macrophage, but not T cell
infiltration and leads to enhanced severity of EAE (Toft-Hansen et al., 2011). Increased
macrophage infiltration was reflected by increased levels of cytokines and chemokines
such as TNF-a and CCL2 (Toft-Hansen et al., 2011). A recent publication by Mayo and
colleagues showed that regulation of astrocyte activation by glycolipids drives chronic
CNS inflammation (Mayo et al.,, 2014). In this study the authors reported that
lactosylceramide (LacCer) and B4GALT6 are up-regulated in the CNS of mice during
chronic EAE and MS lesions. In addition, they were able to show that LacCer in
astrocytes controls the recruitment and activation of microglia and CNS infiltrating
monocytes by regulation of the production of the chemokine CCL2 and granulocyte
macrophage colony-stimulating factor (GM-CSF) (Mayo et al., 2014). Downregulation of
LacCer synthesis decreased the local CNS innate immunity and neurodegeneration in

EAE and also interfered with activation of human astrocytes (Mayo et al., 2014).

All of these studies demonstrate that the production and release of chemokines by
astrocytes play an important role in the progression of MS. The data presented in my
study, using astrocytic RFX4_v3 deficient mice under cuprizone treatment, further
indicate that astrocytes regulate neuroinflammation by controlling chemokine and
cytokine release, thereby restricting leukocyte infiltration, which is an indication of a
protective role of astrocytes in MS. Hence, our data point to a putative protective role of
the transcription factor RFX4_v3 in MS by regulating cytokine and chemokine production

and release to restrict neuroinflammation.

4.2.6 Deletion of RFX4 v3 in astrocytes induces apoptosis of
oligodendrocytes

As mentioned before increased oligodendrocyte apoptosis in the corpus callosum of
RFX4_v3 deficient mice versus wild type mice could be an explanation for enhanced
microglia activation.

Oligodendrocyte cell death is an early phenomenon during the first three weeks of

cuprizone treatment (Hesse et al.,, 2010; Veto et al., 2010). The mechanism of
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oligodendrocyte apoptosis in response to cuprizone is not well understood. It is thought
that selective toxicity of cuprizone to oligodendrocytes through functional disturbances in
mitochondria plays an important role during oligodendrocyte apoptosis and, thus,
initiation of demyelination (Matsushima and Morell, 2001; Pasquini et al., 2007;
Ransohoff, 2012; Bénardais et al., 2013). Within the first 10 days of cuprizone treatment
dying oligodendrocytes can be identified by expression of caspase 3 (Hesse et al., 2010).

Indeed, based on caspase 3 IHC, oligodendroglial apoptosis proved to be significantly
increased in RFX4_v3 deficient mice compared to wild type mice one week after the start
of cuprizone treatment.

Several studies describe that reduced demyelination is associated with less
oligodendrocyte apoptosis or reduced loss of oligodendrocytes and less microglia
activation, which supports the data presented here (Li et al., 2008; Raasch et al., 2011;
Brick et al., 2012). Bruck and colleagues showed that treatment of wild type and RAG-1-
deficient mice with Laquinimod (an oral immunoregulatory compound) reduced
oligodendrocyte apoptosis, demyelination and microglia activation upon cuprizone
feeding (Briick et al., 2012). A similar scenario was observed in a work from Li and
colleagues who showed that p53 knockout mice and wild type mice receiving a p53
inhibitor demonstrated less demyelination and reduced numbers of apoptotic
oligodendrocytes accompanied by reduced microglia recruitment in the demyelinating
corpus callosum.

Furthermore, Raasch and co-workers showed that astrocytic loss of IkB kinase 2
protects mice from myelin loss, which was associated with reduced loss of
oligodendrocytes in the corpus callosum. Actually, IHC for Olig2 after four weeks of
cuprizone revealed reduced total numbers of oligodendrocytes in the corpus callosum of
RFX4_v3 deficient mice, which — considering the data of Raasch and colleagues - could

contribute to the increase in demyelination observed in these animals.

In summary, the discussion above indicates that increased injury in the corpus
callosum by enhanced oligodendrocyte apoptosis could contribute to increased microglia
activation. It is most likely that a combination of both enhanced cytokine and chemokine
secretion and increased oligodendrocyte apoptosis in RFX4_v3 deficient mice contributes
to the observed microglia phenotype in the cuprizone mouse model, which is in line with
the literature (Li et al., 2008; Raasch et al., 2011; Skripuletz et al., 2013). Sitill, it cannot
be completely solved whether enhanced microglia recruitment and proliferation is the
cause or consequence of the increased demyelination, reduced oligodendrocytes and

increased axonal damage in the corpus callosum of RFX4_v3 deficient mice.
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What could be the reason for increased oligodendrocyte apoptosis in RFX4_v3

deficient mice?

4.2.6.1 RFX4 v3 may indirectly influence oligodendrocyte apoptosis by
changing the inflammatory environment in the corpus callosum

The observed increase in oligodendrocyte apoptosis upon cuprizone treatment in
RFX4_v3 deficient mice raises the question how apoptosis is triggered in these animals.
One option could be a indirect influence of RFX4_v3 on oligodendrocyte apoptosis by up-
regulation of cytokines and chemokines.

MS lesions are characterized by oligodendrocyte death, axonal damage, gliosis,
activation of microglia, and perivascular and parenchymal accumulation of lymphocytes
and macrophages (Lassmann et al., 2007; Compston and Coles, 2008). Primary death of
oligodendrocytes, is one of the factors suggested to be central to MS (Barnett and
Prineas, 2004; Barnett and Sutton, 2006; Locatelli et al., 2012).

One mechanism that may cause injury to oligodendrocytes in MS is signaling via death
receptors of the TNF receptor superfamily, such as the receptor FAS (D'Souza, 1996).
Death receptors are cell surface receptors, which transmit apoptotic signals by specific
ligands like TNF-a and FasL. They play an important role in apoptosis and can activate a
caspase cascade within seconds of ligand binding. Members of these receptors have
been found on oligodendrocytes in MS and their ligands were shown to induce cytotoxic
effects (D'Souza, 1996). In vitro it was shown that exposure of human adult
oligodendrocytes to TNF-a leads to oligodendrocyte injury (Souza, 1995). TNF-a induces
caspase activation by interaction with specific caspase receptors that regulate the factor
Bcl-2, a regulator of cell death. This can lead to mitochondrial dysfunction and OLG
apoptosis (Pang et al., 2007). Inhibition of caspase 1 and caspase 3 was shown to
protect OLGs against TNF-a- induced apoptosis (Selmaj and Raine, 1988; Louis et al.,
1993; Tchélingérian et al., 1995; Hisahara et al., 1997; Cudrici et al., 2006).

In the CNS, TNF-a is primarily produced by microglia and astrocytes, but only
microglia cells have been reported to mediate OLG death through TNF-a production
(Merrill et al., 1993; Arnett et al., 2001).

We found that TNF-a was significantly up-regulated in RFX4_v3 deficient mice after
one week of cuprizone diet. At this time point oligodendrocyte apoptosis was also
increased. This implicates involvement of RFX4_v3 in regulation of TNF-a release to
control oligodendrocyte cell death in the cuprizone mouse model. A similar scenario is
conceivable for MS since RFX4_v3 was up-regulated in various cell types and in
particular in astrocytes of MS lesions. It is conceivable that the transcription factor

RFX4_v3 controls astrocytes and possibly also microglia through down-regulation of
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cytokine and chemokine levels such as TNF-a to prevent oligodendrocyte death and

neurodegeneration in MS lesions.

4.2.7 Delayed remyelination as a consequence of a dysregulated
inflammatory environment by astrocytes in RFX4_v3 conditional
knockout mice

As described in detail above the process of remyelination in RFX4_v3 deficient mice is
most likely delayed. Although the number of OPCs in mutant mice was comparable to
wild type mice after 7 days of remyelination, the number of mature oligodendrocytes in
RFX4_v3 deficient mice was significantly lower than the in wild type mice. The delay in
remyelination was associated with enhanced microglia accumulation. | assumed that the
increase in microglia cells in the corpus callosum postpones the process of regeneration,
including proliferation and differentiation of OPCs into mature oligodendrocytes. It was
described that the inflammatory milieu influences the process of remyelination (Franklin,
Robin J M and ffrench-Constant, 2008). Therefore it is conceivable that dysregulation of
pro-inflammatory cytokines and chemokines by RFX4 v3 in astrocytes cause delayed
remyelination.

In MS remyelination does occur, but is inefficient and inadequate (Franklin, Robin J M
and ffrench-Constant, 2008). Failure of remyelination is mostly due to a failure or arrest
of oligodendroglial differentiation, whereas OPC presence and their migratory capacity
are not limiting factors for remyelination in MS (Franklin, Robin J M and ffrench-Constant,
2008). A lack of a supportive cellular environment hinders OPCs to differentiate into
mature oligodendrocytes (Franklin, Robin J M, 2002; Franklin, Robin J M and ffrench-
Constant, 2008). Therefore, modulation of the inflammatory environment of a lesion could
be effective to increase remyelination. In addition to other chemokines TNF-a and IL-13
were up-regulated one week after cuprizone exposure in RFX4 v3 deficient mice.
Genetic deletion of TNF-a and IL-1R in the mouse cuprizone model significantly reduced
remyelination due to an inadequate recruitment and differentiation of OPCs, which
indicates that pro- as well as anti-inflammatory factors play a role in remyelination in the
mouse cuprizone model (Arnett et al., 2001; Mason et al., 2001b). Olah and colleagues
found that in the mouse cuprizone model microglia show a phenotype associated with
phagocytosis of myelin debris as well as with recruitment of OPCs through expression of
cytokines and chemokines, which provided evidence for the capability of microglia to
support remyelination. Therefore, dysregulation of pro-inflammatory cytokines and
chemokines by RFX4_v3 in astrocytes may directly or indirectly, through increased
microglia cells, postpone remyelination which supports our hypothesis that remyelination
is delayed and not failing. In addition, increased phagocytes in the corpus callosum may
change the cytokine and chemokine level at later time points in the cuprizone mouse

model, and thereby influence the recruitment, proliferation and differentiation of OPCs.
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Altogether the dysregulated pro-inflammatory environment due to RFX4_v3 deficiency
in astrocytes may postpone the process of remyelination. | suppose that the increased
numbers and prolonged presence of microglia cells are a direct or indirect consequence
of the modulated pro-inflammatory environment caused by loss of RFX4_v3, which may
impede OPC differentiation and remyelination.

The fact that RFX4_v3 is up-regulated in MS lesions and may influence the
inflammatory environment, leads to the suggestion that this factor impacts on OPC

differentiation in MS.
428 Outlook

The present work demonstrates that compared to wild type, mice with astrocytic
RFX4_v3 deletion show enhanced loss of oligodendrocytes, increased demyelination,
and axonal damage. Furthermore, the process of remyelination was delayed. These
observations in RFX4_v3 deficient mice were accompanied by increased microglia
activation and proliferation, which can be explained by early changes in cytokine and
chemokine levels as well as increased oligodendrocyte apoptosis. Further research is
required to fully understand the function of the astrocytic RFX4_v3 in the cuprizone
mouse model and in MS.

First, based on the literature and due to astrocytic loss of RFX4 v3 | assume that
increased cytokine and chemokine levels are produced by astrocytes. However, it cannot
be completely excluded that these molecules are additionally produced by microglia cells
(Gandhi et al.,, 2010). Laser capture microdissection could be used as a method to
specifically isolate astrocytes and microglia from the corpus callosum of RFX4 v3
deficient and control mice to specifically measure cytokine and chemokine transcript
levels in these cells.

Second, cytokine and chemokine levels should be measured at later time points in the
cuprizone mouse model to clarify whether RFX4_v3 is mainly important for early changes
regarding cytokine and chemokine levels and oligodendrocyte apoptosis in this model.
Such analyses could explain whether delayed remyelination is indeed a consequence of
a dysregulated pro-inflammatory environment.

Third, delayed remyelination in RFX4_v3 deficient mice could be due a lack of
secretion of pro-remyelinating factors by astrocytes. Limited remyelination in MS was
linked to disturbed balance of growth factors that influence OPC differentiation (Webster,
H. d. F, 1997; Franklin and Hinks, 1999). One of these astrocyte produced growth factors
is IGF1, which has been demonstrated to influence oligodendrocyte differentiation. IGF1
was shown to be up-regulated in homozygous RFX4 v3 knockout animals at the

embryonic stage 10.5 (Zhang et al., 2006a). In the work presented here up-regulation of
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IGF1 was shown in astrocytes of RFX4_v3 conditional knockout animals at the time of
birth, indicating that RFX4_v3 is important for regulation of the pro-remyelinating factor
IGF1. Therefore, it would be important to analyze IGF1 expression of RFX4_v3 deficient
and control mice to investigate whether delayed remyelination is a consequence of
dysregulated inflammatory environments and/or of a lack of secretion of pro-
remyelinating factors by astrocytes in the cuprizone mouse model.

Fourth, members of the RFX family of transcription factors are thought to bind to the
X-box consensus sequences in the promoters of targets to regulate gene expression. To
investigate if the analyzed cytokines and chemokines are potential direct targets of the
transcription factor RFX4_v3, promoter sequences should be scanned for the presence of
X-box consensus sequences in silico. Furthermore, RFX4_v3 transcriptional activity on
potential targets can be analyzed by reporter gene assays.

Lastly, it was demonstrated that RFX4_v3 is important for myelination and activation
and recruitment of microglia by secretion of cytokines and chemokine. Based on these
data and on data available in the literature it only can be speculated that RFX4_v3 may
control cytokines and chemokine levels and restricts neuroinflammation in MS. Further
studies are needed to understand the role of RFX4_v3 in MS, which includes a detailed
and extensive immunohistochemical analysis of RFX4 v3 in different types of MS

lesions.
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Summary and conclusion
5.1 Part 1: Characterization of the GFAP cell specific RFX4
conditional knockout mice

GFAP cell specific RFX4 conditional knockout mice were generated by crossing the
RFX4 flox/flox strain with a GFAP driven Cre transgenic strain. This results in RFX4 gene
inactivation by deletion of the exon 4 in vivo. In mice, the exon 4 of the RFX4 gene is
shared by RFX4_v2 and RFX4_v3. Only RFX4_v3 was identified in the fetal and adult
brain, while RFX4_v2 is expressed in the testis (Blackshear et al., 2003; Matsushita et
al., 2005). Therefore | concluded that RFX4_v3 is deleted in GFAP cell specific RFX4
conditional knockout mice, which was further supported by the obtained brain phenotype.

A substantial proportion of the GFAP cell specific RFX4 conditional knockout mice
developed severe head swelling followed by neurological deficits that led to death in
young adulthood. Histological analysis of GFAP cell specific conditional knockout mice
revealed a hydrocephalus with dramatic extension of the lateral ventricle. The
hydrocephalus was present at birth, indicating that the hydrocephalus is congenital,
which is in line with the literature (Blackshear et al., 2003).

At an age of 6 weeks the mortality rate for heterozygous RFX4_v3 conditional
knockout mice was about 20%, while homozygous RFX4_v3 conditional knockout mice
died at a rate of about 50%. This implies that the phenotype of RFX4_v3 conditional
knockout mice is most likely the result of a gene dosage effect.

It has been reported that maldevelopment and resulting dysfunction of the SCO is
involved in the genesis of aqueductal stenosis, which is the primary cause of a congenital
hydrocephalus (Vio et al., 2000; Perez Figares, 2001). In transgenic RFX4_v3 +/- mice
generated by Blackshear and colleagues maldevelopment and dysfunction of the SCO
were described as the main cause for hydrocephalus formation (Blackshear et al., 2003).
Thus | hypothesized that hydrocephalus in RFX4 conditional knockout mice is caused by
maldevelopment and dysfunction of the SCO.

The SCO was present in all analyzed RFX4 conditional knockout animals. However, all
symptomatic mice exhibited SCO hypoplasia. In addition, the SCO of RFX4 conditional
knockout animals showed reduced or no immunoreactivity with anti-Reissner’s fiber
serum (AFRU), implicating a dysfunctional glycoprotein secretion of the SCO.

Furthermore, early morphogens including the Wnt signaling pathway were differentially
expressed in astrocytes from RFX4 conditional knockout mice. These genes are relevant
for dorsal midline structuring including the development of the SCO. These observations
were in line with the findings of Blackshear and colleagues and supported the hypothesis
that hydrocephalus in RFX4 conditional knockout animals is caused by maldevelopment
and dysfunction of the SCO. My data further show that RFX4_v3 depletion in GFAP cell
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lineages including astrocytes and ependymal cells is sufficient to induce congenital
hydrocephalus.

Altogether our results indicate that astrocytic and ependymal RFX4_v3 is highly
relevant for the development of the brain and the pathogenesis of congenital
hydrocephalus in rodents. An alignment of the human and mouse RFX4_v3 amino acid
sequences showed 96% sequence identity between the mouse and human RFX4_v3
protein (Blackshear et al., 2003), which could point toward similar functions of RFX4_v3
in mouse and human. Therefore RFX4_v3 may be involved in the pathogenesis of human

congenital hydrocephalus, which will be part of future investigations.

5.2 Part 2: The role of astrocytic RFX4_v3 in demyelination

The transcription factor RFX4_v3 was identified in the fetal and adult brain
(Blackshear et al., 2003; Matsushita et al., 2005). In 2008, Cahoy and colleagues
identified the transcription factor RFX4 as an astrocyte enriched factor (Cahoy et al.,
2008).

In the present work RFX4_v3 was highly up-regulated in brain lesions of the
neuroinflammatory disorder MS. IHC of active and chronic inactive MS lesions showed
that RFX4 is present in various cell types and shows a prominent nuclear localization in
astrocytes.

Astrocytes play an important role in modulating de- and remyelination in MS (Nair et
al., 2008). They promote demyelination by enhancing the immune response through
antigen presentation and secretion of chemotactic molecules (Dong and Benveniste,
2001; McFarland and Martin, 2007). Conversely, astrocytes inhibit aspects of the immune
response, for example through production of anti-inflammatory cytokines, thereby
inhibiting demyelination (Schonrock et al., 2000; Valerio, 2002).

To understand the astrocytic role of RFX4_v3 in MS, GFAP cell specific RFX4_v3
conditional knockout mice were used to study de- and remyelination in the cuprizone
mouse model. To analyze demyelination, RFX4_v3 deficient mice and wild type mice
were fed with the copper chelator cuprizone for 4 weeks. Remyelination was analyzed
either 7 or 14 days after cuprizone withdrawal.

The data presented in this study demonstrate that astrocytic RFX4_v3 expression is
important for regulation of myelination and activation of microglia during the process of
de- and remyelination in the cuprizone mouse model. During the process of
demyelination RFX4_v3 deficient mice displayed increased demyelination, reduced total
numbers of oligodendrocytes and enhanced axonal damage. Remyelination in RFX4_v3
deficient mice was delayed. These effects were accompanied by increased phagocyte
density in RFX4_v3 deficient mice. Phagocyte density correlated well with the course of
de- and remyelination in RFX4_v3 deficient mice.
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The results raised two central questions. i) What is the reason for the massive
phagocyte accumulation? and ii) is phagocyte accumulation the cause or consequence of

increased demyelination and delayed remyelination in RFX4_v3 deficient mice?

To answer these questions the origin of the Mac3-positive cells in the corpus callosum
was investigated. In this study it was shown that the BBB in RFX4_v3 deficient mice is
closed, which is in line with previous studies (Kondo et al.,, 1987; Baker et al., 1991,
McMahon et al., 2002). This implicates that the Mac3-positive cells in RFX4_v3 deficient
mice represent microglia and not blood-borne macrophages, which could enter via a
disrupted BBB.

Flow cytometry analysis showed that the CD45-low and CD11b-positive cell population
that identifies parenchymal microglia cells, is the most abundant cell population in
RFX4_v3 deficient mice, which was in line with previous studies (Remington et al., 2007;
Voss et al., 2012). This population increased in absolute numbers after 4 weeks of
cuprizone treatment without changing the expression of activation markers on microglia
cells during demyelination. These results indicated that loss of RFX4_v3 in the astrocytes
leads to increased microglia recruitment and proliferation in the corpus callosum in mice
exposed to cuprizone, but does not significantly alter the expression of activation markers

on microglia cells during demyelination.

Further investigations during the early phase of cuprizone treatment showed increased
transcript levels of pro-inflammatory chemokines and cytokines and enhanced
oligodendrocyte apoptosis in the corpus callosum of RFX4_v3 deficient mice. Based on
the literature most of these pro-inflammatory factors are produced by astrocytes and play
an important role for leukocyte activation and recruitment in the cuprizone mouse model,
EAE as well as in MS lesions. This implied that the transcription factor RFX4_v3 controls
the activation and response of astrocytes by producing chemokines and cytokines and
thereby influences the recruitment of phagocytes. However, in this study the observed
microglia phenotype in the cuprizone mouse model of RFX4_v3 deficient mice seems to
be a combination of both enhanced cytokine and chemokine secretion and increased
oligodendrocyte apoptosis, which is in line with the literature (Li et al., 2008; Raasch et
al., 2011; Skripuletz et al., 2013). In this work it cannot be completely solved whether
enhanced microglia recruitment and proliferation is the cause or consequence of the
increased demyelination, reduced oligodendrocytes and increased axonal damage in the

corpus callosum of RFX4_v3 deficient mice.
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Altogether these results indicate that RFX4_v3 in astrocytes plays a protective role in the
cuprizone mouse model by regulating oligodendrocyte apoptosis and recruitment of
microglia cells. Our data point towards a control of the inflammatory environment by the
transcription factor RFX4_v3 to restrict the activation and recruitment of microglia cells as
well as oligodendrocyte apoptosis, which eventually controls the extent of de- and

remyelination in the cuprizone mouse model.

Up-regulated levels of RFX4_v3 in astrocytes in MS lesions may implicate a protective
role for RFX4_v3 in MS since the transcription factor was rather described as
transcriptional repressor than as transcriptional activator. The transcription factor
RFX4_v3 possibly acts as a regulator for the production and release of cytokines and

chemokines and may have a protective role in MS by restricting neuroinflammation.
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