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Summary

Summary
LRP2 (also know as megalin) is a member of the low-density lipoprotein receptor
gene family that plays an important role in regulation of neurogenesis in the
embryonic neural tube. During early forebrain development, LRP2 deficiency leads to
an increase in bone morphogenetic protein 4 (Bmp4) expression and signalling in the
dorsal neuroepithelium, and a loss of sonic hedgehog (Shh) expression in the ventral
forebrain. As a consequence, ventrally derived interneuron cell populations are lost in
the forebrain of Lrp2-/- embryos, resulting in forebrain patterning defects and in
holoprosencephaly. Given the function of LRP2 as regulator of BMP4- and SHHdependent neuronal proliferation pathways in the embryonic brain, we wondered
whether LRP2 expression in ependymal cells lining the subventricular zone (SVZ) in
the adult brain might have a similar function in control of adult neurogenesis.
In this thesis I demonstrate that LRP2 is expressed in ependymal cells of the lateral
ventricles in the adult brain. Intriguingly, expression is restricted to the ependyma that
faces the stem cell niche. Expression is not seen in ependyma elsewhere in the lateral
ventricles or in the dentate gyrus, the second neurogenic zone of the adult mouse
brain.
I further show that lack of LRP2 expression in adult mice results in impaired
proliferation of neural precursor cells in the SVZ resulting in a decreased number of
neuroblasts reaching the olfactory bulb. Using immunohistological detection of
marker proteins, absence of LRP2 was shown mainly to affect the GFAP-positive
neuronal precursor cell population in the SVZ (B cells). Furthermore, Lrp2 mutant
mice also showed a decrease (i) in the signals for nestin, a marker of undifferentiated
neuronal precursors, (ii) in DLX2, a marker of transient amplifying cells (C cells), and
(iii) in PSA-NCAM and DCX, markers of neuroblasts (A cells).
Reduced neurogenesis in the SVZ in LRP2-deficient mice coincides with a significant
increase in BMP2/4 expression and enhanced activation of downstream mediators
Phospho-SMAD1/5/8 and ID3 in the stem cell niche.
My findings revealed a novel regulatory pathway whereby LRP2 down-regulates
BMP signaling to modulate the instructive microenvironment of the SVZ and to
enable adult neurogenesis to proceed. Thus, LRP2 plays a crucial role in regulating
BMP-signaling levels in the adult SVZ, highlighting the unique role of ependymal
cells in this stem cell niche. The underlying mechanism of LRP2 action in control of
neurogenesis may thus be conserved between the embryonic and adult brain.
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Zusammenfassung

Zusammenfassung
LRP2/Megalin ist ein Rezeptor der LDL-Rezeptor Genfamilie mit essentieller
Funktion in der Entwicklung des Zentralnervensystems. Der Rezeptor wird im
Neuroepithel des Embryos exprimiert und steuert die Ausbildung der
Vorderhirnstrukturen. Der Verlust der Rezeptorexpression in Mausmutanten führt zu
einer Fehlentwicklung des Vorderhins und zu Holoprosenzephalie (HPE). Diesem
Defekt liegt eine erhöhte Aktivität des bone morphogenetic protein 4 (BMP4) im
dorsalen Neuroepithel und ein Verlust der sonic hedgehog (Shh) Expression im
ventralen Vorderhirn zugrunde. Resultierend aus dieser Fehlregulation wichtiger
morphogenetische Signalwege sind interneuronale Zellpopulationen, die im ventralen
Vorderhirn ihren Ursprung haben, im ZNS der LRP2-defizienten Mäuse stark
dezimiert, und es kommt zu einer massiven Beeinträchtigung neuroepithelialer
Differenzierungsprozesse.
Anlehnend an die Funktion des Rezeptors im embryonalen Neuroepithel als Regulator
BMP4- und SHH- abhängiger neuronaler Proliferations- und
Differenzierungsprozesse, war es das Ziel meiner Arbeit zu untersuchen, ob LRP2 im
ventrikulären Epithel des adulten ZNS eine ähnliche Funktion bei der Kontrolle der
adulten Neurogenese hat.
In der vorliegenden Arbeit konnte ich zeigen, dass LRP2 in den Ependymzellen des
lateralen Ventrikels im adulten Hirn exprimiert wird. Interessanterweise ist LRP2
ausschließlich in den Ependymzellen der neuronalen Stammzellnische lokalisiert und
nicht in den Ependymzellen der dorsalen medialen Wand des lateralen Ventrikels.
In weiteren Untersuchungen an LRP2-defizienten Mäusen konnte ich zeigen, dass der
Verlust der Expression des Rezeptors in adulten Tieren zu einer Beeinträchtigung der
Proliferation neuronaler Vorläuferzellen in der subventrikulären Zone (SVZ) des
lateralen Ventrikels führt. Infolgedessen war die Anzahl der Neuroblasten reduziert,
die zum olfaktorischen Bulbus wandern und dort zu Interneuronen differenzieren.
Anhand immunhistologischer Untersuchungen konnte ich nachweisen, dass der
Verlust von LRP2 zu einer verminderten Anzahl GFAP-positiver Zellen, die auch die
neuronalen Stammzellen (Typ B Zellen) umfassen, führt. Weiterhin wiesen LRP2
Mutanten eine Reduktion in den Signalen für (i) Nestin, einen Marker für
undifferenzierte neuronale Vorläuferzellen, (ii) für DLX2, einen Marker für transient
amplifizierende Zellen (C Zellen), und (iii) für PSA-NCAM und DCX, Marker für
Neuroblasten (A Zellen), auf.
Die verminderte Neurogenese in der SVZ adulter LRP2-defizienter Mäuse ging mit
einem erhöhten Spiegel an BMP4 Signalen einher. Die hier gezeigten Resultate und
Ergebnisse aus der Literatur weisen darauf hin, dass die Hochregulation der BMP4
iii

Zusammenfassung
Signalwege ursächlich für die beeinträchtigte Neurogenese ist. Meine derzeitige
Hypothese besagt daher, dass LRP2 ebenso wie im embryonalen Neuroepithel auch in
der adulten neuronalen Stammzellnische eine Rolle bei der Regulation der BMP4
Signalwege spielt. Dies wird möglicherweise durch Endozytose-vermittelte
Aufnahme mit anschließendem Abbau des Morphogens durch LRP2 vermittelt, wie es
bereits in vitro gezeigt werden konnte. BMP4 hat im Wesentlichen eine antiproliferative Wirkung. Eine exakt gesteuerte Regulation der Konzentration dieses
Morphogens ist daher eine Vorraussetzung für ein Neurogenese-permissives Milieu in
der adulten neurogenen Stammzellnische.
Die Ergebnisse meiner Arbeit entschlüsseln eine neue Rolle von LRP2 in der adulten
Neurogenese. Die Expression des Rezeptors im Ependym des lateralen Ventrikels ist
essentiell für die Regulation der BMP Signalwege in der neurogenen
Stammzellnische.
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Introduction

1
1.1

Introduction
Overview of the low-density lipoprotein receptor gene family

The low-density lipoprotein receptor (LDLR) gene family consists of structurally
closely related cell-surface proteins (Figure 1.1). All these receptors belong to the
superfamily of type I cell-surface proteins. The main features of those include a large
amino-terminal extracellular domain, a single transmembrane segment and a short
carboxy-terminal cytoplasmic tail region. The extracellular domain mainly consists of
motifs responsible for binding of ligands and of motifs important for releasing ligands
(Brown, et al., 1997) upon internalization in the endosomes in a pH-dependent
manner (Rudenko, et al., 2002).

Figure 1.1: The LDL receptor family. Depicted are the core family members of the LDL receptor
gene family and three more distantly related members. All share common motifs, including a single
transmembrane segment, complement-type repeats and epidermal growth factor (EGF) precursor
homology domains. The NPxY-motif(s) in the cytoplasmic tail of the receptor mediate the clustering
into clathrin-coated pits. O-linked sugar domains are found in the LDLR, VLDLR and ApoER2 only.
Abbreviations: APOER2, apolipoprotein E receptor 2; Ce, C. elegans; LDLR, low-density lipoprotein
receptor; LRP, low-density lipoprotein (LDL) receptor-related protein; MEGF7, multiple epidermal
growth factor (EGF)-type repeat containing protein 7; RME-2, receptor-mediated endocytosis-2;
SORLA, sortilin/sorting-related receptor containing LDLR class A repeats; VLDLR, very low-density
lipoprotein receptor.
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The core of the gene family (Figure 1.1) in mammals consists of the low density
lipoprotein receptor (LDLR) (Brown and Goldstein, 1986; Havel, 1989; Ishibashi, et
al., 1993), the LDLR related proteins 1, 1B and 2 (LRP1, LRP1B, LRP2)
(Chowdhary, et al., 1995; Hammes, et al., 2005; Herz, et al., 1993; Herz and Gerard,
1993; Herz, et al., 1988; Kerjaschki and Farquhar, 1982; Langbein, et al., 2002;
Marschang, et al., 2004; Moestrup, et al., 1993; Saito, et al., 1994; Willnow, et al.,
1996; Willnow, et al., 1994), the very low-density lipoprotein receptor (VLDLR)
(Frykman, et al., 1995; Takahashi, et al., 2004; Willnow, et al., 1996), the
apolipoprotein E receptor-2 (ApoER2) (Kim, et al., 1998; Trommsdorff, et al., 1999)
and the multiple epidermal growth factor repeat containing protein 7 (MEGF7)
(Johnson, et al., 2005; Simon-Chazottes, et al., 2006). Members of the family that are
not included in the core because of their divergent domain structure (Figure 1.1) are
the low-density lipoprotein receptor related protein 5 and 6 (LRP5/LRP6) (Brown, et
al., 1998; Gong, et al., 2001; Pinson, et al., 2000), and the sorting protein related
receptor containing LDLR class A repeats (SorLA) (Andersen, et al., 2006; Jacobsen,
et al., 1996; Yamazaki, et al., 1996).
The complement-type repeat (CR)-domains in the extracellular domain (Figure 1.1)
are the motifs responsible for binding of ligands. The CR-domain is composed of 40
amino acids containing six cysteine residues that are disulphide linked in the pattern
one to three, two to five, and four to six. Normally, an acidic motif (asp-any amino
acid-ser-asp-glx) is located between cysteine residues five and six (Bieri, et al., 1995;
Fass, et al., 1997). The difference in ligand binding-specificity is mainly due to the
variability of amino acid sequences linking the CR-domains. Each CR-domain
harbors a Ca binding site that is important for correct folding and stabilization of this
protein module (Bieri, et al., 1995; Fass, et al., 1997).
2+

The motif responsible for releasing ligands is termed epidermal growth factor
precursor homology (EGFP) domain. The EGFP domain is composed of three
epidermal growth factor (EGF)-like repeats with a stretch of 260 amino acids
intersected between second and third EGF-like repeat. This additional stretch of
amino acids contains six repeats of the amino acids tyr-trp-thr-asp (YWTD) and folds
into a structure called a beta propeller. At low pH in the endosmes the beta-propeller
undergoes conformational changes and becomes an alternative ligand for the CRdomains, thereby triggering the release of bound exogenous ligands (Rudenko, et al.,
2002).
The cytoplasmic tail is highly variable in the different receptors and contains one or
more asn-pro-any amino acid-tyr (NPxY) motifs (Figure 1.1, 1.2). The NPxY motifs
localize the receptor to specialized regions (clathrin coated pits) of the cell surface for
endocytosis (Bansal and Gierasch, 1991; Chen, et al., 1990) and bind phosphotyrosine
binding (PTB) domain containing adaptor proteins.
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Although a plethora of different ligands has been identified for the various members
of the LDLR gene family, one ligand that is common to all members of the LDLR
gene family is the receptor-associated protein (RAP). RAP binds all members of the
LDL receptor gene family except LDLR with high affinity and is commonly used in
binding studies as a specific receptor antagonist.
RAP binds to the nascent amino acid chain in the endoplasmatic reticulum helping the
receptor protein to fold correctly. Furthermore it prevents the premature binding of
ligands that are often synthesized in the same cell type as the respective receptor
(Willnow, 1998).
LDLR gene family members have been identified in different taxa which include
organisms from invertebrates to vertebrates like the fruit fly (Wehrli, et al., 2000), and
the African claw frog (Houston and Wylie, 2002), the house mouse (Brown, et al.,
1998; Gafvels, et al., 1994) and the rat (Lee, et al., 1989). So far, no members of the
LDLR gene family have been identified in eukaryotic unicellular organisms such as
baker’s yeast. The receptors are homologous among species; even receptors of two
evolutionary distant organisms display a high grade of conservation at the amino acid
level (Houston and Wylie, 2002). This high degree of evolutionary conservation
suggests that the LDLR gene family early developed roles that are critical for the
functional integrity of multicellular organisms.
Some of the members of this gene family are extensively studied in various animal
models with the help of gene targeting technologies. Consequences of loss of
expression of LDLR gene family members in laboratory animals are listed below in
Table 1.1.
Receptor

Expression

Organism

Phenotype

Reference

LDL receptor

vertebrates

rabbit (Watanabe
heritable
hyperlipidemic,
WHHL)

hypercholesterolemia

(Tanzawa, et al., 1980)

mouse (targeted
gene disruption)

hypercholesterolemia

(Ishibashi, et al., 1993)

mouse (targeted
gene disruption)

dysplastic cerebellum, reduced
adipose tissue mass

(Trommsdorff, et al., 1999)

chicken (Restricted
Ovulator)

impaired vitellogenesis, female
sterility

(Bujo, et al., 1995)

VLDL receptor
(Vitellogenin
receptor)

vertebrates

Yolkless

insects

Drosophila
(yolkless, yl)

impaired vitellogenesis, female
sterility

(Schonbaum, et al., 1995)

RME-2

nematodes

C. elegans (rme2
null)

impaired yolk deposition,
reduced embryonic viability

(Grant and Hirsh, 1999)
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Receptor

Expression

Organism

Phenotype

Reference

LRP8 (ApoE
receptor-2)

vertebrates

mouse (targeted
gene disruption)

dysplastic hippocampus and
cerebellum

(Trommsdorff, et al., 1999)

LRP4 (MEGF7)

vertebrates

mouse (targeted
gene disruption)

impaired limb formation,
polysyndactyly, neuromuscular
junction defects

(Johnson, et al., 2005)
(Simon-Chazottes, et al.,
2006; Weatherbee, et al.,
2006)

cattle (Mulefoot
disease)

syndactyly

(Drogemuller, et al., 2007)
(Duchesne, et al., 2006;
Johnson, et al., 2006)

LRP5

vertebrates and
insects

mouse (targeted
gene disruption)

low
bone
mass,
hypercholesterolemia,
impaired insulin secretion

(Fujino, et al., 2003; Kato,
et al., 2002)

LRP6 (arrow)

vertebrates and
insects

mouse (targeted
gene disruption)

abnormal body axis

(Pinson, et al., 2000)

Xenopus
mutant)

(null

impaired dorsal axis and neural
crest formation

(Tamai, et al., 2000)

Drosophila (arrow
null)

inhibition of Winglessdependent patterning

(Wehrli, et al., 2000)

LRP1

vertebrates

mouse (targeted
gene disruption)

embryonic lethality

(Herz, et al., 1992;
Roebroek, et al., 2006)

LRP1B

vertebrates

mouse (targeted
gene disruption)

unknown

(Marschang, et al., 2004)

LRP2 (megalin;
C.elegans LRP1)

vertebrates and
invertebrates

mouse (targeted
gene disruption)

holoprosencephaly, impaired
maturation of reproductive
organs, renal dysfunction

(Hammes, et al., 2005;
Nykjaer, et al., 1999;
Willnow, et al., 1996)

rat
(induced
autoimmune disease)

glomerular
nephritis
(Heymann nephritis)

(Raychowdhury, et al.,
1989)

C. elegans (ce-lrp1
null)

molting defect, larval growth
arrest

(Yochem, et al., 1999)

mouse (targeted
gene disruption)

Alzheimer’s disease

(Andersen, et al., 2005)

SorLA (LR11;
SorL1)

vertebrates and
invertebrates

Table 1.1: Loss-of-function models of the LDL receptor family. Loss of function of the highlighted
receptors is associated with developmental defects. (Adapted from (Willnow, et al., 2007)).

Mutations in the LDLR gene family members are known to cause inheritable diseases
in humans. Therefore, detailed studies of these receptors are important not only for
elucidating the fundamental biology, but are physiologically and clinically relevant as
well. Consequences of mutations in LDL family members in humans are listed below
in table 1.2.
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Receptor

Mutation

Disease

References

LDL receptor

loss of function (familial,
autosomal dominant)

Familial Hypercholesterolemia (impaired
clearance of LDL)

(Goldstein,
2001)

VLDL
receptor

loss of function (familial,
autosomal recessive)

Autosomal Recessive Cerebellar Hypoplasia
(ataxia, mental retardation)

(Boycott, et al., 2005)

LRP5

loss of function (familial,
autosomal recessive)

Osteoporosis-Pseudoglioma
(reduced bone mass)

Syndrome

(Gong, et al., 2001)

gain of function (familial,
autosomal dominant)

High-bone-mass trait (increased osteogenic
activity)

(Little, et al., 2002)

LRP6

missense
(familial,
dominant)

Autosomal Dominant Early Coronary Artery
Disease (hyperlipidemia, hypertension,
diabetes)

(Mani, et al., 2007)

LRP1B

loss of function (sporadic)

esophageal squamous cell carcinoma, nonsmall-cell lung cancer

(Liu, et al., 2000;
Sonoda, et al., 2004)

LRP2

loss of function (autosomal
recessive)

Donnai-Barrow Syndrome (proteinuria, brain
malformations, diaphragmatic hernia)

(Kantarci, et al., 2007)

SorLA

polymorphisms (sporadic)

Alzheimer’s Disease

(Andersen, et al.,
2005; Lee, et al., 2007;
Rogaeva, et al., 2007)

mutation
autosomal

et

al.,

Table 1.2: List of human diseases caused by mutations in the members of LDLR gene family.
(Adapted from (Willnow, et al., 2007))

1.2
1.2.1

Low-density receptor related protein 2 (LRP2)
Expression and Structure

The low-density receptor related protein 2 (LRP2, also known as megalin) is a
member of the low-density lipoprotein receptor gene family. LRP2 is a multi-ligand
endocytic receptor involved in regulating many aspects of embryonic development
and adult homeostasis (Fisher and Howie, 2006; Jansen, et al., 2007; McCarthy, et al.,
2002; Spoelgen, et al., 2005). LRP2 is expressed on the apical surface of the
absorptive epithelia of a variety of tissues. In the adult organism, LRP2 is expressed
mainly in the proximal tubules of the kidney, in pneumocytes and clara cells in the
lung, in the ependyma of the brain, the choroid plexus, the endometrium of the uterus,
principal cells of the epididymis, inner ear and the lining cells of the ileum (Hermo, et
al., 1999; Kounnas, et al., 1994; Zheng, et al., 1994). In the mouse embryo it is
expressed in the neuroepithelium as well as in the visceral endoderm of the yolk sac at
midgestation (Assemat, et al., 2005; Spoelgen, et al., 2005). At later stages it can be
found most prominently in the ependyma, metanephric tubules, ear, thyroid,
pericardium, and intestine (Kounnas, et al., 1994).
A large number of ligands for LRP2 have been identified in vitro including proteases,
protease inhibitor complexes, plasminogen, aminoglycosides, vitamin carrier proteins,
lactoferrin, lipoprotein-lipase and apolipoprotein B (Kounnas, et al., 1993; Stefansson,
et al., 1995; Stefansson, et al., 1995; Willnow, et al., 1992). Basic insight into the
receptors function in vivo was gained when Willnow et al. generated mice that lacked
5
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functional LRP2 protein by targeted gene disruption (Willnow, et al., 1996). Mice that
are heterozygous for the defective gene are phenotypically indistinguishable from
their wild-type littermates whereas animals homozygous for the defective gene show
a variety of abnormalities which are discussed in result section 4.2.
Structurally, LRP2 is characterised by the same structural motifs that characterize all
core members of the LDLR gene family. Cysteine-rich ligand binding LDL receptor
class A motifs (also called as complement type repeats) are followed by beta-propeller
(YWTD containing) domains, that are flanked by epidermal growth factor (EGF)
precursor like domains (Figure 1.1).
It is not known in detail which ligand binding motifs are responsible for binding to
which ligand in LRP2. However, the fourth and fifth ligand binding motifs located in
the second cluster of ligand binding motifs are responsible for the binding of
apolipoprotein E, lipoprotein lipase, lactoferin, and aprotinin (Orlando, et al., 1997).
RAP and some other ligands probably could have additional binding sites (Moestrup,
et al., 1996).
The intracellular domain of LRP2 (referred to as LRP2 tail) is quite distinct from
other members of the LDLR gene family. A common feature that the LRP2 tail shares
with those of other family members includes NPxY motifs, which are important for
coated pit-mediated internalization (Chen, et al., 1990) and for basolateral sorting
(Gan, et al., 2002; Matter, et al., 1992). NPxY-motifs bind phosphotyrosine- binding
domains (Schlessinger, 2003). The LRP2 tail contains two NPxY motifs and one
related NPxY-like motif (Figure 1.2) (Hjalm, et al., 1996; Saito, et al., 1994). The
NPxY-like motif has been shown to be involved in the apical sorting of the receptor in
the polarized Madin-Darby canine kidney (MDCK) cells (Takeda, et al., 2003).
The LRP2 tail also contains one potential SH2-binding Yxxψ repeat (where ψ
represents a hydrophobic residue), one potential dileucine repeat, four potential SH3
domain binding motifs (Yu, et al., 1994), four potential PKC phosphorylation motifs
(PxxP) and one PDZ binding motif (Hjalm, et al., 1996); known to have the consensus
motif S/TxV (Songyang, et al., 1997). The four potential SH3-binding motifs occur in
two clusters, which are here called PxxP 1 and PxxP 2 (Figure 1.2).
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Figure 1.2: The structure of LRP2. The extracellular domain of LRP2 is depicted with four clusters
of ligand binding or complement-type repeats (CR-domain). The intracellular domain with its binding
motifs is highlighted at the amino acid level.

Several intracellular proteins have been found to interact with the LRP2 tail
(Gallagher, et al., 2004; Gotthardt, et al., 2000; Oleinikov, et al., 2000; Petersen, et al.,
2003). Almost all of these proteins have been found using the yeast two-hybrid
system. Some of them have been confirmed using other methods as well. One well
know example is Disabled2 (Dab2) which associates with the NPxY3 motif of the
LRP2 tail. Association of Dab2 with LRP2 was confirmed using
coimmunoprecipitation ((CoIP), surface plasmon resonance (SPR) and immuno colocalisation (Gallagher, et al., 2004; Oleinikov, et al., 2000). Also, Dab2 knock-out
mice show a phenotype in the kidney similar to that seen in kidney-specific LRP2
knockout mice (Leheste, et al., 2003) with defects in the renal uptake of LRP2 ligands
like retinol binding protein (RBP) or vitamin D-binding protein (DBP) (Morris, et al.,
2002). This observation indicates that LRP2 and DAB2 interact in-vivo and belong to
the same pathway in kidney.
The LRP2 tail has been shown to undergo regulated intramembrane proteolysis (RIP)
(Zou, et al., 2004), a series of proteolytic cleavages steps which link receptormediated endocytosis and intracellular signaling. This processing has also been shown
for the amyloid precursor protein (APP), the notch receptor (Schroeter, et al., 1998),
and for several members of the LDL-receptor family, including LRP1 (May, et al.,
2003; May, et al., 2002), VLDL receptor (Hoe and Rebeck, 2005), and apoER2 (Hoe
and Rebeck, 2005; May, et al., 2003).
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1.2.2

Function of LRP2 in various organs

Kidney
In adults, LRP2 is strongly expressed in the renal proximal tubule cells of the kidney,
where low molecular weight metabolites (<70 kDa) that have passed glomerular
filtration are reabsorbed. The urine of Lrp2-/- mice is enriched in molecular weight
plasma proteins (e.g., vitamin carrier proteins, peptide hormones like insulin and
parathyroid hormone and lysozyme). These receptor ligands are apparently not
reabsorbed by the proximal tubules of the kidney in conditions of receptor deficiency
(Leheste, et al., 1999; Willnow and Herz, 1995). This condition is called low
molecular weight proteinuria.
LRP2-mdiated uptake of plasma carrier proteins in the kidney play a fundamental role
in renal handling of vitamin D metabolites and other lipid-soluble hormones.
Conceptually, the cellular uptake of steroid derivatives and hormones is believed
mainly to proceed by non-specific diffusion of the free lipid molecule through the
plasma membrane (free hormone hypothesis) (Mendel, 1989). In contrast to this
hypothesis, it has been shown by our lab that there are instances where steroid
hormones need to be actively taken up by target cell as well. For example, the
endocytic uptake of 25-hydroxyvitamin D3 bound to its plasma carrier, the vitamin D
binding protein (DBP; also known as GC globulin) in the kidney is mediated by LRP2
(Nykjaer, et al., 1999). Because vitamins are lost together with their carrier proteins in
the urine of LRP2-deficient mice, these animals also suffer from a disturbed vitamin
homeostasis (Leheste, et al., 2003; Moestrup, et al., 1996; Nykjaer, et al., 1999).
These findings show that LRP2 plays an important role in re-uptake of lipohilic
metabolites from the glomerular filtrate in the renal proximal tubules.
Reproductive organs
LRP2-deficient mice suffer from defects in the maturation of reproductive organs,
including maldescent of the testis in males (cryptorchidism) and impaired opening of
the vaginal cavity in females (Hammes, et al., 2005). These features are reminiscent
of rodents treated with anti-androgens and anti-estrogens during the embryonic or the
postnatal period of life, respectively (Ashby, et al., 2002; Spencer, et al., 1991),
implicating impaired sex steroid signaling in the phenotypes of Lrp2-/- mice. Data
from our lab indicate that the tissues in the reproductive tract of Lrp2-/-embryos fail to
specifically acquire carrier-bound sex steroids, resulting in impaired action of
androgens and estrogens despite normal circulating levels of these hormones. This
study further supports the concept that LRP2 is required for the cell-type-specific
uptake of steroid hormones (here androgens and estrogens) complexed with carrier
proteins (here the sex hormone binding globulin, SHBG) (Hammes, et al., 2005).
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Brain: embryonic forebrain
The LRP2-deficient mice are characterized by fused forebrain hemispheres, absence
of olfactory bulbs and facial abnormalities such as a shortened snout. Most animals
have abnormally developed or absent eyes (Willnow, et al., 1996). Most of the
embryos homozygous for the gene defect die shortly after birth due to respiratory
insufficiency (Willnow, et al., 1996). The various defects mentioned above are the
hallmarks of a disease termed holoprosencephaly (HPE) in humans and indicate an
essential function of the receptor in establishing normal forebrain structures.
Pathways that are involved in neural tube patterning have also been implicated in the
etiology of HPE. In particular, alterations in the pathways that specify the
dorsoventral axis of the rostral neural tube may cause this syndrome. For example,
increased dorsal signaling through bone morphogenetic proteins (BMPs) or through
wingless type proteins (WNTs) results in HPE (Golden, et al., 1999). Also, loss of
sonic hedgehog (SHH), a factor that specifies ventral cell fates in the neural tube
(Inoue, et al., 2000; Rubenstein and Beachy, 1998; Sur and Rubenstein, 2005) leads to
holoprosencephalic syndrome in humans and mice (Chiang, et al., 1996; Roessler, et
al., 1996). Recent findings from our lab suggest a likely involvement of LRP2 in the
SHH pathway in forebrain development. McCarthy et al. (2002) showed that LRP2
binds SHH with high affinity and mediates endocytosis of the morphogen.
Internalized SHH was able to bypass lysosomal degradation, implicating LRP2 as a
new regulatory component of the SHH signaling pathway (McCarthy, et al., 2002).
The molecular defect underlying HPE in LRP2-deficient embryos has been linked to
an abnormal patterning of the forebrain that is characterized by increased activity of
BMP4 in the dorsal and loss of Shh in the rostro-ventral neural tube. As a
consequence, embryonic neurogenesis is impaired, resulting in loss of interneuronal
cell populations that are normally derived from the neurogenic zone of the rostroventral neural tube (Spoelgen, et al., 2005). Spoelgen, et al. showed that the
neuroepithelium wall thickness in the rostral forebrain is reduced in Lrp2-/- animals
compared to wildtype animals (Spoelgen, et al., 2005). Spoelgen et al. could also
observe a decrease of proliferation in the rostral area of the forebrain, whereas the
number of apoptotic cells in this region was not changed.
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Figure 1.3: Scheme showing the patterning in embryonic forebrain of control and LRP2-deficient
mice. Competing actions of SHH and BMP are responsible for dorso-ventral patterning of the
forebrain, These gradients of activity are altered in LRP2-deficient embryos.

The exact mechanisms whereby LRP2 coordinates the action of morphogen pathways
during embryonic neurogenesis are still under investigation. LRP2 may promote SHH
signalling. Hence loss of receptor may lead to loss of SHH signalling and formation
of ventral interneuronal and oligodendroglial cell populations (Figure 1.4, 1.5).
Alternatively or additionally a scenario that could operate is that LRP2 acts as an
endocytic receptor in the neural tube that mediates cellular uptake and lysosomal
degradation of BMP4, thereby down-regulating this anti-proliferative pathway (Figure
1.3, 1.4). Accordingly, the absence of receptor activity in Lrp2-/- mice results in
increased and ventrally expanded BMP4 signals in the dorsal neural tube suppressing
neurogenesis (Spoelgen, et al., 2005).
Brain: adult brain
LRP2 expression persists in the adult brain (Zheng, et al., 1994), but its exact
expression pattern and precise localisation was not elucidated previously. Also the
role of LRP2 in the adult brain has not yet been investigated.
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Figure 1.4: Schemes depicting hypothetical models for LRP2 mediated regulation of BMP4 and
SHH signalling pathways. The picture in the left panel outlines the classical BMP signalling pathway
and the way it may be influenced by LRP2. (1) BMP4 protein binds to BMP receptor (BMP-R) which
signals via intracellular effector pSMAD 1/5/8 leading to activation of nuclear targets like Id3, Msx 1, 2
etc. (2-3) LRP2 binds BMP4 on the cell surface either to prevent BMP4 binding to BMP-R (2) or to
direct BMP4 for lysosomal degradation, thereby regulating the concentration of BMP4 available for
signalling (3). The picture in the right panel outlines the classical SHH signalling concept and its
hypothetical modulation by LRP2. (4) Cholesterol modified N-terminal SHH binds to Patched to
inhibit SMO, which in turn regulates intracellular effectors (which are not well defined as yet). This
leads to activation of targets in the nucleus like Gli 1, 2, 3, Shh , Nkx2.1, Ptch1. (5) LRP2 might bind to
composite signalling complexes formed by apolipoproteins, lipids, and SHH. This facilitates the
increase of the local concentration or binding of SHH to Patched, thereby promoting SHH signalling.
The schemes shown here are simplified version of the true interactions intended to introduce a concept
of LRP2 mediated regulation of these signalling pathways.

1.3

Adult Neurogenesis

The dogma that neurogenesis, the production of new neurons, occurs only during
development and stops before puberty (Cajal, 1928; Jacobson and Marcus, 1970;
Rakic, 1985) has been overturned by findings over the past decade demonstrating
persistent neurogenesis and the presence of neural stem cells (NSCs) in the adult
mammalian brain (reviewed by (Gross, 2000)). The first evidence for adult
neurogenesis in the central nervous system (CNS) was published 44 years ago
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(Altman, 1969; Altman and Das, 1965; Lewis, 1968; Privat and Leblond, 1972). It is
now well established that new neurons are generated in the adult brain at least in two
discrete regions: the subgranular zone (SGZ) of the dentate gyrus (DG) in
hippocampus and the subventricular zone (SVZ) of the lateral ventricles.
1.3.1

Adult Neurogenesis in the SVZ

Ventricles arise in the mammalian brain from a layer of cells surrounding fluid filled
compartments during development. This region of actively dividing and proliferating
cells, the ventricular zone in the embryonic brain, generates neuronal precursors that
contribute to the central nervous system(Caviness, et al., 2009; Gross, 2000;
Kriegstein and Alvarez-Buylla, 2009; Noctor, et al., 2007) . During development, the
SVZ is occupied by intermediate progenitors, while embryonic NSCs, radial glia
cells, are located in the ventricular zone (Figure1.5). The SVZ forms during
embryogenesis beneath the ventricular zone, while during postnatal development the
SVZ reduces to a thin zone that persists in adulthood (Tramontin, et al., 2003). During
development neurons, astrocytes, and oligodendrocytes are generated in the SVZ.
In the adult brain, in vitro studies indicate that the SVZ stem/progenitor cells can be
expanded in serum-free medium and form neurospheres, which generate neurons and
glia (Gage, 2000; Lois and Alvarez-Buylla, 1993; Reynolds and Weiss, 1992; Temple
and Alvarez-Buylla, 1999; Weiss, et al., 1996). BrdU and retroviral tracing in vivo
demonstrates that newborn neurons in the adult SVZ migrate along the rostral
migratory stream (RMS, also called SVZ rostral extension) into the olfactory bulb
(OB), where they mature into interneurons (Altman, 1969; Kornack and Rakic, 2001;
Lois and Alvarez-Buylla, 1994; Lois, et al., 1996; Luskin, 1993; Pencea, et al., 2001).
Despite general acceptance of the adult NSCs existence, the exact identity and
location of adult NSCs in vivo have long been controversial (Chojnacki, et al., 2009).
In the lateral ventricle, extensive research efforts have shown that the adult NSCs are
mainly located in the SVZ sub-ependymal layers (Chiasson, et al., 1999; Doetsch, et
al., 1999; Laywell, et al., 1999; Morshead, et al., 1994). A subsequent study suggested
that bona fide adult NSCs could be identified from the ventricular zone ependymal
layer (Johansson, et al., 1999). These controversies have prompted further
examination of the exact location of adult NSCs. The most recent results may provide
a unifying hypothesis on this issue: The cell bodies of adult NSCs are located in the
SVZ, However, they contact the ventricles through an extension of a thin apical
process (Mirzadeh, et al., 2008).
In the current view, primary adult SVZ NSCs in vivo are slowly dividing cells that
exhibit common features of subventricular radial glia-like astrocytes and ventricular
ependymal cells, including morphological characteristics and expression of the glial
fibrillary acidic protein (GFAP) and the glycoprotein CD133. Actively self-renewing
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adult SVZ NSCs (aNSC) are located in the SVZ and give rise to neuroblasts that
migrate towards the olfactory bulb.

Figure 1.5: Transition from neuroepithelium in development to ependymal and neural stem cells
(NSCs) in the adult. Neuroepithelial cells in early development divide symmetrically to generate more
neuroepithelial cells. Some neuroepithelial cells likely generate early neurons. As the developing brain
epithelium thickens, neuroepithelial cells elongate and convert into radial glial (RG) cells. RG cells
divide asymmetrically to generate neurons directly or indirectly through transient amplifying
precursors (TAPs). Radial glia cells have an apical-basal polarity: apically (down). RG cells contact the
ventricle, where they project a single primary cilium; basally (up). RG cells contact the meninges, basal
lamina, and blood vessels. At the end of embryonic development, most RG cells begin to detach from
the apical side and convert into astrocytes. A subpopulation of RG cells retains apical contact and
continues functioning as NSCs in the neonate. These neonatal RG cells continue to generate neurons
and oligodendrocytes; some convert into ependymal cells, whereas others convert into adult SVZ
astrocytes (type B cells) that continue to function as NSCs in the adult. B cells maintain an epithelial
organization with apical contact at the ventricle and basal endings at blood vessels. B cells continue to
generate neurons and oligodendrocytes. This illustration depicts some of what is known for the
developing and adult rodent brain. Timing and number of divisions likely vary from one species to
another, but the general principles of NSC identity and lineages are likely to be preserved. Solid arrows
are supported by experimental evidence; dashed arrows are hypothetical. Colors depict symmetric,
asymmetric, or direct transformation. IPC, intermediate progenitor cell; MA, mantle; MZ, marginal
zone; NE, neuroepithelium; nIPC, neurogenic progenitor cell; oIPC, oligodendrocytic progenitor cell;
RG, radial glia; SVZ, subventricular zone; VZ, ventricular zone. (Adapted from (Kriegstein and
Alvarez-Buylla, 2009))

At least four different cell types can be distinguished in the SVZ and ependymal
region by their morphology, ultrastructure, and molecular markers (Alvarez-Buylla
and Garcia-Verdugo, 2002; Doetsch, et al., 1997). Type A cells which are the young
migrating neurons form chains and migrate along the RMS. Type B cells are the
slowly proliferating stem cells expressing GFAP. Type C cells are highly proliferative
and rapidly dividing immature precursors. The SVZ is largely separated from the
ventricle cavity by a layer of ependymal cells (type E cells). B cells interact closely
with E cells. A subpopulation of B cells contacts the ventricular lumen. Whereas E
cells have multiple cilia, B cells with an extension to the ventricular lumen contain a
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single short cilium (Doetsch, et al., 1999) similar to those of neural progenitors in the
embryo.
1.3.2

The ependyma

The term “ependyma” originates from the greek word for upper garment (Daly, 1957).
It is a single-layered epithelium that lines the ventricles of the adult brain (Del Bigio,
1995). The ependymal cells of the ventricular epithelia, also called ependymocytes
(Fleischhauer, 1972), are mostly of cuboidal, but in some regions also of columnar
shape (Bleier, 1971; Millhouse, 1971). Their characteristic feature is a bundle of
approximately 40 kinocilia on the apical cell surface (Manthorpe, et al., 1977). The
cilia are approximately 8 micrometer long and project into the CSF, beating with a
frequency of 40 Hz in the rat (O'Callaghan, et al., 1999). In addition to the kinocilia,
the apical surface of ependymocytes is often covered by microvilli. The basal end
may occasionally extend cell processes (Junqueira, 1996). Ependymocytes are
interconnected via zonula adherens-type junctions (Brightman and Reese, 1969) as
well as by gap junctions (Jarvis and Andrew, 1988; Yamamoto, et al., 1992).
Ependymal cells are at the interface between the brain parenchyma and the
ventricular cavities and play an essential role in the propulsion of CSF through the
ventricular system (Cathcart and Worthington, 1964; Worthington and Cathcart,
1963). The coordinated beating of cilia in ependymal cells creates a current flow of
CSF along the walls of the lateral ventricle; ependymal malfunction leads to
disturbances of CSF flow and hydrocephaly (Brody, et al., 2000; Kobayashi, et al.,
2002; Taulman, et al., 2001). Ependymal cells also promote neuroblast migration
along the RMS through oriented cilia beating and formation of gradient guidance cues
(Sawamoto, et al., 2006). It has also been suggested that ependymal cells filter
molecules present in the cerebrospinal fluid (CSF) (Bruni, 1998), insulate the brain
from potentially harmful substances in the CSF (Kuchler, et al., 1994), move cellular
debris in the direction of bulk CSF flow, and optimize the dispersion of neural
messengers in the CSF (Roth, et al., 1985).
Ependymal cells are born in the embryonic (between E14 and E16) and early
postnatal brain (Fu, et al., 2003; Kriegstein and Alvarez-Buylla, 2009). The
maturation of ependymal cells and the formation of cilia occur during the first
postnatal week. Adult ependymal cells are postmitotic and are derived from radial
glial cells during embryogenesis (Spassky, et al., 2005). Mature ependymal cells seem
to mainly regulate the quiescence and self-renewal of adult NSCs in the SVZ by direct
cell-cell contact and diffusible signals including the pigment epithelium-derived
factor (Ramirez-Castillejo, et al., 2006).
As mentioned above it has been controversial whether ependymal cells can function
as NSCs. Several studies suggested that ependymal cells don’t have NSC properties
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and cannot form neurospheres in vitro (Chiasson, et al., 1999; Chojnacki, et al., 2009;
Laywell, et al., 2000; Rietze, et al., 2001). However it was recently published that
ventricular ependymal cells can be activated during stroke and can generate both
neuroblasts and glia (Carlen, et al., 2009). In summary, the potential functional and
structural role of the ependyma for maintaining the adult SVZ stem cell niche is
undisputed. Not much is known about the specific role of the ependyma or its factors
that help in maintaining the unique niche for adult neurogenesis.
1.3.3

Components of the SVZ neurogenic niche

Ependymal cells, astroglia, vascular cells, NSC progeny and mature neurones are
among the major cellular components of the neurogenic niche. The “niche” is defined
as the microenvironment that intimately supports and tightly regulates stem cell
behaviour, including maintenance, self-renewal, fate specification and development
(Li and Xie, 2005; Morrison and Spradling, 2008). While dormant NSCs might be
present and can be derived from multiple regions of the adult brain, a unique local
niche structure seems to restrict active neurogenesis from adult NSCs mainly to two
discrete regions, the SVZ and the SGZ (Alvarez-Buylla and Lim, 2004; Ma, et al.,
2009).
Within the adult neurogenic niches, neural stem cells proliferate and produce neurons
appropriate for their destination. However when removed from their niche and plated
in culture or transplanted into another region, NSCs from the SVZ generate largely
glial progeny (Herrera, et al., 1999). Conversely, stem cells derived from nonneurogenic regions such as spinal cord, when transplanted into the adult
hippocampus, generate granule neurons (Kokovay, et al., 2008; Shihabuddin, et al.,
2000). These pioneering experiments have shown that extrinsic factors in the
neurogenic stem cell niche play a critical role in regulating stem cell behaviour and
act in an instructive manner. Interestingly, adult SVZ cells can make hippocampal
neurons when placed into the hippocampus, and hippocampus-derived stem cells can
make olfactory neurons after transplantation into the RMS (Suhonen, et al., 1996),
indicating that molecular signals may be niche-specific. Given these findings, it is
crucial to understand the nature of the adult NSC niche and the tissue-specific
extracellular signals, in order to understand how stem cell self-renewal and
neurogenesis are regulated in the adult, the aging and the diseased brain.
Recent studies provide a better understanding of the direct physical interaction and
molecular communication in the SVZ niche (Mirzadeh, et al., 2008; Shen, et al.,
2008; Tavazoie, et al., 2008). A subset of GFAP-expressing cells, the stem cell
containing population (B1), is intercalated within the ependymal layer that forms a
honeycomb-like pattern (Shen, et al., 2008) or unique pinwheel organization specific
to regions of adult neurogenesis (Mirzadeh, et al., 2008). These B1 cells are in close
proximity both to the blood vessels via their somata and the CSF via their cellular
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extensions, and are thus in a unique position to receive signals from both the CSF and
the SVZ blood vessels.
1.3.4

Regulatory pathways in the SVZ neurogenic niche

Morphogens were identified as major regulators in the adult niche. SHH regulates the
proliferation and differentiation of SVZ neural stem cells by acting on quiescent stem
cell (Ahn and Joyner, 2005). Adult SVZ proliferating cells are stimulated by
administration of a SHH agonist. This effect is mediated by up-regulation of GLI1
signaling (Machold, et al., 2003). Also, Lim et al. showed that secretion of ependymal
noggin, an antagonist of BMP, creates a neurogenic niche in the SVZ by blocking
BMP signalling. Thus as well as SHH, BMPs and noggin also play a key role in the
regulation of the proliferation and differentiation of adult SVZ stem/progenitor cells.
SVZ cells express BMPs and their cognate receptors. BMPs potently inhibit
neurogenesis both in vitro and in vivo and promote glial differentiation. In contrast,
noggin promotes neurogenesis in vitro and inhibits glial cell differentiation (Lim, et
al., 2000). The cellular origin and targets of these signaling molecules and its
regulation are an active area of research. Moreover, the same factor may have
different effects, adding to the complexity of the picture. For example, noggin,
expressed in the dentate gyrus and the ependymal cells in the SVZ, promotes
neurogenesis through inhibition of BMP signaling (Lim, et al., 2000), while directed
inactivation of the BMP effector SMAD4 in adult SVZ NSCs inhibits neurogenesis
(Colak, et al., 2008).
Other factor identified as players in the adult niche that are less well characterized.
For example, Pigment epithelium-derived factor (PEDF), a secreted factor expressed
by endothelial cells and ependymal cells in the adult SVZ, promotes NSC selfrenewal in vitro and in vivo (Ramirez-Castillejo, et al., 2006).
It is anticipated that many more regulatory factors will be uncovered, some unique to
the adult niche where proximity to CSF, subventricular zone vascular plexus, and
locally leaky vessels (Tavazoie, et al., 2008) provide a complex molecular
environment. LRP2 may well be one such regulatory niche factor as reported in this
thesis. It is expressed in the ependymal cells in the adult SVZ and regulates adult
neurogenesis by modulating key signaling pathways like BMP4 (result section of this
thesis). It is perhaps not surprising that some of the central signaling pathways that
function during development of the nervous system such as Notch, WNT, BMP, and
SHH signaling pathways also play significant roles in adult neurogenesis (see review
(Androutsellis-Theotokis, et al., 2006; Nyfeler, et al., 2005; Pozniak and Pleasure,
2006; Zhao, 2003)).
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1.3.5

BMP and SHH signaling pathways in adult neurogenesis

Bone morphogenetic protein (BMP)

Figure 1.6: Scheme of BMP-SMAD signaling components. BMPs bind and act through the type II
receptors BMPRII, ActRII, or ActRIIB, and the type I receptors ALK2, -3, or -6. These receptors
transmit their signals to SMAD 1/5/8. The activated type I receptors phosphorylate the receptorregulated SMAD (R-SMAD; SMAD 1/5/8; purple) at a conserved SSXS motif present at the -COOH
terminus of the protein. Phosphorylation causes the dissociation of R-SMAD from the receptor
complex and induces formation of a heteromeric SMAD complex with the Co-SMAD (SMAD4; red).
This complex translocates to the nucleus and regulates transcription of target genes like Msx and Id3.
Nomenclature of proteins: BMP type II receptor (BMPRII), activin type II and type IIB receptor
(ActRII and ActIIB), activin receptor-like kinases 2, -3 and -6 (ALK2, ALK3 and ALK6), receptor
regulated SMADs (R-SMAD) and Common SMADs (Co-SMAD).

Although BMPs are secreted from cells, their biological actions are likely to be quite
local. For example, BMPs bind to extracellular matrix proteins, which may both limit
their diffusion through tissues and function to present the ligands to specific cells in a
more biologically active form. The localization of BMP signaling is further refined by
the actions of secreted inhibitors such as noggin (Zimmerman, et al., 1996) or chordin
(Piccolo, et al., 1996) that block BMP functions and limit their availability. Bmp
genes are expressed in many embryonic tissues, including those in which reciprocal
interactions between epithelial and mesenchymal cells are important for
morphogenesis and differentiation (e.g. kidney, lung, tooth, skin and hair)
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(Botchkarev and Sharov, 2004; Huang, et al., 2008; Simic and Vukicevic, 2005;
Umulis, et al., 2009). These expression patterns implicated BMPs in different stages
of development. However the function of BMP signaling is not restricted to
development. BMPs have also been implicated in the maintenance of various organs
functions in adulthood (Hogan, 1996; Zhao, 2003).
In the adult CNS, BMP receptor expression persists (Zhang, et al., 1998) suggesting
that neural cells retain the ability to respond to these ligands. Bmp7 mRNA is present
at low levels in the adult spinal cord but is dramatically increased in glial cells and
motor neurons after traumatic injury (Setoguchi, et al., 2001) as well as after
demyelinating lesions (Fuller, et al., 2007). Also BMP receptor expression was
suggested to be up-regulated in neurons of the DG after mechanical injury (Lewen, et
al., 1997). Expression of BMP ligands or receptors in the adult SVZ has also been
reported (Colak, et al., 2008; Lim, et al., 2000; Peretto, et al., 2002; Zhang, et al.,
1998). BMP signaling in the adult SVZ is know to act by phosphorylation of SMAD
1/5/8 proteins, which act as mediators of cellular BMP (Hogan, 1996; Miyazono and
Miyazawa, 2002; Wrana, 2000; Wrana, 2000). The simplified scheme of BMP
signaling in the SVZ of the adult brain is shown in Figure 1.5. Genetic ablation of the
key signaling mediator SMAD4 in stem cells of the adult SVZ results in a diversion
of the neurogenic lineage towards the generation of oligodendrocytes (Colak, et al.,
2008). BMP signaling inhibits neurogenesis, and secretion of noggin from the
ependymal cells is crucial to allow neurogenesis in the adult SVZ to proceed (Lim, et
al., 2000). Overexpression of BMP receptor 1a in the postnatal SVZ does not affect
neurogenesis (Coskun, et al., 2001). Yet, the exact role of this versatile signaling
pathway in adult neurogenesis has yet to be resolved.
Sonic hedgehog (SHH)
Sonic hedgehog (SHH) is a secreted protein expressed in the notochord and in the
floorplate that undergoes autocatalytic cleavage into a 19 kDa amino terminal (SHHN) and a 25 kDa carboxy terminal (SHH-C) domain. During cleavage, a cholesterol
moiety becomes covalently attached to SHH-N (Porter, et al., 1996), the active
fragment that binds the receptor patched (PTCH) (Ingham and McMahon, 2001). This
cholesterol modification is crucial for the proper activity of SHH-N (Porter, et al.,
1996). In the absence of SHH, PTCH constitutively inhibits the activity of the
pathway by binding to another transmembrane protein termed smoothened (SMO).
Binding of SHH-N to PTCH results in the release of SMO and activation of
downstream SHH target genes through glioma-associated oncogene (GLI) proteins
(Ingham and McMahon, 2001). Expression of LRP2 in the neuroepithelium and its
ability to bind SHH indicates a potential effect of LRP2 on SHH pathways as a coreceptor in SHH signaling (McCarthy, et al., 2002).
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Figure 1.7: Scheme of the SHH signaling. SHH binds to the transmembrane protein patched (PTCH)
at the cell surface. Upon binding, SHH abolishes the inhibitory effect of PTCH on another
transmembrane protein, smoothened (SMO). This relief from inhibition allows SMO to transduce a
signal to the nucleus via glioma (GLI) transcription factors, triggering the expression of specific target
genes. These pictures depicts the current view of SHH signaling at the primary cilium that is known to
emanate from most cells in the body. Left panel: In the absence of SHH, PTCH translocates to the
primary cilium and blocks ciliary localization of SMO. Transcription factors (GLI) are degraded or
processed into repressors (GLI-R). Right panel: Upon binding of SHH to PTCH in the cilium, PTCH is
displaced, and SMO enters the cilium. This switch may be controlled by oxysterols released from the
cilium membrane by PTCH. GLI is processed to an activator form (GLI-A).

Sonic hedgehog (SHH), an evolutionarily conserved molecule, plays an important role
in many aspects of embryonic development (Bitgood and McMahon, 1995; Chiang, et
al., 1996; Johnson, et al., 1994). In the adult hippocampus, the SHH pathway
regulates the proliferation of NSCs (Lai, et al., 2003; Machold, et al., 2003),
consistent with the observation that GLI1 positive cells are quiescent NSCs (Ahn and
Joyner, 2005). Adult SVZ and hippocampal DG proliferating cells are enhanced by
the administration of a SHH agonist in mice. This effect is mediated by an upregulation of GLI1 signalling (Machold, et al., 2003). Palma and colleagues identified
the mitogenic effects of SHH in the SVZ by blocking it with a cyclopamine drug
(Palma, et al., 2005). They also observed that inhibition of SHH decreases the number
of neurosphere forming cells indicating the effect of SHH on self-renewal. Consistent
with these data recent work analyzing conditional smoothened mutant mice showed
similar results. Deletion of SMO showed that hedgehog is required for the
maintenance of type B and C cell populations. Thus, SHH may exert different effects
on adult neural stem cells, TAPs or neuroblasts respectively (Balordi and Fishell,
2007).
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Aim of my work

Previously, the biological importance of lipoprotein receptors has mainly been
discussed in terms of cholesterol clearance and homeostasis. Recently, novel roles for
lipoprotein receptors in the control of key regulatory pathways in the developing
embryo, including signalling through BMP, HH and WNT pathways were discovered.
The biological function of LRP2 is well characterized in the adult kidney and
reproductive organs. These studies have firmly established the importance of LRP2 in
the endocytic pathways of ligands bound to plasma proteins and signalling through
steroid hormones. In the embryonic brain LRP2 has been shown to play a crucial role
in dorso-ventral patterning of the rostral neural tube. Results from Spoelgen et al.
indicated that LRP2 acts upstream of SHH and BMP signalling pathways in
regulating early pattern formation and embryonic neurogenesis (Spoelgen, et al.,
2005).
Interestingly, expression of LRP2 persists in the ventricular system of the adult brain
(Zheng, et al., 1994). Given its critical role in balancing key neurogenic pathways
during development, I here investigated its role in adult neurogenesis.
Towards that goal, I first studied the exact expression pattern and the cellular
localization of LRP2 in the adult brain. I uncovered a unique expression pattern for
LRP2 on ependymal cells exclusively in the lateral wall of the lateral ventricles where
the stem cell niche is located. Therefore, further analyses were focused on analyzing
the role of the receptor in the neurogenic niche of the lateral ventricles. To test the
functional relevance of LRP2 for neurogenesis in the SVZ, receptor-deficient mice
were analyzed in detail. Morphological, histological, and immunohistological
characteristics were evaluated as well as the proliferative capacity in the SVZ of adult
LRP2 deficient mice compared to littermate controls.
The overall aim of my project was to define and characterize the expression pattern,
the localisation and functional role of LRP2 in the adult brain with particular
emphasis on adult neurogenesis and signalling pathway involved.
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3.1
3.1.1

Experimental procedures
Animals
Transgenic mice strains

An LRP2-deficient mouse strain was identified in a focused ENU screen for gene
mutations that impair morphogenesis of the brain cortex. In line 267, a T to A
transition results in a stop codon at amino acid position 2721 of the LRP2 polypeptide
sequence abolishing receptor expression (Zarbalis, et al., 2004). The used null mice
(Lrp2267/267) are on a mixed genetic background (FVB/NJ x C57BL/6J).
A mouse line carrying an egfp transgene driven by the rat nestin promoter (nestinEGFP) was described before (Yamaguchi, et al., 2000), and generously provided by
M. Yamaguchi (University of Tokyo, Japan). The nestin promoter–EGFP transgenic
construct was generated by ligation of enhanced GFP cDNA (Clontech, Palo Alto,
CA) with the rat nestin promoter region and the enhancer region of the nestin gene
covering the region from the 3’ part of the second exon to the 5’ part of the third
intron and the rabbit polyadenylation site (Fig.3.1). The generation of mice expressing
EGFP under the control of nestin gene regulatory regions has been described in detail
previously (Filippov, et al., 2003; Fukuda, et al., 2003; Yamaguchi, et al., 2000).
Lrp2+/267 mice were crossed with nestin-GFP transgenic mice. To obtain LRP2deficient mice expressing the reporter green fluorescent protein (GFP), compound
heterozygous mice (nestin-GFP; Lrp2+/267) were crossed with Lrp2+/267 mice. Mice
{(nestin-GFP; Lrp2267/267) and (nestin-GFP; Lrp2+/+)} thus generated were used to
investigate (neural precursor cell; B- and C-cells)
The mice were bred at the animal facility at the MDC, Berlin, Germany. All
applicable institute and government animal welfare regulations were followed. The
mice lived in standard laboratory housing conditions with a light/dark-cycle of 12
hours each.
3.1.2

Experimental controls

All studies were performed in receptor-deficient Lrp2267/267 animals and their gendermatched littermate controls at 2 to 5 months of age. No phenotypic differences were
observed between wild type (Lrp2+/+) and heterozygous (Lrp2+/267) animals. Thus,
both genotypes were used as reference and were collectively referred to as control
animals (Control) in this study.
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Figure 3.1: Schematic representation of the EGFP transgene under the control of the rat nestin
gene promoter.

3.1.3

BrdU injections

BrdU (bromodeoxyuridine) is a chemical analog of the nucleotide constituent of
DNA, thymidine. BrdU is incorporated into the DNA during DNA synthesis (S phase)
of the cell cycle. BrdU (Sigma Inc., catalogue #B5002) was injected intra-peritoneally
(i.p.) at a concentration of 50mg/kg body weight. 10 mg/ml solutions of BrdU were
prepared in sterile normal saline (0.9% NaCl) by sonication for 10 minutes followed
by shaking at 300 rpm for 45 minutes at room temperature in the dark. 100µl of this
solution was injected i.p. per 20 g body weight.
Differential time points for detection of BrdU incorporation:
To label proliferating cells in SVZ of the adult brain, BrdU was injected once 24 hour
before sacrificing the mice. To observe the cells in the rostral migratory stream
(RMS), the path taken by cells from the SVZ to reach the OB, BrdU was injected
once 4 days before sacrificing the mice. To detect cells in the olfactory bulb of adult
mice that have migrated from the SVZ, mice were injected once 2 weeks before
sacrificing the mice.
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Figure 3.2: Scheme demonstrating differential time points for BrdU incorporation assay. (A)
Picture of a dissected brain of mouse showing the plane of sagital section shown schematically in B.
(B) Schematic picture of sagital section of a mouse brain that shows the subventricular zone (SVZ),
rostral migratory stream (RMS) and olfactory bulb (OB). Cells born at the SVZ migrate via the RMS to
reach the OB. After a single intra-peritoneal (i.p.) injection of BrdU (50mg/kg body weight), BrdU
positive cells were found at the SVZ after 24 hours, in the RMS after 4days, and in the OB after 2
weeks. (C) Scheme of three differential time points for detecting BrdU incorporation, to assess the
proliferating capacity of the SVZ, to analyse the route of migrating BrdU+ cells in the RMS, and to
check the status of BrdU positive cells in the in target organ, the OB.

3.2
3.2.1

Molecular Biology
Genomic DNA preparation

Tissue for isolating genomic DNA was obtained by subjecting adult mice to a tail
biopsy. Tail biopsies were used to isolate DNA for genotyping the mice. DNA was
isolated by incubating the tissue with proteinase K in tail buffer (10 mM Tris-HCl, 0.3
M sodium acetate, 0.1 mM EDTA, 1% SDS (w/v); pH 7.0) overnight at 52°C.
Proteins were removed by extraction with phenol/chloroform/isoamylalcohol
(25:24:1) followed by centrifugation (14000xg; 5 min; RT) to separate the
phenol/choloform and the aqueous phase. The upper, aqueous DNA containing phase
was transferred to a fresh tube and mixed with 2.5 volumes of 100% ethanol. The
precipitate was collected by centrifugation (14000xg, 10 min, 4°C) washed once with
70% ethanol and re-dissolved in TE-buffer (10 mM Tris-HCl, 1 mM EDTA; pH 8.0).
Isolated genomic DNA was stored at 4°C.
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3.2.2

Measurement of DNA concentrations

The concentration of DNA samples was determined spectrophotometrically at a
wavelength of 260 nm (OD260) since the concentration of DNA is a direct function of
the optical density at this wavelength. For DNA, an OD260 of 1.0 equals a
concentration of 50 _g/ml of double stranded DNA. Quality of DNA was determined
by measuring the OD280 because proteins absorb UV-light maximally at this
wavelength. Pure DNA solutions have an OD260: OD280 ratio of 1.8. A lower ratio
indicated contamination of the sample with proteins.
3.2.3

PCR genotyping

Genotyping was done for maintenance of mouse colonies and to analyse the genotype
of mice. Mice were genotyped by PCR (polymerase chain reaction) using genomic
DNA from tail biopsies.
PCR protocol to genotype the Lrp2267/267 mouse model
The LRP2-deficient mouse model (Lrp2267/267) has a point mutation that leads to T to
A amino acid transition (Zarbalis, et al., 2004). Using restriction map analysis I
detected that the point mutation in the Lrp2 gene creates a restriction site for MseI
enzyme. Therefore a PCR genotyping strategy was designed making use of the
additional MseI restriction site that was created due to the point mutation.
Amplification of the genomic DNA spanning the region with the point mutation by
PCR, subsequent restriction digest of the PCR product with the MseI enzyme, and
separation of the PCR- and restrictions digestion products on an agarose gel gave
clearly distinguishable results for the homozygous mutated, heterozygous, and wild
type allele (Figure 4.7 C).
PCR was carried out using approximately 50ng of genomic DNA (~1_l) and 0.2_M
each of the primers 2-ENU-MseI-For and 2-ENU-MseI-Rev (Table 3.1) in a 25_l
reaction mixture containing 0.2mM dNTPs, 1.5mM MgCl2, 0.625 U of Taq-DNApolymerase (Taq Invitrogen) and 2.5_l 10xPCR-buffer. Cycling conditions were 94°C
for 3 minutes, followed by 40 cycles of 94°C for 15 seconds, 57°C for 15 seconds,
and 72°C for 15 seconds. The amplicon obtained from the wild type and mutant allele
both were 294 bp long. The PCR product was digested by adding 3.2 _l of 10x BSA,
3.2 _l of 10x Buffer I, and 0.5 _l MseI enzyme to the 25µl PCR reaction sample.
Restriction digestion was carried out at 37 °C for 3 hours. The digested PCR products
were loaded on a 2.5% agarose gel. MseI cuts the amplicon produced from the mutant
allele into two fragments of 239 bp and 55 bp. The smaller fragment of 55bp will run
out of gel and thus would not be detected on gel. The PCR on the wild type (Lrp2+/+)
allele gives single band of 294 bp, which contains no MseI restriction site. The PCR
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and restriction digest with MseI on the heterozygous (Lrp2+/267) samples results in
three bands of 294 bp, 239 bp, and 55 bp.
In PCR and restriction digestions, water was used as a negative control sample.
PCR protocol to genotype the nestin-EGFP transgenic mouse model
The PCR protocol for genotyping of the nestin-EGFP mouse line was adapted and
modified from a previous publication (Yamaguchi, et al., 2000). The forward primer
(5UTR-For) was placed in the 5’untranslated region (UTR) of the nestin gene, and the
reverse primer (EGFP-3002-Rev) was located in the eGFP cDNA sequence. PCR was
carried out using about 50ng of genomic DNA (~1_l) and 0.2_M of the primers
(5UTR-For) and (EGFP-3002-Rev) (Table 3.1) in a 25_l reaction mixture containing
0.2mM dNTPs, 0.625 U of Taq-DNA-polymerase (Taq Invitrogen), 1.5 mM MgCl2
and 2.5_l 10xPCR-buffer. Cycling conditions were 2 minutes at 94°C, followed by 40
cycles at 94°C for 15 seconds, at 62°C for 15 seconds, and at 72°C for 45 seconds.
20_l of each PCR-product was analysed on a 1 % agarose gel. The amplicon obtained
from transgenic animals was 680 bp long. In all PCRs, water was used as a negative
control sample.
Primer name

Primer sequence

2-ENU-MseI-For

5’ GTA ACT GGA AGG CAT CTT CTC 3’

2-ENU-MseI-Rev

5’ CTC ATC TGA GGT GTC ATT GTC 3’

5UTR-For

5’ CTG GGT CAC TGT CGC CGC TAC TCC 3’

EGFP-3002-Rev

5’ CGT CGC CGA TGG GGG TGT TCT 3’

Table 3.1: List of primers used for PCR genotyping.

3.2.4

Protein concentration measurement

Protein was measured in urine sample of mice, which were collected overnight using
metabolic cages. Protein concentrations were determined spectrophotometrically at a
wavelength of 595 nm (OD595) as described by Bradford (Bradford, 1976). The
procedure is based on the formation of a complex between the dye Brilliant Blue G,
and proteins in solution. The protein-dye complex causes a shift in the absorption
maximum of the dye from 465 to 595 nm. The extent of absorption is proportional to
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the amount of protein present. Samples containing known concentrations of bovine
serum albumin (BSA) were used as a standard.
3.2.5

SDS polyacrylamide gel electrophoresis of proteins

Proteins were separated depending on their molecular weight on gels containing 8 %
polyacrylamide (PA). 50 _g of protein were mixed with sample buffer, incubated for
5 min at 95°C and resolved at 50 V in SDS-PAGE running buffer (50 mM Tris-HCl,
196 mM glycine, 0.1% SDS, pH 8.4) After electrophoresis the gels were either
subjected to Western blotting or to coomassie brilliant blue staining.
3.2.6

Western blotting

Western blotting was done by transferring proteins electrophoretically from a
damageable polyacrylamide gel to a stronger support. The setup in the transfer case
was as follows: Scotch Brite Pad (3M, USA), then Whatman paper (3M, USA), PAgel, Hybond-C nitrocellulose membrane (GE Healthcare, USA), Whatman paper and
Scotch Brite Pad. The assembled case was inserted in the case holder and put into the
transfer chamber filled with transfer buffer (25 mM Tris-HCl, 192 mM glycine; pH
8.4). The transfer was run at 100 V for 2 hrs or at 20 V overnight. The efficiency of
the transfer was evaluated by staining the membrane with Ponceau S staining solution
(0.1 % (w/v) Ponceau S in 5 % (v/v) acetic acid) to visualize the protein bands. The
membrane was then incubated with blocking solution (133 mM NaCl, 1.7 mM KCl,
4.3 mM Na2HPO4, 1.4 mM KH2PO4, 0.08% Tween 20, 5% FCS, 5% dry milk
powder; pH 7.4) for 1 hr at RT.
The primary antibody was applied in binding buffer (133 mM NaCl, 1.7 mM KCl, 4.3
mM Na2HPO4, 1.4 mM KH2PO4, 0.08% Tween 20, 5% dry milk powder; pH 7.4) at a
dilution of 1:100-1:1000, depending on the antibody. Incubation with the primary
antibody was carried out at 4°C overnight on a rocking plate. Unspecifically bound
antibody was removed the next day by washing the membrane 2 times 15 min in
washing-buffer I (133 mM NaCl, 1.7 mM KCl, 4.3 mM Na2HPO4, 1.4 mM KH2PO4,
0.08% Tween 20, 0.1% SDS, 1% NP-40; pH 7.4). Followed by two times in washingbuffer II (133 mM NaCl, 1.7 mM KCl, 4.3 mM Na2HPO4, 1.4 mM KH2PO4, 0.08%
Tween 20; pH 7.4). The membrane was then incubated with peroxidase conjugated
secondary antibody (1:1000 in binding buffer) for 1 hr at RT. After washing 2 times
15 min with washing-buffer I and 2 times 15 min with washing-buffer II, the
membrane was incubated with detection solution (Super Signal West PicoStable
Peroxide/luminol enhancer solution, Pierce, USA). Bands were detected using a
CCD-camera (Fujifilm LAS-1000/ Intelligent Dark Box, Fujifilm, Japan).
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3.3
3.3.1

Histology
Preparation of mice for histology

Mice were anaesthetized by intraperitoneal (i.p.) injecting of 3.6% ketamine/ 0.08%
xylazine. Anesthetized mice were subjected to intracardiac perfusion with 0.1M
phosphate-buffered saline, pH 7.5, (PBS: 8 mM Na2HPO4, 1.4 mM KH2PO4, 145 mM
NaCl, pH 7.4) followed by 4% paraformaldehyde (PFA) in PBS. Required organs
(brain, olfactory bulb, eyes, or kidney) were dissected out carefully. Organ/tissue
samples were fixed overnight in 4% PFA in PBS at 4°C.
3.3.2

Paraffin tissue sections

Following overnight fixation, tissue samples were washed with PBS. Dehydrated by
passing it through a series of graded ethanol solutions for 2 hrs each step: 70%, 80%,
90%, 96% and 99% ethanol. Following dehydration, the samples were incubated 2
times for 2 hrs in Roti-Histol (Roth, Karlsruhe, Germany). The samples were preinfiltrated with paraffin for 2 hrs at 67°C and finally infiltrated with fresh paraffin
overnight at 67°C. The entire process from the dehydration with ethanol to the final
infiltration with paraffin was achieved using the programmable “Leica TP 1020
Automatic Tissue Processor”. The samples were embedded in paraffin in molds
(using Leica EG1140H Paraffin dispensing unit, and a Leica EG1140C cooling plate)
and stored at 4°C until use. 3-10 micrometer thick serial paraffin sections were
obtained using Microm HM355S motorized rotary microtome. Sections were
collected on superfrost plus glass slides (Meltzer-Fischer Scientific) and processed for
immunohistochemistry. Slides were stored at RT or 4°C until further processing.
3.3.3

Free floating sections

Following overnight fixation, tissue samples were equilibrated with 30% sucrose at
4°C until they sank to the bottom (approx. 2 days). These tissue samples were
sectioned into 40-micrometer thick sections on custom modified Leica SM2000R
Sliding Microtome. Section slices were stored in CPS cryoprotectant (25% glycerol,
25% ethylene glycol, 0.1M phosphate buffer) in 96 well format multi well plates at
4ºC or -20ºC in floating condition until further use. When staining needed to be done,
one set (one column from a 96 well plate) of floating sections were transferred by a
small paintbrush (size 2) to transwell chambers (Costar, Corning). Multiple sections
can be treated in one transwell, washing, and reagent treatment in a transwell is fast
and efficient as sections are literally in free floating condition, and penetration of the
antibody is efficient and uniform.
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3.3.4

Cryosections

(1) Following overnight fixation of tissue at 4°C, samples were incubated in 30%
sucrose/PBS until they sank. Tissue samples were then embedded in Tissue-Tek OCT
(Sakura, Japan), cooled down on dry ice and stored at -80ºC (2) Alternatively freshly
dissected tissue samples were immediately embedded in Tissue-Tek OCT (Sakura,
Japan), cooled down on dry ice and stored at -80ºC. The samples were then sectioned
at 10-15 µm thickness on a rotary cryotome (Leica, Germany). Slides were stored at 20°C or -80°C until further processing.
3.3.5

Counterstaining (Haematoxilin-Eosin and Nissl)

Paraffin sections were counterstained using hematoxilin and eosin. Hematoxylin
specifically stains nuclei whereas eosin stains the cytoplasm of cells. The sections
were deparaffinised by two incubations in Roti-Histol R (Roth, Germany), rehydrated
by subsequent washes in 100%, 80%, 50%, 30% ethanol and H2O. The slides were
incubated for 4 min with Mayer’s hematoxylin solution (5% (w/v) aluminium
potassium sulphate, 0.1% (w/v) hematoxylin, 0.02% (w/v) sodium iodate, 2% (v/v)
glacial acetic acid; Roth, Germany) and rinsed for 5 min with tap water. Incubating in
acid alcohol (70% (v/v) ethanol, 0.25% (v/v) concentrated hydrogen chloride acid) for
45 sec was followed by a second rinse with tap water for 5 min. After two dips in
96% ethanol, the sections were incubated with eosin staining solution (90% ethanol,
0.1% eosin; Roth, Germany) for 45 sec and washed immediately 5 times with
isopropanol. The slides were dipped 2 times in Roti-Histol R, dried and mounted with
Histo-clear R (Roth, Germany).
Nissl staining was carried out to observe overall morphology and to demonstrate Nissl
substance in brain tissue sections of Lrp2267/267 mice. The Nissl substance appears
dark blue due to the staining of ribosomal RNA, giving the cytoplasm a mottled
appearance. Individual granules of extranuclear RNA are named Nissl granules
(ribosomes). A Nissl granule (or Nissl body or tigroid body) is a large granular body
found in neurons. Nissl bodies can be demonstrated by a staining method developed
by Nissl (Nissl staining), using a basic aniline derived stain to label extranuclear RNA
granules. These granules are rough endoplasmic reticulum (ER with free ribosomes).
Prior to the Nissl staining the sections were deparaffinised and rehydrated as
described above. Staining was performed in 0.3% cresyl violet solution (Cresyl echt
violet (or cresyl violet acetate) in distilled water with 7 drops or 0.3 ml of glacial
acetic acid for 3-10 minutes. The staining solution was filtered just before use. After
the staining sections were rinsed quickly with distilled water and differentiated in
95% ethyl alcohol for 5 minutes. After the dehydration step in 100% ethanol, twice
for 5 min, clearing was performed in xylene, twice for 5 min, and thereafter the
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sections were mounted using mounting medium and coverslips. Stained Nissl
substance was observed as dark blue to purple signals. Staining in warmed cresyl
violet solution (warm up in 37-50 ºC oven) can improve penetration and even enhance
staining. It is particularly beneficial for thicker (20-50 µm) sections.
3.3.6

Immunohistochemistry

For Immunohistochemistry experiments paraffin- and cryo-sections were mounted on
glass slides, whereas floating sections are subjected to the staining procedure in
transwell chambers in free floating condition unless stated otherwise. Various
methods of immunohistochemisty were attempted as described below briefly. A list of
all antibodies, that were used in this work along with the dilutions, in which they were
applied, is provided in table 3.2
Protein/antigen

Host
animal

Source of antibody

Catalogue #

Dilution

BMP2/4- AP

Goat

Fitzgerald, MA, USA

RDIBMP24ABGX1

1:100

70R-BG001
BrdU

Rat

Abd serotec, Oxford, UK

OBT 0030

1:500

CD133/
PROMININ I

Rat

ebioscience

14-1331

1:100

Ctip2

Rat

Abcam

AB18465

1:200

DCX

Goat

Santa cruz biotechnology

SC8066

1:200

DLX2

Guinea
pig

On collaborative basis, from Kazuaki Yoshikawa, 1:7000
Osaka University, Japan. (Kuwajima et al., 2006)

FoxP2

Rabbit

Abcam

AB16046

1:200

GFAP

Guinea
pig

Advanced immunochemicals

031223

1:1000

GFP

Rabbit

Abcam

AB290

1:400

GLI2

Rabbit

Abcam

AB7181

1:200

ID3

Rabbit

Abcam

AB41834

1:100

LRP2

Rabbit
antiseru
m 612

Kindly provided by Joachim Herz, UTSW
medical centre, Dallas, TZ, USA

LRP2

Sheep

Kindly provided by Pierre Verroust, Institut 1:5000
National de la Santé et de la Recherche Médicale,
Paris, France

1:250
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Protein/antigen

Host
animal

Source of antibody

Catalogue #

Dilution

Paris, France
OLIG2

Goat

R&D systems

AF2418

1:20

PSA-NCAM

Mouse

Chemicon

MAB5324

1:400

p-SMAD1/5/8

Rabbit

Cell signaling technology

9511

1:500

S100 beta

Mouse

Sigma

S2532

1:1000

S100 beta

Rabbit

Swant

37

1:2500

SOX2

Rabbit

Chemicon

AB5603

1:200

Sox5

Rabbit

Santa cruz

SC20091

1:20

Tbr1

Rabbit

Chemicon

AB9616

1:1000

Table 3.2: List of the primary antibodies. Alphabetical list of primary antibodies enlisted along with
host animal in which antibody were produced. Source of antibody and catalogue number(#) and
dilution at which optinal signal were obtained.

Antibodies (primary and secondary) were always diluted in the blocking solution, but
the composition of the blocking solution varied with the method of
immunohistochemisty and the applied antibody. Slides/ free-floating sections were
incubated in the primary antibody solution in most cases overnight at 4°C or RT, in a
humid chamber. To rule out any unspecific binding of the secondary antiserum,
negative controls, where sections treated in the same conditions without primary
antibody (secondary antibody alone), were included in each experiment. For antiBrdU antibody staining an additional negative control included sections from animals
not treated with BrdU.
Optimal staining depends on a number of factors including the antibody dilution, the
blocking system, detection and amplification method, buffer solution, the preparation
and/or fixation of the tissue, and the length of incubation with the antibody/staining
reagents, which are listed in table 3.2 and table 3.3.
Antibody

Section

Blocking
solution

Detection
and
amplification method

Washing
buffer

Incubation

BMP2/4- AP

Paraffin

10%
goat
serum, 0.1%
triton X-100,
0.1% tween
20 in TBS

Direct detection using
alkaline
phosphatase
staining

TBS

RT, ON

BrdU

Paraffin

5% donkey,
0.3% triton
X-100
in
TBS

Immuno peroxidase-ABC
amplification

TBS

4ºC,ON
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Antibody

Section

Blocking
solution
X-100
TBS

Detection
and
amplification method

Washing
buffer

Incubation

in

BrdU

Floating

5% donkey,
0.3% triton
X-100
in
TBS

Immuno peroxidase-ABC
amplification

TBS

4ºC,ON

BrdU

Floating

5% donkey,
0.3% triton
X-100
in
TBS

Indirect immuno fluorescent
staining

TBS

4ºC,ON

CD133/
PROMININ I

Floating

5% donkey,
0.3% triton
X-100
in
TBS

Indirect immuno fluorescent
staining

TBS

RT,ON

Ctip2

Paraffin

10%Goat
serum, 10%
donkey
serum, 0.1%
triton X-100
in PBS

Immuno peroxidase-ABC
amplification

PBS

4ºC,ON

DCX

Floating

5% donkey,
0.3% triton
X-100
in
TBS

Indirect immuno fluorescent
staining

TBS

RT,ON

DLX2

Floating

5% donkey,
0.3% triton
X-100
in
TBS

Streptavidin amplificationFlouresecence

TBS

4ºC,ON

FoxP2

Paraffin

10%Goat
serum, 10%
donkey
serum, 0.1%
triton X-100
in PBS

Immuno peroxidase-ABC
amplification

PBS

4ºC,ON

GFAP

Floating

5% donkey,
0.3% triton
X-100
in
TBS

Indirect immuno fluorescent
staining

TBS

4ºC,ON

GFP

Floating

5% donkey,
0.3% triton
X-100
in
TBS

Indirect immuno fluorescent
staining

TBS

4ºC,ON
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Antibody

Section

Blocking
solution

Detection
and
amplification method

Washing
buffer

Incubation

GLI2

Floating

5% donkey,
0.3% triton
X-100
in
TBS

Streptavidin amplificationFlouresecence

TBS

4ºC,ON

ID3

Floating

TNB buffer

Tyramid
signal
amplification (TSA)

TNT

4ºC,ON

LRP2

Paraffin

5% donkey,
0.3% triton
X-100
in
TBS

Immuno peroxidase-ABC
amplification

TBS

RT, ON

LRP2

Paraffin

15% Goat
serum, 35%
FSC, 0.1%
triton X-100
in PBS

Peroxidase-anti-peroxidase
(PAP) amplification

PBS

4ºC,ON

LRP2

Floating

5% donkey,
0.3% triton
X-100
in
TBS

Indirect immuno fluorescent
staining

TBS

4ºC,ON

OLIG2

Floating

5% donkey,
0.3% triton
X-100
in
TBS

Indirect immuno fluorescent
staining

TBS

4ºC,ON

PSA-NCAM

Floating

5% donkey,
0.3% triton
X-100
in
TBS

Indirect immuno fluorescent
staining

TBS

4ºC,ON

p-SMAD1/5/8

Floating

TNB buffer

Tyramid
signal
amplification (TSA)

TNT

4ºC,ON

S100 beta

Floating

5% donkey,
0.3% triton
X-100
in
TBS

Indirect immuno fluorescent
staining

TBS

4ºC,ON

S100 beta

Floating

5% donkey,
0.3% triton
X-100
in
TBS

Indirect immuno fluorescent
staining

TBS

4ºC,ON

SOX2

Floating

5% donkey,
0.3% triton
X-100
in
TBS

Indirect immuno fluorescent
staining

TBS

4ºC,ON
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Antibody

Section

Blocking
solution

Detection
and
amplification method

Washing
buffer

Incubation

Sox5

Paraffin

10%Goat
serum, 10%
donkey
serum, 0.1%
triton X-100
in PBS

Immuno peroxidase-ABC
amplification

PBS

4ºC,ON

Tbr1

Paraffin

10%Goat
serum, 10%
donkey
serum, 0.1%
triton X-100
in PBS

Immuno peroxidase-ABC
amplification

PBS

4ºC,ON

Table 3.3: Immunohistological conditions for staining protocol. A List at a glance contining the
combination of staining conditions like section type, blocking solution, detection system or
amplification system, washing buffer and incubating condions used for achieving optimum signal to
noise ration.

Fluorescent immunostaining
Immunofluorescent-labelled tissue sections were studied using a fluorescence
microscope or by confocal microscopy.
Indirect immuno fluorescent staining

Indirect immuno fluorescent staining employs two sets of antibodies: a primary
antibody is used against the antigen of interest; a subsequent, secondary ("indirect"),
dye-coupled antibody is introduced that recognizes the primary antibody. Protocols
with direct immunofluorescence do not include a secondary antibody, but the
fluorophore is conjugated to the primary antibody.
For indirect immunoflourescence staining, tissue sections were incubated with the
primary antibody in blocking solution, containing tris phosphate buffered saline
(TBS: 83.9 mM Tris-HCl, 16 mM Tris base, 154 mM NaCl), 5% serum (Serum of
animal from which secondary antibody is derived), and 0.3% TritonX-100 overnight
at 4ºC. After the antibody incubation, sections were rinsed three times for five
minutes each with 1x TBS. Bound primary antibodies were visualized using subclass
specific secondary antibodies conjugated with Alexa-488, -555, -546, -633, -647
(1:250; Invitrogen), or FITC, TRITC, Rhodamin RedX, Cy5 (1:250; Jackson
Immunoresearch). Secondary antibodies were diluted in blocking buffer listed in table
3.3). Secondary antibodies were incubated at RT, in dark for 2-4 hours. Sections were
thoroughly washed six times in TBS buffer, allowed to briefly dry in dark and
sections were mounted in Aqua Poly (Dako cytomation), a glycerol-based mounting
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medium. The staining was analyzed at a confocal microscope (details see below). All
immunostainings described in this thesis are indirect immunostaining except for the
detection of BMP2/4. BMP2/4 is described separately in section “immuno alkaline
phosphatase staining” and table 3.3.
Streptavidin amplification

Tissue sections were incubated with the primary antibody in blocking solution. Bound
primary antibodies were detected using a biotinylated secondary antibodes, which in
turn were visualized by fluorescent conjugates of streptavidin (Invitrogen). This
amplification method has the advantage of greater sensitivity, but simultaneous
detection of two or more primary antibodies on one sample cannot be carried out
using this amplification method. DLX2 and GLI2 were nicely detected using the
streptavidin amplification method.
Tyramid signal amplification

Some stainings were enhanced using the tyramide amplification kit (Perkin Elmer #
NEL702). The tyramid signal amplification (TSA) system uses horseradish
peroxidase (HRP) coupled to a secondary antibody. The amplification is based on
catalyzed deposition of fluorescein labelled tyramide amplification reagent onto tissue
sections immediately adjacent to the immobilized HRP enzyme. Since this technique
results in a significant enhancement of the signal, it was used for immunostainings
that gave rather weak signals without amplification.
Floating sections were collected in transwell plates. For this protocol TNT Buffer
(0.1M Tris-HCl; pH 7.5, 0.15 M NaCl, 0.005% Tween-20, PH 7.5) was used for the
washing steps. The protocol is carried out at room temperature unless otherwise
indicated. Endogenous peroxidase of tissue was exhausted by treating the sections
with 1% hydrogen peroxide (H202) in TNT for 1 h. This step was followed by
permeabialisation with 0.2% Triton X-100 and 0.2% Tween-20 in TNT for 30 min.
Free-floating sections were arranged on glass slides (coated frost free plus). Sections
were left at room temperature for drying. The area for solution application was
marked by using a PAP pen. Slides are incubated with the primary antibody (e.g.
rabbit anti p-SMAD 1/5/8; 1:500) in TNB buffer (0.1M Tris-HCl; pH 7.5, 0.15 M
NaCl, blocking reagent (Proprietary, included with kit)) overnight at 4°C in a
humidified chamber. The following day the slides were washed three times in TNT
buffer and afterwards incubated with the secondary antibody (donkey-anti-biotin-SP;
1:200) in TNB buffer for 2 hr. Then sections were treated with streptavidin-HRP
(included with kit component #FP1047; 1:200) in TNB buffer for one hour. This
amplification was developed preferably in the dark using Rhodamine-Tyramide in
amplification diluent (comes with kit component #FP1050 and #FP1051; 1:100) for 8
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minutes. The developing time should not exceed 8 minutes since for an optimal
signal to background ratio. Slides were left drying in the dark and afterwards mounted
using PVA-DABCO mountant. A slide treated without primary antibody was included
as a negative control. pSMAD1/5/8 was nicely detected using the tyramid signal
amplification system.
Non-fluorescent immuno staining
Bound primary antibodies were visualized using secondary antisera conjugated with
peroxidase (HRP/POD) (1: 250; vector laboratories), alkaline phosphatase (AP) and
Biotin-SP (1:250; Jackson Immuno Research).
Immuno peroxidase staining

Immuno peroxidase staining refers to a sub-class of immunohistochemical procedures
in which the antibodies were visualized via a peroxidase-catalyzed chemical reaction
to produce a coloured product. An untagged primary antibody is detected using a
general secondary antibody tagged with the peroxidase enzyme.
Sections were deparaffinised. Endogenous peroxidases were quenched by treating
with 3% H2O2 in 10% methanol in PBS for 5 minutes at RT. Slides were incubated
with blocking solution (50% donkey serum in PBS) for 2 hours at RT. Sections were
incubated overnight with primary antibodies (e.g. sheep anti-LRP2, 1:5000) prepared
in blocking solution, in a humid chamber at RT. At the following day sections were
incubated with the secondary antibody, peroxidase conjugated donkey-anti-sheep
(1:100) for 1 hour at 37C. Thereafter sections were washed with 0.1 M Tris-HCl; pH
7.5 (avoid Phosphate (PO4) at this step). The colour reaction was performed using 3,
3’-Diaminobenzidine (DAB) (one drop of DAB in 1 ml of buffer, Dako cytomation)
for 3 minutes to develop the colour. Sections were washed, briefly dried and mounted
with poly mount (Roth, Germany), organic mounting medium. Staining was analyzed
at bright field microscope.

Immuno alkaline phosphatase staining

Deparaffinised sections were rehydrated with tris-buffered saline (TBS) overnight at
RT. Subsequently section were treated with detergent (0.1 % Triton-X-100, 0.1 %
Tween 80) for 3.5 hours. Slides were incubated with blocking solution (10% goat
serum, 0.1 % Triton-X-100, 0.1 % Tween 80, levamisol; 1 drop/ml) for 3.5 hours at
RT. Sections were incubated overnight with alkaline phosphatase conjugated primary
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antibodies (e.g. goat anti BMP2/4-AP, Fitzgerald, 1:100) prepared in blocking
solution, in a humid chamber at RT. At the following day sections were washed twice
with TBS for 5 minutes each, followed by a washing twice with freshly prepared
NTMT buffer (100 mM NaCl, 100 mM Tris-HCl, 50 mM MgCl2, 0,1% Triton X-100;
pH 9.5) for 10 minutes each. The sections were incubated in a dark humidified
chamber, at RT for 7 hrs or 48 hours with NTMT buffer containing 5% polyvinyl
alcohol (PVA), levamisol (1 drop/ml) and 1.88 mg/ml nitro blue tetrazolium chloride
(NBT) and 0.94 mg/ml 5-Bromo-4-chloro-3-indolyl phosphate (BCIP). BCIP is the
AP-substrate, which reacts further after the dephosphorylation to give a dark-blue
indigo dye as an oxidation product. NBT serves herein as the oxidant and gives a
dark-blue dye. 7 hours of colour development gave faint colour while 48 hours gave
dark colour staining as shown in figure 4.38. The staining reaction was stopped by
washing with TBS. Sections were dried and mounted. This protocol was used for
detection of BMP2/4.
Avidin-biotin complex (ABC) amplification

The primary antibody was recognized and amplified with a secondary antibody
tagged with biotin that binds to an enzyme-bound streptavidin (Avidin-Biotin
Complex; ABC). This method is used to amplify the signal. This protocol is used in
thesis for detection of BrdU signal, described in detail below.
Peroxidase-anti-peroxidase amplification

The peroxidase-antiperoxidase (PAP) method was pioneered by Sternberger in 1979
(Sternberger, 1979). The method uses immunological sandwich amplification and the
enzyme peroxidase to effect a signal. The unique feature of this procedure is the
enzyme-antibody solution, the PAP immune complex. PAP immune complexes
consist of a molar ratio of two molecules of IgG to three molecules of peroxidase
enzyme. Advantage is that complexes remain soluble and the enzymatic activity of
the peroxidase is not affected by attachment of immunoglobulins. The antiperoxidase
antibodies are from the same species as that which has produced a primary antibody
raised against a tissue antigen(target protein). These two antibodies, one directed
against the tissue antigen and the other directed against the peroxidase enzyme, can be
linked by another antibody raised in an alternate species against immunoglobulin
from the first species. This is a highly sensitive method of amplification was used to
detect LRP2 using rabbit anti-LRP2 antibody.
Sections were deparaffinised. Endogenous peroxidases were quenched by treating
with 3% H2O2 in 10% methanol in PBS for 5 minutes at RT. Slides were incubated
with blocking solution (15% goat Serum, 35% FCS in PBS) for 2 hours at RT.
Sections were incubated overnight with primary antibodies (e.g. rabbit anti-LRP2
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(Joachim Herz), 1:1000) prepared in blocking solution, in a humid chamber at 4°C.
Next day sections were incubated with unconjugated secondary antibody, goat-antirabbit (1:100) for 2 hours, followed by incubation with rabbit PAP (1:200) for 1 hour.
Thereafter sections wer washed with 0.1 M Tris-HCl; pH 7.5 (avoid PO4 at this step),
and treated with DAB (one drop of DAB in 1 ml of buffer, Dako cytomation) for 3
minutes to develop the colour. Thereafter, sections were briefly washed and mounted.
BrdU labelling
Floating sections in transwell plates were treated with 0.6% hydrogen peroxide
(H202) to quench the endogenous peroxidase for 30 minutes. TBS buffer was used to
wash between every step. The protocol was carried out at room temperature unless
otherwise indicated. For the detection of BrdU, free-floating sections were treated
with 2N HCl at 40°C for 45 minutes for DNA denaturation to expose incorporated
BrdU, and neutralized by washing in 0.1M sodium borated buffer (pH 8.5) for 10
minutes. Sections were blocked in 6% donkey serum in Tris-buffered saline/0.3%
Triton X-100 for one hour. Then, sections were incubated overnight at 4°C with rat
anti-BrdU antibody (1:500; Serotec), followed by donkey anti-rat Biotin SP antibody
(1:250; Jackson ImmunoResearch) for 2 hours, and 1 hour incubation in ABC-Elite
Reagent (PK-6100; Vector Labs). The colour reaction was performed using 3, 3’Diaminobenzidine (DAB). Floating sections were arranged on normal glass slides,
dried and mounted with poly mount (Roth, Germany), organic mounting medium.
Staining was analyzed at bright field microscope. The number of labelled cells in the
various brain regions was counted on 12 histological sections of each brain (20 x
objectives) that covered the entire area of the lateral ventricular system and the
hippocampus from the corpus callosum at the rostral to the cerebellum at the caudal
region. Statistical significance was determined by student’s t test.
Alternatively, for immunoflourescence staining, primary antibodies were then
detected by secondary antibodies coupled to Alexa-488, -555 (1:250, Jackson
Laboratory). Sections were mounted in Aqua Poly (Dako cytomation), a glycerolbased mounting medium. Stainings were analyzed at a confocal microscope

TUNEL staining
Apoptosis was determined on histological sections using TUNEL assay according to
the manufacturer’s recommendations. (APO-BrdU TUNEL assay kit, molecular
probes, Invitrogen; In situ cell death detection kit, Fluorescein, Roche and In situ cell
death detection kit, POD, Roche).
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The TUNEL assay uses an optimized terminal transferase (TdT) to label free 3'
hydroxyl (-OH) ends in genomic DNA with fluorescein-dUTP. Staining was carried
out according to manufacturer’s instructions. The assay was performed on histological
sections (paraffin and floating section) using three different kits. The three kits work
on same principle but have different detection systems. All three gave the same result
but the best signal to noise ratio was obtained using APO-BrdU TUNEL assay kit on
paraffin sections. Paraffin sections were incubated in 0.3% Triton X-100 for five
minutes at room temperature. The slides were then incubated with the TUNEL
reaction mixture containing the BrdU labelled nucleotides, which would bind to
double stranded low molecular weight DNA fragments occurring during apoptosis,
for 60 minutes at 37º C. The sections were incubated with anti-BrdU antibodies
conjugated with Alexa-488 for 15 minutes at room temperature. Before mounting, a
brief wash with propidium iodide was given to stain all the nuclei on the section. The
samples were analyzed by fluorescence microscopy. Apoptotic TUNEL-positive cells
were detected in green and counter stained nuclei in red.
3.4
3.4.1

Microscopy
Optical microscopy

Bright field microscopy
Pictures of the non-fluorescent staining were acquired on a bright field microscope,
(Olympus BX51TF) fitted with RTKE, Spot camera (7.4 slider, diagnostic
instruments Inc, USA) attached to a computer equipped with MetaMorph image
acquisition and analysis software (version 6.2r2, Universal imaging corporation
Corp.) This microscope was also used for quantification of BrdU positive cells in the
SVZ and OB.
Fluorescence microscopy
Fluorescence pictures were taken using a Leica DMI6000B microscope fitted with
two cameras, Leica DFC360FX for monochrome acquisition and Leica DFC420 for
colour picture acquisition. This automated microscope and cameras were connected to
a computer equipped with Leica application suite-Advanced fluoresecence (LAS-AF)
software (version 2.1.0 build 4316).
Laser scanning confocal microscopy
High-resolution multicolour optical images with depth selectivity were taken on a
confocal microscope. All multicolour pictures were taken in sequential scanning
mode to avoid any cross talk. Wherever possible images were taken as serial stack
covering the entire thickness of the section, with variable steps, speed, resolution,
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pinhole, line average, detector gain, offset etc. Unless otherwise indicated, the same
hardware and software settings were applied for a given set of experiment under
investigation. Additionally, all images within the controls and tests were acquired in
one go, without restarting or changing any known system variables.
Leica confocal software tools like maximum projection and 3D construction on the
confocal microscope were used to visualise the fluorescence staining. Quantification
tools of Leica software were used to quantify fluorescent intensity and to calculate
cells per unit area. Three different confocal microscopes were used that includes Zeiss
Pascal, Leica TCS SP2 or TCS SP5. Most often pictures were acquired and processed
with Leica TCS SP2/ Leica DMRE microscope aided with Leica confocal software
(version 2.6.1 build 1537) were used.
3.4.2

Electron microscopy

Scanning electron microscopy (SEM)
Intra-cardial perfusion of mice with normal saline (0.9% NaCl) was followed by
perfusion with fixative (4% gluteraldehyde (Serva #23114.01) in 0.1M cacodylate
(Sigma #C0250) buffer, pH 7.4). The brain was dissected out carefully, stored in the
fixative at 4°C until used for SEM. Samples of the lateral ventricles were dissected
from adult mouse brain, fixed in 2.5% PBS-buffered glutaraldehyde, dehydrated in
alcohol, osmicated, dried in a critical point apparatus, coated with carbon, and
examined in a Zeiss scanning electron microscope.
Transmission electron microscopy (TEM)
For transmission EM, the tissues were fixed in 1% glutaraldehyde in PBS, postfixed
in 1% OsO4 (in sodium cacodylate buffer), stained en bloc in saturated uranyl acetate,
dehydrated in graded ethanol and embedded in epon. Sections were obtained with a
Leica Ultramicrotome UCT, stained with uranyl acetate and lead citrate, and studied
in a FEI 100 CM electron microscope.

3.5

Quantitative analysis and statistics

Quantitative analysis and statistics were done on age and gender matched virgin mice.
For every Lrp2267/267 mouse, wherever possible two control (Lrp2+/267and Lrp2+/+)
mice were included. If two different controls were not available then either one or two
of Lrp2+/267or Lrp2+/+ mice were included. For experiments included in the study, we
did not see any significant difference between Lrp2+/267 and Lrp2+/+ mice.
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Quantifications of absolute cell numbers were performed by counting individual cells
on Olympus BX51TF microscope using 20x objectives. Every 13th coronal floating
section was taken up for counting of BrdU positive cells in the SVZ and SGZ, this
resulted in an average of 8-12 sections, spanning along the rostro-caudal axis, from
appearance of the corpus callosum on the rostral side until appearance of the
cerebellum on the caudal side of the adult mouse brain. All BrdU positive cells were
counted on these sections in the SVZ and in the SGZ in both hemispheres of brain.
The number of BrdU positive cells in the SVZ, 24 hours after BrdU injection equals
220 per section and 41,508 per brain in control mice in average. The number of BrdU
positive cells in the OB at 2 weeks after BrdU injection equaled 190 cells per section
and 14,062 per OB in control mice in average. The mean value of BrdU positive cells
per brain of an animal was determined by counting the number of BrdU positive cells
on 12 sections for each animal (6-7 animals per genotype). Cell numbers are indicated
as percent of control set at 100%.
Immunoflourescence intensities were quantified on a confocal multi spectral laserscanning microscope Leica TCS SP2 or TCS SP5. Four coronal sections showing the
SVZ area from the rosto-caudal axis for each animal were taken for quantification. At
least four pairs of animals were analysed to calculate mean intensity of SVZ minus
mean intensity of background as calculated from striatum area of each section (Figure
3.3)
Quantification of immunoflourescence cell count per SVZ area was done manually
while the calculation of SVZ area was done automatically using software of Leica
confocal multi spectral laser scanning confocal microscope (Leica TCS SP5 or SP2).
Cells immunopositive for the various markers were counted. Four histological
sections from each individual mouse (4-5 mice in each group) were quantified.
Quantification of marker coexpression was performed by counting individual cells on
laser scanning confocal microscope using 40x objective and variable digital zoom.
The analysis was performed on coronal sections at rostro-caudal levels from corpus
callosum to anterior commissural plate to disappearance of hippocampus (8-12
sections per animal and SVZ/SGZ in both hemisphere). The BrdU positive cells in the
subventricular zone co-stained with the DCX (doublecortin), and the DLX2 (distalless homeobox 2) were quantified. 300 BrdU positive cells were counted for each
animal (6 animals per genotype). The SVZ area analyzed comprised of an area 40-60
micrometer away from the ependymal cell layer.
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Figure 3.3: Quantification of immunoflourescence intensity. Screen shot showing the confocal
software setup for quantification. The picture shows the selection of nestin-GFP staining in the SVZ,
encircled with a green dotted line, referred as region of interest 1 (ROI 1). While ROI 2 lies in the
striatum region to calculate the background signal, whereas ROI 3 lies in the ventricle with no tissue
that gives no signal and acts as negative control. The effective signal is calculated by subtracting ROI 2
from ROI 1. Four coronal sections showing the SVZ area from at least four pairs of animals were
analysed to calculate the mean intensity of SVZ minus mean intensity of background as calculated
from striatum area of each section.

For all data sets, the arithmetic average was calculated and the standard deviation and
the standard error of the mean (SEM) were computed. All data were presented as
mean +/- SEM. The unpaired student’s t-test was used to determine whether data sets
differed significantly (Taking two-tailed distribution and two-sample equal variance).
Data were considered as significant with p<0.05 and as highly significant with
p<0.01. Calculations of the arithmetic average, the standard deviation, the standard
error of the mean were performed with Microsoft Excel.
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4.1.1

Results
LRP2 is expressed in one of the stem cell niches of the adult mouse brain
LRP2 is expressed in the ventricular zone

The low-density lipoprotein receptor-related protein 2 (LRP2; also known as megalin)
is a transmembrane receptor, which is expressed on the luminal surface of the neural
tube during development. It has been reported that LRP2 is expressed in ependymal
cells of the adult brain (Zheng, et al., 1994), but the exact spatial expression pattern
and localisation in the ependymal cells lining the brain ventricles has not been
elucidated. Additionally, the functional relevance of LRP2 expression in this tissue is
also not known. To investigate the significance of LRP2 in this tissue,
immunohistological detection of LRP2 was established to judge the expression pattern
and localisation of LRP2 in the adult mouse brain.

Figure 4.1: Expression of LRP2 in the adult mouse brain. (A) Coronal section of an adult mouse
brain, showing the lateral ventricles (LV) and the third ventricle. Pictures B-C show
immunohistological detection of LRP2. (B) Detection of LRP2 protein at the ventricular wall of the
lateral ventricle. (C) Detection of LRP2 protein at the ependyma of the third ventricle of the adult
mouse brain. (Scale bar: 50µm)

Expression of LRP2 was observed in ependymal cells that line the lateral side of the
lateral ventricles (Figure 4.1B, 4.2, 4.3), ventral medial side of the lateral ventricles
(Figure 4.2B) and the third ventricle (Figure 4.1C). LRP2 is not expressed in the subventricular zone (SVZ), but only in the ependyma that lines the ventricles (Figure
4.2D, 4.3). LRP2 is also not expressed in the striatum, corpus callosum, cortex, and
sub-granular zone (SGZ) of the hippocampus (data not shown).
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4.1.2

LRP2 is expressed on the cells that line the stem cell niche.

LRP2 is expressed on ependymal cells that line the lateral and the ventral medial side
of the lateral ventricles (Figure 4.2). This region is one of the areas in the adult mouse
brain where adult neurogenesis occurs. Expression of LRP2 is evident in the
ependymal cells that line the stem cell niche whereas expression was not observed in
ependymal cells lining the dorsal medial side of the ventricles (Figure 4.2B-overview;
Figure 4.2D-high magnification fluorescent image).
4.1.3

LRP2 is expressed on the apical surface of ependymal cells

In order to study the exact subcellular localisation of LRP2 in ependymal cells, colocalisation experiments were performed with markers that stain various
compartments of ependymal cells and SVZ cells.
SOX2 (SRY-box containing gene 2) is a transcription factor expressed in ependymal
cells and SVZ cells. SOX2 is also known to be expressed in the stem cell population
(Episkopou, 2005; Ferri, et al., 2004). LRP2 can be detected on ependymal cells,
positive for SOX2, albeit in a different subcellular compartment (Figure 4.3 A-C).
Also, SOX2 is present in the nucleus whereas LRP2 is localized at the apical surface
of ependymal cells, facing the lumen of the lateral ventricle.
Apical localisation was additionally confirmed by co-staining of LRP2 with S100beta.
S100beta is a calcium binding protein that is present in the cytoplasm of the cell. It is
a known marker of ependymal cells in this region (Coskun, et al., 2008; Pfenninger, et
al., 2007). In the confocal picture, LRP2 is localized on the apical surface of S100beta
positive ependymal cells (Figure 4.3 D-F).
The current hypothesis postulates that astrocytes positive for glial fibrillary acidic
protein (GFAP) in the adult stem cell niche at the lateral side of the lateral ventricle
are the neuronal stem cells (Chiasson, et al., 1999; Doetsch, et al., 1999). For a
subpopulation of GFAP positive astrocytes, it is observed that their GFAP positive
extensions reach the ventricular zone (Figure 4.4 B, C). Therefore it is discussed in
the field whether these astrocytes are purely SVZ cells or have to be considered cells
of the ventricular zone with epithelial character.
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Figure 4.2: Regional localisation of LRP2 on the ependymal cells at the lateral and ventral medial
side of the lateral ventricles. (A) H&E stained coronal section of an adult mouse brain with a
schematic depiction of the expression of LRP2 in the lateral ventricle shown by the blue dotted line.
(B) Low magnification picture showing expression of LRP2 at the lateral side of lateral ventricle. The
expression domain is restricted to the lateral and ventral medial side of the lateral ventricle
(arrowheads). LRP2 was not detected at dorso-medial wall of the lateral ventricle indicated by the
asterisk. (C) Nissl stained coronal section of an adult brain at the level of the lateral ventricles. The box
indicates the corresponding area of the confocal image acquisition. (D) Confocal image showing apical
expression of LRP2 on ependymal cells, positive for S100beta (green) but not in SVZ cells stained for
GFAP (blue). S100beta is calcium binding protein that marks ependymal cells in the lateral ventricles
of the adult brain. Glial fibrillary acidic protein (GFAP) marks the astrocytic neuronal stem cell
population in the subventricular zone of lateral and ventral medial side,. LRP2 is observed specifically
on the ependyma of the lateral and ventral medial side and not on the dorsal medial side.
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Figure 4.3: Apical localisation of LRP2 on ependymal cells of the lateral ventricle. (A-C)
Expression of LRP2 in SOX2-positive cells of the ventricular but not the subventricular zone (SVZ).
SOX2 is a transcription factor expressed in ependymal and subventricular zone cells. LRP2 expression
can be detected at the apical surface of ependymal cells, positive for nuclear SOX2 expression. (D-F)
LRP2 is localised apically in S100beta positive ependymal cells at the lateral ventricle of the brain.
(Scale bar: 20µm)

Next, I wanted to address whether LRP2 might be localized to the apical surface of
GFAP positive astrocytes displaying an extension to the ventricular lumen. Costaining revealed that LRP2 was likely not co-localised with GFAP positive cells
(Figure 4.4C). However from this staining on coronal section one cannot be
absolutely sure about the presene or absence LRP2 in GFAP positive astrocytes.

Figure 4.4: Extensions of GFAP positive cells reach the ependymal cell layer. (A, B) Detection of
LRP2 and glial fibrillary acidic protein (GFAP) by immunoflourescence in the lateral ventricles of the
mouse brain. (C) No co-localization of LRP2 (red) was seen with GFAP signals (green) in most SVZ
astrocytes. Some GFAP positive extensions of the astrocytes reach the ventricle (arrow head) between
LRP2 positive ependymal cells. (Scale bar: 50µm)

Carefully observing LRP2 staining at the lateral side of lateral ventricles in figure 4.1
to 4.4, it may be concluded that LRP2 is present as punctuate staining and not
continuous over the walls of the lateral ventricles of the adult brain. This was
confirmed by visualising maximum projection of the serial scans over the span of 40
micrometer thick floating sections in inclined plane so as to observe the face of lateral
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side of lateral ventricles as shown in figure 4.5. It becomes apparent that LRP2 is
localised as punctuate arrangement on the apical side of ependyma. Carefully
observing each spot of LRP2 on the punctuate arrangement (Figure 4.5), it can be
concluded that LRP immunosignals represent small dots that may corresponds the
area where the bundle of multiple cilia are present on the ependymal cells.

Figure 4.5: Punctuate arrangement of LRP2 over the ependyma covering the SVZ neuronal stem
cell niche. Maximum projection of multiple serial sections over 40 micrometer thick free floating
section show a strip of the lateral side of the lateral ventricles. LRP2 (red) can be visualised to be
expressed as punctuate staining, potentially corresponding to the basal part of kinocilia present on the
apical surface of the ependyma. Doublecortin (DCX) which marks new born immature neuron and glial
fibrillary acidic protein (GFAP) which marks astrocytic neuronal stem cells can be observed in blue
and green respectively, to see the arrangement of these cells with respect to LRP2 positive ependymal
cells.

4.1.4

LRP2 is excluded from the prominin1 positive compartment of the cilia of
ependymal cells

From the experiments described above (Figure 4.2, 4.3, 4.5), it is evident that LRP2 is
localised on the apical surface of ependymal cells. Ependymal cells have cilia on their
apical surface facing the lumen of the lateral ventricle. Does LRP2 localise on the
cilia of ependymal cells? To address this question co-localisation experiments were
carried out with prominin1 (also know as CD133). Prominin1 is known to
predominantly mark cilia of ependymal cells in this region (Coskun, et al., 2008;
Pfenninger, et al., 2007). Prominin1 is a five-membrane-span glycoprotein that has
emerged as a major somatic stem cell and malignant tumour marker.
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Using confocal microscopy, I demonstrated that LRP2 does not co-localise with
prominin1 in the cilia (Figure 4.6). At the lateral and ventral medial side of the lateral
ventricle of the adult mice, LRP2 is present apically on S100beta-positive ependymal
cells but excluded from the prominin1-positive domain of the cilia in the same cell
type (Figure 4.6E).

Figure 4.6: : LRP2 is localized apically but not in the prominin1 positive domain of the cilia of
ependymal cells. (A-C) Individual pictures showing staining of LRP2 (red), prominin1 (CD133)
(green) and S100beta (blue), respectively. (D) Overlay picture indicating no co-localisation of LRP2
with prominin1. Prominin1 is localised more towards the lumen of the ventricle. (Scale bar: 50µm). (E)
High magnification picture showing individual ependymal cells expressing LRP2, prominin1 and
S100beta. LRP2 is localized on the apical surface of S100beta-positive ependymal cells, but is not
present in the compartment of the cilia stained with an antibody against prominin1. (Scale bars: 10µm)

To summarise, LRP2 is expressed in ependymal cells that line the lateral and ventral
medial side of lateral ventricles of the adult mice, which presents a neurogenic zone
of the adult brain. LRP2 is not expressed on the dorsal medial side, which is not
neurogenic (Figure 4.2). LRP2 is present as punctuate staining over the walls of the
lateral ventricles of the adult brain (Figure 4.5). LRP2 is localised apically on
ependymal cells but excluded from the prominin1-positive domain of the cilia in the
same cell type (Figure 4.3; 4.6).
4.2

New mouse model for LRP2-deficiency based on ENU mutagenesis.

Mice genetically deficient for Lrp2 represent a useful tool to investigate the
contribution of the receptor to ependymal function in the adult brain. Two different
mouse models with Lrp2 gene disruption have been reported. Using homologous
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recombination in embryonic stem cells, mice were generated carrying a receptor null
allele (Lrp2-/-) (Nykjaer, et al., 1999; Willnow, et al., 1996). In addition, a mouse with
a missense mutation at amino acid position 2721 of the LRP2 polypeptide has been
obtained in a focused ENU screen to discover genes that disrupt cortical development
(mouse line 267) (Zarbalis, et al., 2004). The ENU mutation results in a premature
stop codon in the extracellular domain of LRP2 and abolishes receptor expression
(Figure 4.7; 4.8 A-D). Both LRP2-deficient mouse models share identical phenotypes
including impaired midline separation during embryonic development resulting in
holoprosencephalic features, and failure to resorb LRP2 ligands in proximal tubules of
the kidney (Spoelgen, et al., 2005; Zarbalis, et al., 2004).
In the present study, I have used the Lrp2267/267 model as it exhibits a higher rate of
perinatal survival compared to the gene-targeted line Lrp2-/-, enabling me to obtain
sufficient adult LRP2 null animals for our analyses. The difference in survival rate
likely reflects different genetic background of Lrp2267/267 (FVB/NJ x C57BL/6J)
versus Lrp2-/- (129SvEmcTer x C57BL/6N) lines. All studies were performed in
receptor-deficient Lrp2267/267 animals and their gender-matched littermates. No
phenotypic differences were observed between wild type (Lrp2+/+) and heterozygous
(Lrp2+/267) animals. Thus, both genotypes were used as reference and are collectively
referred to as control animals (Control) in my study.
Initially, immunohistology was performed to confirm the absence of LRP2 and the
receptor null phenotype in the kidney in the Lrp2267/267 line (Figure 4.8 A-B). Absence
of LRP2 in the kidney causes the excretion of ligands in the urine, which otherwise
would be resorbed by LRP2 from proximal tubules of kidney. Vitamin-D binding
protein (DBP) is one of such ligands which was detected by western blot analysis in
the urine of Lrp2267/267 model. DBP was not detected in the urine of control (Lrp2+/267
and Lrp2+/+) mice (Figure 4.8 E).
Immunohistological detection of LRP2 in the proximal tubules of the kidney, and the
lateral side of the lateral ventricles (Figure 4.8 A-D) revealed that the complete
absence of LRP2 protein in LRP2-deficent (Lrp2267/267) mice. Therefore Lrp2267/267
mice generated by ENU-mutagenesis represent a true Lrp2 null moue model.
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Figure 4.7: LRP2 gene mutation in the Lrp2267/267 mouse model obtained from an ENU screen.
Mapping of the mutation places it on chromosome 2 in a region containing the Lrp2 gene. (A)
Sequencing chromatograms show that the mutation leads to a change of thymine (T) in the wild type
sequence to an adenine (A) in line 267. (B) The predicted domain structure of LRP2 indicating where
the new stop codon is introduced in the line 267. The ENU-induced allele is predicted to express a
truncated LRP2 protein consisting of the amino-terminal portion of the extracellular domain. (C) Base
substitution from T to A leads to the creation of a MseI restriction site in Lrp2 mutants. This panel
shows the PCR product spanning the region of the Lrp2 mutation before and after restriction digestion
with MseI to distinguish between the wild type and mutated sequence in the Lrp2 gene. (Partly adapted
from Zarabalis et al.)
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Figure 4.8: A point mutation in Lrp2267/267 mutants leads to the ablation of LRP2 expression. (AB) Immunological detection of LRP2 in proximal tubules of the kidney of adult control and Lrp2267/267
mice. (C-D) LRP2 expression in ependymal cells lining the lateral wall of lateral ventricle of the brain
in adult control and mutant mice. There is complete absence of LRP2 protein in mutant mice,
indicating the null mutation in the Lrp2 gene. (Scale bars: 25 µm). (E) Western blot analysis to detect
the vitamin-D binding protein (DBP) in the urine of Lrp2267/267 mice. DBP was not detected in the urine
of Lrp2+/267 and Lrp2+/+ mice as it is reabsorbed by the wild type receptor in the renal proximal tubules.

4.3
4.3.1

Morphological and histological phenotype of adult Lrp2267/267 mice
Lrp2267/267 mice have a craniofacial phenotype

The consequence of LRP2 deficiency on the adult CNS had not been investigated so
far. Therefore a neuro-anatomical characterization of brains from Lrp2267/267 animals
was carried out in this thesis. It was known that embryos lacking LRP2 exhibit
holoprosencephaly (HPE) (Spoelgen, et al., 2005; Willnow, et al., 1996). HPE is
characterised by fused forebrain hemispheres due to ta failure of the brain structures
to separate along the mid-sagittal line. Typically, animals, that survive the perinatal
period and reach adulthood, show subtle features of holoprosencephaly (HPE).
Morphological examination of the postnatal day 10 (P10) and adult mice revealed a
craniofacial phenotype, ranging from subtle to severe craniofacial dysmorphology
associated with a shortened snout, an open fontanelle, and orbital hypertelorism,
which are features of HPE in Lrp2267/267 animals (Figure 4.9 ; Figure 4.10).
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Figure 4.9: Head and mid-face phenotype of LRP2-deficient animals at P10. (A-B) Frontal and
side views of postnatal day 10 (P10) control (Lrp2+/+, Lrp2+/267) mice. (C-D) Frontal and side views of
Lrp2267/267 P10 mouse, showing a mild craniofacial phenotype concerning the development of the
fontanelle but a clear orbital hypertelorism. (E-F) Lrp2267/267 mouse showing a severe craniofacial
phenotype. This Lrp2267/267 mouse has a short snout, an open fontanelle, and orbital hypertelorism.

Figure 4.10: Craniofacial phenotype of a LRP2-deficient adult animal. (A-B) Frontal and dorsal
views of an adult (3 months old) control mouse. (C-D) Frontal and side views of a viable adult
Lrp2267/267 mouse, showing a craniofacial phenotype associated with a short snout, orbital
hypertelorism, and an open fontanelle.
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4.3.2

Lrp2267/267 mice have an eye defect

Most adult LRP2-deficient mice have enlarged eyeballs (Figure 4.11). It is difficult to
spot in live mice. However upon dissection of the eyes, it is evident that eyeballs of
adult LRP2-deficient mice are significantly larger than those of controls (Figure 4.11
C-D).

Figure 4.11: Large eye phenotype in LRP2-deficient adult mice. (A-B) Dissected eyeballs of both
genotypes from P10 mice from white (predominantly FVB/N genetic background) and black/agouti
mice (mainly C57BL/6 genetic background). No obvious change in the size of eye balls is noted at P10.
(C-D) The size of eye balls from control and Lrp2267/267 mice at adult stage. Receptor deficient mice
have significantly larger eyes as compared to controls (N= 7 out of 10).

It is interesting to note that the size of the eyes in LRP2-deficient mice at P10 do not
differ from the controls (Figure 4.11 A-B). This could imply that the eye phenotype in
Lrp2 mutants is a late or adult onset phenotype. Increased size of the eye ball may be
due to the inability to clear out the intra-vitreous fluid of eyes, similar to glaucoma
disease in humans. Similar effects have been described in patients with DonnaiBarrow or faciculo-ocular-audio-renal (FOAR) syndromes, known to be caused by
LRP2 mutations (Kantarci, et al., 2007)
4.3.3

Lrp2267/267 mutants show mild features of holoprosencephaly

The mice used in the study lack LRP2 expression already during embryonic
development. It is therefore necessary to assess in how much embryonic LRP2
deficiency could affect the structure and histology of the adult CNS. Therefore I
evaluated the CNS phenotype of LRP2-deficient mice in more detail by a histological
approach.
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In addition to the craniofacial dysmorpholgy described above, histological analyses
on coronal brain sections of mutant mice revealed that the lumen of the ventricular
system is partially enlarged and fused, but that the forebrain is clearly divided into
two hemispheres and the overall structure and histology is normal (Figure 4.12).
Taken together these symptoms clearly go in line with a mild holoprosencephaly
(lobar HPE) in Lrp2267/267 mice.

Figure 4.12: Neuroanatomy and histology of the lateral ventricles and the hippocampus of
Lrp2267/267 mice compared to controls. Left panel: A representative figure showing the dissected brain
of an adult wild type mouse. Lines indicate the plane of the coronal section. (A-B) Nissl stained coronal
section of the brain at the level of the lateral ventricles of a control (A) and a Lrp2267/267 (B) adult
mouse. The lateral ventricles of Lrp2267/267 mice are enlarged and fused as a result of the failure of the
hemispheres to separate properly along the mid-sagital axis during development. (C-D) Nissl stained
coronal section of the brain at the level of the hippocampus of a control (C) and Lrp2267/267 (D) adult
mouse at equivalent planes of sections. The histology and structure of the hippocampus is not altered as
observed in most mutant animals. The anatomical shape of the hippocampus is altered in a few mutant
mice with strongly dilated ventricles. This is most likely a consequence of the enlarged lateral
ventricles resulting in a dislocation of parts of the hippocampus in the cranium (not shown). (Scale bar:
1000 µm)

Mild HPE is also confirmed by the fact that the olfactory bulbs (OB) were normally
developed in size and appeared histologically normal in LRP2-deficient mice (Figure
4.13). The overall shape of the olfactory bulbs was altered in LRP2-deficient mice
but the different layers within the olfactory bulb were unaltered (Figure 4.13). The
change in shape of the olfactory bulbs may be attributed to the changes in the
craniofacial structure of the mutants.
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Figure 4.13: Neuroanatomy and histology of the olfactory bulbs. Left panel: Dissected brains of
mice showing the plane of coronal sections 1 and 2. (A, C) Nissl stained coronal sections of the
olfactory bulb of an adult control mouse at two different planes. (B, D) Nissl stained coronal section of
the olfactory bulb of a Lrp2267/267 adult mouse at two equivalent planes. The shape of olfactory bulb is
altered but the layers of the olfactory bulb are unaltered in L r p 2267/267 mutants. (E) Schematic
representation of the anatomy of the mouse olfactory bulb. (Scale bar: 1000 µm)

The features of LRP2-deficient mice as observed morphologically and histologically
reveal a mild lobar form of holoprosencephaly. It is important to mention that
different adult LRP2-deficient mice show variations of the HPE phenotype ranging
from very mild to severe. The phenotype of 95% of all analyzed mutants could be
classified as a mild lobar HPE.
4.3.4

Lrp2267/267 mice have an unaltered layering of the cortex

To characterize the structure and histology of the CNS in further detail
immunohistochemistry was used. The aim was to evaluate whether LRP2 deficiency
and the associated developmental changes (Spoelgen, et al., 2005) affect the cortical
layering in adult mutant mice.
Various antibodies were used to mark the different layers of the cortex (Figure 4.14).
Immunohistological detection of these markers in the adult brain revealed no
discernable differences in cortical layering of the brain comparing control and LRP2deficient mice (Figure 4.15). The tissue preparation and paraffin sectioning was done
by me while selection of antibodies and staining was done by Oleg Lioubinski at the
MDC, Berlin, Germany.
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Figure 4.14: Cortical layers and corresponding factors that mark these different layers. Left
panel: Scheme of the cortical layers and four factors that mark several of these layers. Dark blue and
light blue boxes indicate strong and weak expression of the respective factor. T-box brain 1 protein
(Tbr1; layers II, III, Vb, VI); chicken ovalbumin upstream promoter transcription factor-interacting
protein 2 (Ctip2; layers Vb, VI); forkhead box P (FoxP2; layer VI); sex determining region Y-box
protein 5 (Sox5; layers Vb, VI). Right panel: Cortical area on coronal brain section depicting various
layers. Arrow indicates the mid-sagittal axis.

Figure 4.15: Cortical layers in control and LRP2-deficient mice. Immunohistological detection of
markers of cortical layers in the adult brain of control and LRP2-deficient mice. No discernable
difference is seen when comparing the two genotypes. Tbr1 (layers II, III, Vb, VI); Ctip2 (layers Vb,
VI); Sox5 ( layers Vb, VI); FoxP2 (layer VI). (Scale bar: 500µm)

4.4

Lrp2267/267 mice exhibit structural integrity of the ventricular zone in the
stem cell niche.

LRP2 is expressed on the apical surface of ependymal cells that line the lateral and
ventral medial side of the lateral ventricle (result section 4.1). One of the adult
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neuronal stem cell niches, the subventricular zone (SVZ), is located at the basolateral
side of these ependymal cells. The ependymal cells play a crucial role in maintaining
the microenvironment in this area that is instructive to adult neurogenesis. Ependymal
cells physically separate the cellular machinery in the SVZ from the cerebrospinal
fluid in the ventricles. They act by modulating the supply of specific factors required
to maintain the tightly controlled and balanced microenvironment of the stem cell
niche.
My following studies aimed at assessing the structural integrity of the ependyma at
the lateral side of the lateral ventricles in the Lrp2267/267 mutant mouse model. Loss of
LRP2 may potentially lead to structural and morphological alterations in the receptor
deficient ependymal cells.
4.4.1

Lrp2267/267 mice do not show obvious defects in the appearance of the
multi-ciliated apical surface of the ependyma in the lateral ventricles

The multi-ciliated ependymal cells at the lateral side of the lateral ventricles are
known to be important for migration of neuroblast precursor cells in the SVZ towards
the olfactory bulb via the rostral migratory stream (RMS) (Cathcart and Worthington,
1964; Sawamoto, et al., 2006). It is the synchronous and directional beating of the
cilia in the lateral ventricles that leads the neuroblasts to migrate in the SVZ towards
the olfactory bulb (Sawamoto, et al., 2006). Remarkably, there is no physical contact
between the beating cilia or the cerebrospinal fluid and the migrating neuroblasts. The
ependymal cells that line the neurogenic region of the lateral ventricles of the adult
brain have a unique pin-wheel structure. The pin-wheel structure is described as an
arrangement of cells with one to few GFAP positive extensions reaching the lateral
ventricle, forming the centre of the pinwheel while the area surrounding this central
point is formed by multi-ciliated ependymal cells (Mirzadeh, et al., 2008).
Intriguingly, this is precisely the area in the lateral ventricle where LRP2 is expressed.
Because the lateral ventricles in the LRP2-deficient mice are enlarged and dilated I
checked whether the structur of the cilia on the ependymal cells in the lateral
ventricles of LRP2-deficient mice was impaired or not.
Surface observation of the lateral side of lateral ventricle by scanning electron
microscopy (SEM) showed that there are no obvious changes in the cilia present on
the ependymal cells in LRP2-deficient mice as compared to controls (Figure 4.16).
The SEM studies were carried out in collaboration with Prof. Sebastian Bachmann
and Frau Petra Schrade at the Department of Vegetative Anatomy, Charité Medical
University, Berlin, Germany. The perfusion of mice and dissection of the lateral
ventricles was done by me. Tissue preparation for SEM and acquisition of the pictures
was done by our collaborators.
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Figure 4.16: Ultra-structural analysis of the periventricular surface of the lateral ventricles. (AB) Surface view of ependymal cells at the lateral side of the lateral ventricles of the adult brain as
observed by scanning electron microscopy (SEM) for control and Lrp2267/267 mice. (C-D) High
magnification image of the surface view for both genotypes, showing the cilia of the ependymal cells.
(Scale bars: 20 µm). No obvious structural changes in periventricular surface are seen in Lrp2267/267
mice as compared to controls.

4.4.2

Lrp2267/267 mice display a normal ultra-structure of the ependymal cells
and cilia in the lateral ventricles

To test whether the ultra-structural morphology of the ependymal cells and the
molecular architecture of their cilia were normal in LRP2-deficient mice we
performed transmission electron microscopy (TEM). TEM on cross sections of the
lateral ventricles showed no obvious differences in the morphology of the ependymal
cells (Figure 4.17 A-B) or the architecture of the motile cilia with their 9+2 axoneme
structure (Figure 4.17 C-D) comparing LRP2-deficient mice and controls. The TEM
studies were carried out in collaboration with Prof. Eric Ilsø Christensen at the Aarhus
University, Denmark. The perfusion of mice and dissection of the lateral ventricles
was done by me. Tissue processing for TEM and acquisition of the pictures was done
by our collaborator.
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Figure 4.17: Transmission electron microscopy analysis to examine the structure of the
ventricular zone in Lrp2267/267 mice. (A-B) Transmission electron microscopic (TEM) analysis to
determine the cellular and sub-cellular structures of ependymal cells in LRP2-deficient mice compared
to controls. No obvious differences were observed in electron microscopic analyses of this region.
(Scale bar: 5 µm). (C-D) High magnification image of ependymal cells with cilia on the lateral side of
the lateral ventricles. Zoomed and enlarged pictures did not revealed any obvious differences in the
architectural arrangement of axoneme structure of cilia. (Scale bar: 1 µm)

To summarise, LRP2-deficient mice show a partially enlarged ventricular lumen, in
line with mild holoprosencephalic syndrome (Figure 4.12). Otherwise no discernable
differences were observed in the mutant mice compared to control wild type or
heterozygous littermates. The cortical layering in the adult brain of the mutants was
undisturbed (Figure 4.15) as well as the ultrastructure of the cilia and the ependymal
cell layer in the lateral ventricles of Lrp2267/267 animals (Figure 4.16; 4.17). Thus, loss
of LRP2 in the mutant mice screen did not grossly affect the neuroanatomy of the
brain cortex or the ultrastructure of the lateral ventricles in the adult LRP2 null mice.
Accordingly, these LRP2-deficient mice serve as an ideal model for exploring the role
of LRP2 - expressed in ependymal cells – in regulating adult neurogenesis in the
SVZ.
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4.5
4.5.1

Lrp2267/267 mice show a decrease in cell proliferation in the SVZ which
affects the number of BrdU positive cells in the olfactory bulb
Lrp2267/267 mice show a decrease in cell proliferation in the SVZ compared
to wild type mice.

To test the consequences of LRP2-deficiency for SVZ adult neurogenesis,
proliferating cells (S-phase) in the mouse brain were labelled by intraperitoneal
injection (i.p) of BrdU. Injection of 1mg BrdU/20 g body weight was given to adult
LRP2 mutants and age matched controls. Twenty-four hours after a single BrdU
injection, the animals were sacrificed to detect the BrdU incorporated into the DNA of
the proliferating cells by immunohistochemistry. Almost all BrdU-positive cells were
found in the SVZ of the lateral and ventral medial side of the lateral ventricles (Figure
4.18 A, B).
Total counts of BrdU positive cells in mutant animals are shown as percentage
compared to control mice. The mean total number of BrdU-positive cells in the SVZ
of control mice was 41,508 cells (100% in Figure 4.18 C). Additionally BrdU positive
cell numbers are indicated as average cell counts per section of control and Lrp2267/267
mice (Figure 4.18 D). Based on the analysis of the 24 hours BrdU incorporation
experiments, I could demonstrate that LRP2-deficient mice displayed a significant
decrease (40%) in proliferative activity in the SVZ of the lateral wall of the lateral
ventricle as compared to controls (n= 6 for each genotype; Figure 4.18 C-D).
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Figure 4.18: Quantification of proliferating cells in the SVZ based on BrdU incorporation.
Immunohistological detection of BrdU-positive cells in the subventricular zone. (A) BrdU positive
cells found in the SVZ along the lateral side of the lateral ventricle of the adult brain after 24 hours of
BrdU incorporation (Scale bar: 1000 µm). (B) High magnification picture of immunohistological
detection of BrdU in the SVZ. The area is corresponding to the area shown by the arrow-head in (A).
(Scale bar: 50 µm). (C) Quantification of BrdU-positive cells in the SVZ 24 hours after BrdU injection
on 40 µm thick coronal floating sections. Cell numbers are indicated as % of wild type controls set to
100%. The 100% value equals an average of 41,508 cells in the SVZ of brain (N=6). (D)
Quantification shown as mean number of cells/section that was determined by counting the number of
BrdU+ cells in the SVZ from 12 sections of each animal. Adult Lrp2267/267 animals show significant
decrease in cell proliferation in the SVZ compared to controls.

4.5.2

Lrp2267/267 mice show a normal appearance of the rostral migratory
stream (RMS)

The next question was whether the BrdU-positive cells are able to migrate along the
rostral migratory stream (RMS) into the olfactory bulbs of LRP2-deficient animals.
To address this question, BrdU was incorporated by a single injection and the animals
were sacrificed after 4 days chase. This is the time frame in which most newly born
BrdU positive neuroblasts would be in the rostral migratory stream migrating towards
the olfactory bulb.
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Figure 4.19: Rostral migratory stream in an adult LRP2-deficient mouse. BrdU-positive cells
were detected by immunohistology in sagittal sections of the brain of Lrp2267/267 mice 4 days after
application of the nucleotide analog. The figure represents a compilation of individual micrographs
covering the rostral migratory stream from the lateral ventricle (V) to the olfactory bulb (OB).

Detection of BrdU positive cells on sagittal sections showed a normal path of labelled
cells along the RMS in LRP2-deficient mice (Figure 4.19). This finding demonstrated
that LRP2-deficient mice display a rostral migratory stream that was qualitatively
similar to that in control animals.
4.5.3

Lrp2267/267 mice show a decrease in BrdU positive cells in the olfactory
bulb (OB)

Neuronal precursor cells born in the SVZ ultimately migrate via the rostral migratory
stream to the olfactory bulb where they integrate as interneurons. Since proliferation
is decreased in the SVZ of LRP2-deficient mice, I reasoned that the number of BrdUpositive cells in the rostral migratory stream and the number of neurons in the
olfactory bulb should consequently also be reduced. This assumption was confirmed
based on one BrdU injection (i.p) followed by chase of 2 weeks. This is the time
period by which most cells that were born in the SVZ have migrated via the RMS to
the OB. I demonstrated that LRP2-deficient mice display a significant decrease (25%)
in BrdU positive cells in the olfactory bulb compared to controls (n= 7 Lrp2267/267
mice and 7 age matched controls) (Figure 4.20 C). This significant decrease in BrdU
positive cells in the olfactory bulb goes in line with the results that I obtained for the
proliferative activity in SVZ comparing mutant and control mice.
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Figure 4.20: Quantification of BrdU positive cells in the olfactory bulb (OB) of adult mice. (A-B)
Immunohistological detection of BrdU positive cells in the OB. BrdU positive cells can be detected in
12µm thick paraffin section of the OB two weeks after BrdU incorporation in Lrp2267/267 mice. (Scale
bars: 100µm). (C) Quantification of BrdU positive cells in the OB two weeks after BrdU injection, on
12µm coronal paraffin sections. Cell numbers are indicated as % of wild type control set at 100%. The
100% values equal 14,062 cells in the OB. (D) Quantification shown as mean number of cells/section,
which was determined by counting the number of BrdU positive cells on a total of 10 sections for each
animal (N=7). Adult Lrp2267/267 animals show a decreased number of BrdU positive cells in the OB
compared to controls.

In conclusion, LRP2-deficient mice show impaired precursor cell proliferation and a
concomitant decreased number of newborn cells migrating from the SVZ to the
olfactory bulbs.
4.6
4.6.1

Decreased adult neurogenesis in the SVZ of Lrp2267/267 mice
All neuronal precursor cell populations in the SVZ are affected in
Lrp2267/267 mice

A reduction in the number of BrdU-positive cells in the SVZ of LRP2-deficient mice
may reflect impairment in expansion and/or inappropriate specification of any
precursor cell population within the niche. It is therefore important to identify which
precursor cell population(s) is affected in the SVZ in the adult brain of mutant mice.
The cellular composition and the organization of the SVZ have been described in
detail (Figure 4.21) (Doetsch, et al., 1997; Mirzadeh, et al., 2008). The SVZ includes
mainly three types of neuronal precursor cell populations (B-cells, C-cells, and A62
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cells). There are two types of B-cells, classified as B1 and B2 cells, which are both
located in the SVZ. Unlike B2 cells, B1 cells have an extension that reaches the
ventricle. The current hypothesis in the field postulates that the B1 cells are the
neuronal stem cells. SVZ astrocytes (B1 cells) act as neural stem cells and divide to
give rise to rapidly dividing precursors (C cells) that in turn generate the migrating
neuroblasts (A cells). The different precursor cells express a specific subset of
markers. By applying immunoflourescence methods using antibodies against these
marker proteins, I aimed at identifying which precursor cell type is affected in LRP2deficient mice. Immunohistological sections were analysed by confocal microscopy.

Figure 4.21: Cellular architecture in the SVZ of the adult mammalian brain. There are mainly
three neuronal precursor cell types in the SVZ adjacent to the ependymal cells at the lateral side of the
lateral ventricles. B-cells are astrocytes in the SVZ which are the neuronal stem cells. They give rise to
C-cells (transient amplifying cells) and finally A-cells, the migrating neuroblasts. Recently two types of
B-cells were identified: B2, and B1 cells which are both lying in the SVZ. Unlike B2 cells, B1 cells
have an extension that reaches the ventricle. (Inset picture modified from Avarez-Buylla 2007)
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Figure 4.22: Immunohistological detection and quantification of cell populations in the
subventricular zone. (A-F) Detection of cell populations in the subventricular zone of control animals
(Lrp2+/+, Lrp2+/267) and Lrp2267/267 mice positive for nestin-green fluorescent protein (nestin-GFP; A-B),
distal-less homeobox 2 (DLX2; C-D), and poly sialic acid-neural cell adhesion molecule (PSA-NCAM;
E-F). nestin-GFP marks B- and C-Cells, DLX2 marks C-cells and PSA-NCAM marks A-cells. All
three types of cell populations are reduced in SVZ of Lrp2267/267 mice as compared to controls. (Scale
bar: 50 µm). (G) Cells immunopositive for the indicated markers were counted. Four histological
sections from each individual mouse (4-5 mice in each group) were quantified. (H)
Immunoflourescence signals for nestin-GFP and PSA-NCAM in SVZ of Lrp2267/267 and control mice
were also scored as mean fluorescence intensities. Four histological sections from each individual
mouse (4-5 mice in each group) were quantified. Statistical significance of differences between control
and Lrp2 mutant animals were determined using Student t-test.

To identify which cell lineage is affected by receptor deficiency, various populations
of SVZ precursor cells were labelled using specific marker proteins. Signals for
distal-less homeobox 2 (DLX2), a marker of rapidly dividing precursors (C cells), and
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for polysialic acid-neural cell adhesion molecule (PSA-NCAM), a marker for
migrating neuroblasts (A cells) were reduced in Lrp2 mutants (Figure 4.22 C-F).
The decrease in number of neural precursor cells in LRP2-deficient animals was also
confirmed by crossing the LRP2-deficient mouse model with a reporter line
expressing green fluorescent protein (GFP) under control of the neural precursor cellspecific nestin promoter (nestin-GFP; B- and C-cells). In line with the above findings,
the signal for GFP was significantly reduced in (nestin-GFP; Lrp2267/267) compared
with (nestin-GFP; Lrp2+/+) animals (Figure 4.22 A, B).
Signals for doublecortin (DCX), which marks immature new born neurons in the
SVZ, were also reduced in LRP2-deficient mice compared to control (Figure 4.23).

Figure 4.23: Analysis of immature newborn neurons. (A-B) Immunoflourescence detection of
immature newborn neurons, marked by doublecortin (DCX), in the subventricular zone of control and
Lrp2267/267 mice. (Scale bar: 50 µm). (C) Immunoflourescence signals for DCX in the SVZ of
Lrp2267/267 and control mice were also scored as mean fluorescence intensities. Four histological
sections from each individual mouse (4-5 mice in each group) were quantified. Statistical significance
of differences between control and Lrp2 mutant animals were determined using Student t-test.

From these experiments I concluded that Lrp2267/267 mutants suffered from a decrease
in cells positive for markers specifically labelling transient amplifying C cells and
neuroblasts (A cells).
Compared with the large number of new neurons born in the SVZ, few
oligodendrocytes are produced from adult SVZ stem cells. Nevertheless it is
important to analyse this cell lineage in the mutant mice as well.
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Therefore, I checked for oligodendrocyte factor 2 (OLIG2), a marker for
oligodendrocytes in the adult brain and I assess whether there is any modulation in
the balance between neurogenesis and gliogenesis in LRP2-deficient mice. Signals for
OLIG2 in the SVZ of the adult brain were not reduced in the SVZ of LRP2-deficient
mice (Figure 4.24).

Figure 4.24: Detection of oligodendrocytes in the SVZ of the adult brain. Immunohistological
detection of oligodendrocytes in the SVZ (A-B) of the control and Lrp2267/267 mouse brain. (C) Cells
immunopositive for OLIG2 were counted in the SVZ. Four histological sections from each individual
mouse (4-5 mice in each group) were quantified. Statistical significance of differences between control
and Lrp2 mutant animals were determined using Student t-test. There is no obvious difference in
OLIG2 immunostaining in the SVZ of the brain between mutants and controls.

4.6.2

C and A cell populations are equally affected in Lrp2267/267 mice.

So far, my findings indicated that the impaired proliferation in the SVZ of LRP2deficient mice equally affects the neural precursor cell population and their immediate
progeny. This interpretation was confirmed when the numbers of BrdU-positive cells
co-staining for markers of C-cells (DLX2), A cells and immature neurons (DCX)
were quantified. Although the total number of BrdU-labelled cells was reduced in the
receptor-deficient line, the proportion of individual BrdU-positive C, and A cell
populations was unchanged in the SVZ of LRP2 null mice compared with controls
(Figure 4.25).
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Figure 4.25: Quantification of cell populations in the subventricular zone. Analysis of relative
ratios of different cell populations as compared to BrdU positive endogenous cell proliferation. The
number of BrdU+ cells in the subventricular zone co-stained with the indicated cellular markers was
quantified. A total of 300 BrdU-positive cells were counted for each animal and set at 100% (6 animals
per genotype). DLX2, distal-less homeobox 2; DCX, doublecortin, marker for newborn immature
neurons. Inset shows cells positive for BrdU (green), and DCX (red). Adult LRP2-deficient animals
show no significant difference in the ratio of BrdU positive cells to the double (BrdU+DLX2 and
BrdU+DCX) and triple positive cells in the SVZ after 24 hours of BrdU incorporation.

4.6.3

Lrp2267/267 mice show reduced signals for neuronal stem cell/progenitor
cell markers.

It is well documented that B-cells give rise to C-cells, which in turn give rise to Acells in the SVZ (Doetsch, et al., 1997). From the above described results the question
arose whether a loss of mitogenic signals in the rapidly amplifying C cell pool or
depletion already on the level of the stem cells (B cells) is causative to the decrease in
neuronal precursor cells in the SVZ of receptor deficient mice.
To address this question I applied markers more specifically labelling the B cell
population in the SVZ. Glial fibrillary acidic protein (GFAP) is a marker for
astrocytic B1 and B2 cells. I detected a significant difference for GFAP staining in the
SVZ of LRP2-deficient mice compared with controls. Lrp2267/267 mice showed a weak
and less complex staining for GFAP (Figure 4.26-4.29). This pattern was observed
employing different optical serial sections over a variable thickness within the range
of 0.5 to 40 micrometer thick sections (Figure 4.26-4.28). Different imaging
conditions were employed to confirm this difference in GFAP staining in the SVZ.
These conditions included varying magnification, scanning speed, resolution, pinhole,
line average etc (Figure 4.26; 4.27). Leica confocal software tools such as maximum
projection and 3D construction on the confocal microscope were also used to visualise
the alteration of GFAP positive immunostaining (Figure 4.27; 4.28).
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Figure 4.26: : GFAP positive cells visualised in two corresponding SVZ areas of the same mouse
brain. (A-C) Confocal image of SVZ acquired from one control and two corresponding areas of one
Lrp2267/267 mouse. Each serial picture was taken with high resolution pixel and visualised as maximum
projection of 20 optical sections from a 5 micrometer thick section. (D-F) Confocal image of SVZ
acquired from two areas of one control and one corresponding area of a Lrp2267/267 mouse. High
resolution (1024 X 1024), line average 2, frames average 2, 20 optical sections from a 5 micrometer
thick section. Maximum projection of 25 serial optical sections from a 25 micrometer thick section,
pinhole: Airy 2. (Scale bars: 50 µm)

Unless indicated, the same hardware and software settings were applied for a given
set of experiment under investigation. Additionally, all images within the controls and
tests were acquired in one go, without restarting or changing system variables.
Quantification of immunoflourescence signals for GFAP in the SVZ revealed a
significant reduction in Lrp2267/267 mice compared to control animals (Figure 4.29 D).
Remarkably, the cellular processes/extensions that usually extend from the GFAP
positive astrocytes were altered in their appearance. Thus, it seemed likely that
astrocytic processes that contact the ventricles at one end and blood vessels at the
other ends may be compromised in the Lrp2 mutants (Figure 4.26-4.29).
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Figure 4.27: GFAP immunopositive cells in the SVZ of the adult mouse. (Same SVZ area with
different optical projections). (A-B) Confocal image of GFAP staining visualised by maximum
projection of 20 serial optical sections from a 17 micrometer thick section. Pinhole: 1.25 Airy. (C-D)
Maximum projections of 20 serial optical sections from 5 micrometer thick section. Pinhole: 1.25 Airy
(E-F) High magnification, maximum projection of 25 serial optical sections from a 7 micrometer thick
section taken with a 63x optical magnification and digital zoom. Pinhole: 1.25 Airy. (Scale bars: 50µm
for A-D; 15 µm for E-F)

Figure 4.28: Maximum projection and three dimensional (3D) view of GFAP positive cells on
coronal sections. (A-B) Confocal images acquired from GFAP stained cells at the lateral side of the
lateral ventricle visualised by stacking 25 optical sections, taken from a 25 micrometer section at a
pinhole setting of 2 airy. (C-D) Confocal maximum projection of 16 optical sections from 5
micrometer thickness at a pinhole setting of 1.25 airy. (E-F) Image viewed as maximum projection of
14 optical sections from 3 micrometer thickness using a pinhole setting of 1.25 airy. (G-H) 3D
reconstruction of maximum projection corresponding to image E-F for GFAP immunopositive cells in
the SVZ. (Scale bar: 50 µm for A-F)
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Figure 4.29: Phenotypic changes in the glial fibrillary acidic protein (GFAP) immunopositive cell
population in the SVZ of LRP2-deficient animals. Single optical section and 3D reconstruction to
view the GFAP signal in the context of LRP2 and doublecortin (DCX). (A-B) Images of single optical
sections using a confocal microscope. LRP2 (red), DCX (blue) and GFAP (green) can be seen at the
lateral side of the lateral ventricles. Unspecific staining with the antibody against LRP2 can be seen in
blood vessels. (C-D) In a 3D reconstruction, GFAP can be seen together with LRP2 and DCX. There is
an altered expression pattern of GFAP in LRP2-deficient animals (Scale bar: 50 µm for A-B). (E)
Immunoflourescence signals for GFAP in the SVZ of Lrp2267/267 and control mice were also scored as
mean fluorescence intensities. Four histological sections from each individual mouse (4-5 mice in each
group) were quantified. Statistical significance of differences between control and Lrp2 mutant animals
were determined using Student t-test.

A reduction in signals was also detected for SOX2 (sex determining region Y-box
protein 2), a marker for astrocytic stem cells and for ependymal cells, in Lrp2 null
mice compared with controls (Figure 4.30).
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Figure 4.30: SOX2 immunopositive neuronal precursor cells in the SVZ in LRP2-deficient
animals. Detection of cell populations immunopositive for sex determining region Y-box protein 2
(SOX2). SOX2 is a transcription factor that marks stem cells and ependymal cells. The picture shows a
single optical section taken on the confocal microscope. There is a decrease of SOX2 signals in
Lrp2267/267 mice. (Scale bar: 50 µm). (C) Cells immunopositive for SOX2 were counted in the SVZ.
Four histological sections from each individual mouse (4-5 mice in each group) were quantified.
Statistical significance of differences between control and Lrp2 mutant animals were determined using
Student t-test.

In summary, LRP2-deficient mice show a decrease in transient amplifying cells (Ccells) and neuroblasts (A-Cells) (Figure 4.22; 4.23, 4.25), but no decrease in
oligodendrocytes in SVZ (Figure 4.24). The definitive and conclusive proof of the
decrease/alteration of stem cell would require specific markers that are not well
characterised yet. Nevertheless, considerating the results obtained from nestin-,
GFAP-, and SOX2-immunostainings a decrease in neuronal precursors in the SVZ of
Lrp2267/267 mice due to a depletion of the B cell (astrocytic stem cell) pool seemed
plausible. Whether this depletion is caused by defects affecting proliferative signals or
by apoptosis still has to be addressed.
4.7

Lrp2267/267 mice do not show changes in apoptosis in the SVZ of the adult
brain

In order to elucidate if a decrease in cell proliferation in the SVZ of LRP2-deficient
mice is due to programmed cell death, TdT-mediated dUTP nick end labeling
(TUNEL assay) was performed to stain for apoptotic nuclei.
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Overall, no concernable difference in the rate of apoptosis was detected in LRP2deficient mice compared to controls (Figure 4.31).

Figure 4.31: TUNEL assay to determine apoptosis in the SVZ (APO-BrdU method). Upper panel:
Immunoflourescence detection of cell death in the subventricular zone of control (A) and LRP2deficient mice (B) using TdT-mediated dUTP-BrdU nick end labelling (TUNEL) assay. As a positive
control, the assay was also performed on a brain section from a LRP2-deficient animal treated with
DNAse (C). Apoptotic nuclei are highlighted by arrowheads in C. Lower panel: Counterstaining of
cells in sections shown above using propidium iodide. No difference in apoptosis is detected between
control and LRP2-deficient animals. (Scale bar: 50 µm)

Caspase3 protein was detected by immunohistochemistry/fluorescence to obtain
additional information about the potential area where apoptosis occurs. Caspase3 gets
cleaved into active-caspase3 during the process of apoptosis. The site and intensity of
caspase3 staining in the SVZ of the lateral ventricles did not show any obvious
differences in LRP2-deficient mice as compared with controls (Figure 4.32).
Thus, the decrease in BrdU-positive proliferating cells in the SVZ of mutant mice was
not caused by increased apoptosis.
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Figure 4.32: Analysis to determine the activity (location and immunoreactivity) of caspase3 in the
SVZ. Upper panel: Detection of caspase3 in the SVZ of control (A) and LRP2-deficient mice (B). As a
negative control the experiment was performed on a section from a LRP2-deficient mouse brain treated
without primary antibody (C). Lower panel: High magnification immunoflourescence detection of
caspase3 in the SVZ of the indicated genotype and condition. No change in the immunoreactivity of
caspase3 was observed between control and LRP2-deficient animals. (Scale bars: 1000µm for A-C;
75µm for D-F)

4.8
4.8.1

Lrp2267/267 mice show normal proliferation and adult neurogenesis in the
hippocampus
Lrp2267/267 deficiency does not affect proliferation in the sub-granular zone
(SGZ) of the hippocampus

The subgranular zone (SGZ) of the dentate gyrus in the hippocampus is the second
germinal niche in the adult mouse brain where active ongoing neurogenesis occurs. In
contrast to the ventricular system, LRP2 is not expressed in the hippocampus. My
next aim was to test the specificity of the influence of LRP2 on adult neurogenesis in
the SVZ. Therefore I performed experiments on proliferation and immunostaining to
detect neuronal precursor cell populations also in the hippocampus of LRP2-deficient
and control mice.
The proliferative capacity of neural stem cells in SGZ of the dentate gyrus in the
hippocampus of LRP2-deficient mice was comparable to that of control animals as
documented by BrdU incorporation studies (Figure 4.33).
The finding that proliferation in the SGZ of LRP2-deficient mice was not affected
demonstrated the confinement of the stem cell defect to brain regions that normally
express LRP2. These results indicated a unique role for LRP2 in neurogenesis in the
germinal niche of the SVZ.
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Figure 4.33: Analysis of cell proliferation in the subgranular zone (SGZ) of the hippocampus. (A)
Immunohistological detection of BrdU-positive cells in the SGZ of LRP2-deficient mice 24 hours after
a single BrdU injection. (Scale bar: 100 µm). (B) Quantification of BrdU-positive cells in the SGZ of
control and mutant mice, 24 hours after BrdU injection. Numbers are given as % of control set at
100%, which corresponds to 1,863 cells in SGZ of the brain. (C) Quantification shown as mean number
of BrdU+ cells per section, determined in the SGZ of hippocampus from 12 sections of each animal (7
animals per genotype). Adult Lrp2267/267 animals show no difference in cell proliferation in the SGZ of
the hippocampus compared to controls.

4.8.2

Neuronal stem cell and precursor cell populations in the SGZ of
Lrp2267/267 mice are not affected

In addition to the proliferative capacity in the SGZ, I analyzed the neuronal precursor
cell population in this region by immunoflourescence staining applying several
makers.
The staining pattern for markers such as nestin-GFP (B- and C-cells), DLX2 (C-cells)
and PSA-NCAM (A-cells) was not altered in the hippocampus of receptor-deficient
animals (Figure 4.34). The neuronal stem cell population, marked by GFAP and
SOX2, were also not altered in the SGZ of the hippocampus of Lrp2267/267 mice
(Figure 4.35).
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Figure 4.34: Analysis of neuronal precursor cell populations in the subgranular zone (SGZ) of
the hippocampus. Detection of cell populations in the subgranular zone (SGZ) of the hippocampus in
control animals (Lrp2+/+, Lrp2+/267) and Lrp2267/267 mice positive for nestin-green fluorescent protein
(nestin-GFP; A-B), distal-less homeobox 2 (DLX2; C-D), and poly sialic acid-neural cell adhesion
molecule (PSA-NCAM; E-F). Nestin-GFP marks B- and C-cells (neuronal precursor cells), DLX2
marks C-cells and PSA-NCAM marks A-cells. No obvious difference was observed for any of three
cell types in the SGZ in Lrp2267/267 mice as compared to controls. (Scale bar: 50 µm)

Figure 4.35: No phenotypic changes in neuronal stem cells in the SGZ of LRP2-deficient animals.
Immunohistological detection of cell populations, positive for glial fibrillary acidic protein (GFAP; AB), and sex determining region Y-box protein 2 (SOX2; C-D). No difference in the SGZ of control and
LRP2-deficient animals was observed. (Scale bar: 75 µm)

In conclusion, neurogenesis in the SGZ is not affected by LRP2 deficiency, strongly
supporting a distinct role of the ependyma and LRP2 in signalling pathways unique to
the SVZ.
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4.9
4.9.1

Investigation of LRP2 mediated alteration in BMP4 and/or SHH signalling
in the SVZ.
Analysis of SHH signalling and its down stream targets

LRP2 is a receptor that plays an important role in balancing neurogenic signals
provided by SHH and BMP4 in the developing neural tube. In the early embryo, Lrp2
is expressed on the apical surface of the neuroepithelium (Assemat, et al., 2005;
Spoelgen, et al., 2005). Absence of Lrp2 expression in mutant mice results in fusion
of the forebrain hemispheres, a syndrome defined as holoprosencephaly (HPE)
(Willnow, et al., 1996). The underlying molecular defect has been linked to an
abnormal patterning of the neural tube caused by increased activity of BMP4 in the
dorsal and loss of Shh expression in the rostro-ventral forebrain. These findings place
LRP2 upstream of SHH and BMP signalling pathways in regulating early pattern
formation and embryonic neurogenesis. (Fuccillo, et al., 2006; Spoelgen, et al., 2005).
Expression of LRP2 persists in the ventricular system of the adult brain (Zheng, et al.,
1994). In this study, the distinct expression of LRP2 in the lateral wall of the lateral
ventricles, where the stem cell niche is located, was shown. Because regulation of
BMP4 and SHH signalling in the adult stem cell niche plays an important role in
controlling neurogenesis (Bonaguidi, et al., 2008; Colak, et al., 2008; Lim, et al.,
2000), I investigated the contribution of LRP2 in regulating levels of BMP4 and SHH
in this niche. With respect to analysis of SHH signalling, I made several attempts to
detect SHH protein and S h h mRNA in the SVZ of adult mice by
immunohistochemisty and ISH, respectively. Unfortunately, the sensitivity of these
methods to detect SHH was not high enough in the adult SVZ to draw any
conclusions about potential qualitative and quantitative differences between
genotypes.
Attempts to detect known factors in the SHH pathway in the adult brain were made by
immohistochemistry and ISH. I was successful in detecting GLI2 by
immunohistochemistry. Significant upregulation of GLI2 was observed in the SVZ of
LRP2-deficient mice as compared to controls (Figure 4.36 A-D). Quantification of
GLI2 positive cells in four pairs of mice revealed a significant increase in GLI2
positive cells in the SVZ of Lrp2267/267 mice compared to littermate controls (Figure
4.36 E).
The precise relationship of GLI2 and SHH in context of the SVZ of the adult rodent
brain is not clearly described (Liu, et al., 2007; Mill, et al., 2003; Oro, 2007; Reiter,
2008; Roessler, et al., 2003). Two forms of GLI2 are known to exist, repressor (rGli2)
and activator (aGLI2). Additionally, it is known that the ratio of repressor to activator
forms of GLI2 affects the context-dependent positive and negative functions (Han, et
al., 2009; Reiter, 2008; Ruiz i Altaba, 1999).
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The antibody against GLI2 in these studies is generated against synthetic peptide,
RSKVKTEPEGLRPAS-C conjugated to KLH, corresponding to amino acids 46-60 of
human GLI2 (Abcam catalogue no.ab7181). So far I cannot draw a functional
conclusion from this result until further pathways in the SHH signalling cascade have
been evaluated in our Lrp2 mutant model. Nevertheless the result may indicate
disturbed SHH signaling in the SVZ of LRP2-deficient mice.

Figure 4.36: Increased expression of GLI2 in the SVZ of the L r p 22 6 7 / 2 6 7 adult brain.
Immunohistological analyses detected increased signals for GLI2 in the subventricular zone of LRP2deficient mice compared to control littermates. (A-B) Maximum projection of 15 optical sections (10
µm thickness). (C-D) Single optical section from same area. (Scale bar: 50 µm). (E) Cells
immunopositive for Gli2 were counted in the SVZ. Four histological sections from each individual
mouse (4-5 mice in each group) were quantified. Statistical significance of differences between control
and Lrp2 mutant animals were determined using Student t-test.

4.9.2

Loss of LRP2 increases BMP4 signalling in the SVZ

In the embryonic neuroepithelium, LRP2 has been proposed to act as endocytic
receptor for BMP4 (Spoelgen, et al., 2005). LRP2-mediated clearance of BMP4
down-regulates this signalling pathway in the forebrain and ensures neurogenesis
from the ventral region of the neural tube.
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Figure 4.37: Detection of BMP2/4 in the SVZ of the adult brain. Immunohistological detection of
bone morphogenetic protein 2/4 (BMP2/4) at the lateral side of the lateral ventricles. Detections of
BMP2/4 in various sections through the ventricles of control mice in independent experiments are
shown. Pictures A to C represent rostral to caudal regions of the ventricle. BMP2/4 is detected in the
SVZ of the lateral side of the lateral ventricle, but not in the medial wall or the corpus callosum.
Staining of choroid plexus tissue has to be considered a background signal as it is also seen in negative
controls without primary antibody (D-E). (Scale bars: 250µm for A-D; 50µm for E)

Given the established role of BMP4 as a negative modulator of neurogenesis in the
SVZ, I asked whether LRP2 might have a similar function in the adult brain and
whether an increase in BMP signalling due to receptor dysfunction may underlie the
neurogenesis defect in the Lrp2267/267 mutant mice. To address this question, I
analyzed the BMP signalling pathway in the lateral ventricles of control and LRP2deficient animals.
Expression of BMP4 was analyzed using immunohistochemistry and in-situ
hybridisation (ISH) on paraffin-, cryo- and floating sections. In the end,
immunodetection on paraffin sections of the adult brain was most informative
concerning the levels of the morphogen in the SVZ of mutant and control animals.
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Figure 4.38: Increased levels of BMP2/4 in the SVZ of Lrp2267/267 adult brains. (A-B) Overview of
BMP2/4 immunostaining on coronal sections of a control and a LRP2-deficient brain. BMP2/4 is
predominantly located on lateral side of the lateral ventricles (Scale bar: 500µm). (C-D) High
magnification pictures of the SVZ. The section from the control animal (C) shows choroid plexus
attached to the lateral ventricle. (E-H) High magnification picture of the SVZ for BMP2/4 staining
developed for 7 hours (E-F) and 48 hours (G-H) at room temperature. Increased signals for BMP2/4 are
detected in LRP2-deficient animals compared to controls. (Scale bars: 50µm)

Interestingly, the immunoreactivity of BMP2/4 was detected primarily in the SVZ of
the lateral side of the lateral ventricles, precisely the site where LRP2 expression
persists (Figure 4.37).
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Comparing the level of BMP2/4 protein in the SVZ of Lrp2267/267 and control mice,
increased levels of the morphogen were detected in the Lrp2267/267 mouse (Figure
4.38).
4.9.3

Lrp2267/267 mice show an up-regulation of down-stream mediators and
targets of the BMP4 signalling pathway

Enhanced activity of the BMP signaling cascade was further substantiated by staining
for phosphorylated forms of SMAD1/5/8 proteins (MAD homolog 1/5/8), which act
as the intracellular effectors of BMP signaling (Figure 4.39 A, B). Using
immunofluorescence microscopy and quantification of the respective signals, a fourfold increase in the pSMAD1/5/8 signal was shown for the SVZ of LRP2-deficient
mice compared to control mice (Figure 4.40).

Figure 4.39: Enhanced BMP signaling in the SVZ of a Lrp2267/267 adult brain. Immunohistological
analysis detects increased signals for phosphorylated variants of similar to mothers against
decapentaplegic homolog (p-SMAD1/5/8; A-B), and of inhibitor of DNA binding 3 (ID3; C-D) in the
subventricular zone of LRP2-deficient mice compared to control littermates. p-SMAD1/5/8 is a down
stream mediator of BMP signalling while ID3 is a down stream transcriptional target of BMP
signalling . (Scale bar: 100 µm)

Inhibitor of DNA binding protein 3 (ID3) is a downstream transcriptional target of
BMP4 signalling (Miyazono and Miyazawa, 2002). Consistent with an aberrant
increase in this morphogen pathway in LRP2 null mice, the immunohistological
signals for ID3 were distinctly increased in the SVZ of these animals (Figure 4.39 C,
D). Quantification of ID3 signal intensities in four pairs of mice revealed significant
80

Results
higher levels of immunoflourescence signals for this transcriptional regulator in the
SVZ of Lrp2267/267 mice compared to littermate controls (Figure 4.40). Taken
together, these findings further substantiated the role of LRP2 as a negative regulator
of BMP signalling in vivo.

Figure 4.40: Analysis of p-SMAD1/5/8 and ID3 expression in the subventricular zone. (A)
Immunoflourescence signals for phospho (p)-SMAD1/5/8 and ID3 in the subventricular zone of
Lrp2267/267 and control mice (shown in figure 4.37) were quantified and expressed as cell counts per
SVZ area. A total of four histological sections from 4-7 mice in each group were quantified. (B)
Similarly, immunoflourescence signals were quantified, but expressed as mean fluorescence intensities.
Statistical significance of differences between control and LRP2-deficient animals was determined by
using student’s t test. Robust upregulation of pSMAD 1/5/8 and ID3 was observed in Lrp2267/267 mice
as compare to control.nimals was determined by using student’s t test. Robust upregulation of pSMAD
1/5/8 and ID3 was observed in Lrp2267/267 mice as compare to control.

This result suggests that LRP2 maintains the microenvironment of the niche through
negatively regulating BMP signalling.
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5

Discussion

LRP2 has a distinct expression pattern in the lateral wall of the lateral forebrain
ventricles containing the neural stem cell niche. Loss of receptor expression in
Lrp2267/267 mice results in a decline in the proliferative capacity of the SVZ and in a
decrease in the neural stem cell population in the SVZ. The impaired proliferation of
neuronal precursor cells in LRP2-deficient mice coincides with an increase in
BMP2/4 expression and enhanced activity of down-stream signaling pathways in the
SVZ. These findings are in line with a critical function for LRP2 as a negative
modulator of BMP signalling in embryonic neurogenesis (Spoelgen, et al., 2005).
This study demonstrates an essential role for LRP2, an endocytic receptor as a
negative modulator of BMP signaling not only during embryonic development but
also in ependymal cells in the adult stem cell niche. Neurogenesis in the SGZ, the
second germinal niche in the adult mammalian brain is not affected by receptor
deficiency, strongly supporting a distinct role of the ependyma (and LRP2) in
signalling pathways unique to the SVZ.
5.1

LRP2 expression in the adult brain.

It has been described previously that LRP2 is expressed in the ependyma of the rat
brain ventricles (Zheng, et al., 1994) but more detailed data were not provided.
Additionally published expression data did not show the precise cellular
compartmental localisation of LRP2 in the ependyma. Also, the question whether
LRP2 is expressed uniformly throughout the ventricular epithelium still had to be
addressed.
In my work I show that LRP2 is expressed on the ependyma lining the lateral side of
the lateral ventricles and ventral medial wall of the lateral ventricles of the adult brain,
which is a neurogenic niche in the adult brain. (Lois and Alvarez-Buylla, 1993;
Tramontin, et al., 2003). LRP2 is not expressed on the ependyma lining the dorsal
medial side of the lateral ventricles, which is not neurogenic. It is particularly
intriguing that in contrast to other ependymal markers (e.g., S100ß, vimentin,
mCD24) (Mirzadeh, et al., 2008), LRP2 is seen exclusively in the ependyma adjacent
to the stem cell niche (Figure 4.2). This observation also gives evidence to the fact
that the ependymal layer per se has not the same character and function throughout
the ventricles. Thus, LRP2 represents a unique marker that functionally discriminates
ependymal cells in the neurogenic zone from ependyma elsewhere in the lateral
ventricles.
Analysis of the localisation of LRP2 revealed that it is only expressed on the
ependyma and not in the SVZ. Further analyses revealed that LRP2 is localised on the
apical surface of the multiciliated ependymal cells but is excluded from the prominin1
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positive part (tip) of the cilia. This apical expression pattern is in accordance with the
localization of the receptor in other polarized epithelia where LRP2 acts as an apical
endocytic receptor for ligands from the extracellular space (Leheste, et al., 1999;
Morales, et al., 2006). LRP2 is expressed as punctuate staining on the wall of the
lateral side of the lateral ventricles (Figure 4.5). Based on recent unpublished results
from our lab, LRP2 might be localized at the apical membrane of the pericentriolar
region of the cilia. As shown in figure 4.4, signals for LRP2 are not evident on the
GFAP positive neuronal stem cell (B1 cell). Still, from stainings on coronal section it
cannot be excluded that the receptor may be expressed in B1cells at low levels.
This precise and exact expression pattern of LRP2 in adult brain emerges slowly
during development. For example at embryonic day 8.5 (E8.5) when neural tube is
still open LRP2 is expressed uniformly on the apical, while at E11.5 LRP2 expression
is restricted to the dorsal and ventral part of telencephalon (forebrain). At E16.5,
LRP2 expression becomes restricted to the lateral side of the lateral ventricles, a
pattern similar to the situation in the adult brain. As well as in the lateral ventricles,
LRP2 is also expressed in the third ventricle (Figure 4.1) in the adult brain, where its
function is not known so far.
The distinct expression of LRP2 at the site of adult neurogenesis provoked further
dissection of the functional role of the receptor in this region of the adult brain (Figure
4.2).
5.2

The role of the ependyma in adult neurogenesis

Despite the fact that ependymal cells were already described in 1836 their specific
roles in health and disease are still incompletely known. In the recent years, the
physiological significance of the ependyma has mainly been discussed in terms of a
barrier function, protecting the brain from noxious substances that accumulate in the
cerebrospinal fluid (reviewed in (Del Bigio, 1995). An exciting new aspect of
ependymal function was recognized when it was shown that proliferation of neural
stem cells persists in the SVZ of the adult brain, a region that is intimately linked to
the lateral ventricles (Lois and Alvarez-Buylla, 1993; Morshead, et al., 1994;
Reynolds and Weiss, 1992; Weiss, et al., 1996). Whether and how ependymal cells
might contribute to neurogenic processes has been a matter of debate (Carlen, et al.,
2009; Chiasson, et al., 1999; Doetsch, et al., 1999; Meletis, et al., 2008). Two main
hypotheses concerning the contribution of the ependyma to adult neurogenesis have
been advanced. It was first suggested that ependymal cells may act as neuronal
precursor cells under normal physiological conditions (Johansson, et al., 1999). This
idea was later largely abandoned since the sole precursor cell function of astrocytes in
the SVZ was favoured. Still, recent reports provide new experimental evidence that
ependymal cells may act as precursor cells after brain injury (Carlen, et al., 2009).
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Another hypothesis proposes that rather than representing stem cells, ependymal cells
may contribute to the microenvironment in the stem cell niche critical for
neurogenesis (Colak, et al., 2008; Lim, et al., 2000). The later hypothesis is supported
by findings that factors in the stem cell niche provide instructive signals for
neurogenesis. Thus, progenitors from the SVZ grafted into other SVZs produce large
numbers of neurons, but fail to do so when transplanted into non-neurogenic brain
regions (Doetsch and Alvarez-Buylla, 1996; Gage, 2000; Lois and Alvarez-Buylla,
1994). Inactivation of genes expressed in the ependyma such as Numb (Kuo, et al.,
2006) and Sox2 (Ferri, et al., 2004) were shown to impair adult neurogenesis.
However, both genes are also expressed in SVZ progenitors and no firm conclusion
could be drawn whether loss of activity in the ependyma and/or SVZ may underlie the
observed neurogenic defects.
LRP2 is specifically expressed on the apical surface of the ependyma lining the lateral
side of the lateral ventricles and ventral medial wall of the lateral ventricles of the
adult brain, which is a neurogenic niche in the adult brain. Thus, analyses of mice
lacking functional LRP2 enables one to address the question whether loss of activity
may underlie the observed neurogenic defects. The functional elucidation of an
ependymal cell surface receptor LRP2 that is required for proper neurogenesis to
occur from SVZ precursor cells provides genetic proof for a critical contribution of
the ependyma for adult neurogenesis.
At present, our data do not allow the conclusion whether this is a direct or indirect
effect of receptor activity. However, all precursor cell populations of the SVZ that
contribute to adult neurogenesis in the olfactory bulb were affected in Lrp2 mutants
arguing for an upstream effect at the level of the stem cell population.
5.3

Lrp2 267/267 mouse model lacking LRP2 expression

As discussed in the result section, the survival rate of LRP2-deficient mice largely
depends on their genetic background. The difference in survival rate between the two
receptor-deficient models Lrp2267/267 (FVB/NJ x C57BL/6J) and L r p 2-/(129SvEmcTer x C57BL/6N) likely reflects distinct genetic backgrounds. The
holoprosencephaly phenotype of Lrp2 mutants is variable and ranges from severe
forms and perinatal lethality to mild forms with subtle craniofacial and CNS
malformations and a normal life span. These differences in may be attributed to
modifiers, enhancers, or epigenetic factors which are not yet studied in detail for
Lrp2.
Both LRP2-deficient mouse models share some phenotypic aspects including
impaired CNS midline separation resulting in holoprosencephalic features (Spoelgen,
et al., 2005; Zarbalis, et al., 2004), low molecular weight proteinuria (Result section
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and (Leheste, et al., 1999; Willnow, et al., 1996)), maldecendus testes in males, and
impaired opening of the vaginal cavity in females (Hammes, et al., 2005). In the
present study, I have used the Lrp2267/267 model as it exhibits a higher rate of perinatal
survival compared to the gene-targeted line Lrp2-/-, enabling me to obtain sufficient
numbers of adult LRP2 null animals for analysis.
The goal of my project was to define and characterize the role of LRP2 in the
ependymal cells lining the lateral side of lateral ventricles of the adult brain and to test
the potential impact of the receptor on adult neurogenesis. Towards this aim I perform
comparative analyses of wild type and LRP2-deficient mice to identify the
consequences of LRP2 deficiency for the adult brain. My investigation included
comparative morphological and histological analysis of the adult brain (ventricles,
SVZ, olfactory bulbs, hippocampus, cortex, and eyes), the tissues with particular
relevance for adult neurogenesis.
5.4

Morphological and histological analysis of CNS regions of the adult brain
of Lrp2267/267 mice.

The analysis of certain regions of the adult brain including cortex, olfactory bulb,
hippocampus and eye was undertaken to test whether the deficiency of LRP2 has any
effect on these structures. These investigations were particularly important to query in
which way the embryonic developmental defects in LRP2 mutants may affect
functionally of the adult brain. Towards these goals, I found that there were no
changes in the cortical and olfactory bulb layering in LRP2-deficient adult mice. The
lateral ventricle was enlarged and in some instances the two hemispheres failed to
separate along the mid sagital line, indications of mild holoprosencephaly in the
surviving adult Lrp2 mutants. The shapes of the hippocampus and the olfactory bulb
were altered in some instances, but these did not cause any alterations in cell layering
or loss of cell populations.
The change in the shape of olfactory bulb and hippocampus may be attributed to the
enlargement of lateral ventricles within the cranium/skull or to craniofacial changes
associated with holoprosencephaly. SVZ neurogenesis associated structures like
olfactory bulb and rostral migratory stream (RMS) do exist in Lrp2267/267 mice. This
observation lends support to the fact that neurogenesis/proliferation does occur in the
SVZ and that cells migrate via the rostral migratory stream to the olfactory bulb in
these mice.
The eyes of most adult Lrp2267/267 mice are enlarged compared to control littermates.
Interestingly the size of eyes does not differ at P10. This late-onset phenotype may be
attributed to a failure to drain the vitreous fluid or metabolites present in the vitreous
fluid in absence of LRP2 in the ciliary epithelium of the eyes. Thus, gradual
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accumulation of fluid might lead to increased intraocular pressure and a glaucoma
phenotype in Lrp2267/267 mice. Interestingly, eye abnormalities including coloboma
and prominent eyes have also been described for Donnai Barrow patients with LRP2
mutations (Kantarci, et al., 2007; Patel, et al., 2007).
5.5

Structural integrity of the SVZ neuronal stem cell niche in Lrp2267/267 mice

Investigating the consequences of LRP2 deficiency at the lateral side of the lateral
ventricles in the brain of adult mice included the histological and ultramicroscopic
examination of this brain region. The lateral ventricles in the forebrain of Lrp2267/267
mice are enlarged, which prompted us to investigate morphological and histological
aspects of the CNS in more detail.
The lateral ventricles consist of ependymal cells lining the ventricles of the brain. The
brain parenchyma just below the ependymal layer consists of a non-synaptic, 5-7 cell
layer thick zone of stem/precursor cells and neuroblasts as well as a tissue matrix with
an intricate network of blood vessels, followed by the striatum (Mirzadeh, et al.,
2008; Shen, et al., 2008; Tavazoie, et al., 2008). The ependyma is a single-layered
epithelium at the interface between the cerebral ventricles and the brain parenchyma.
Ependymal cells bear a bundle of cilia at their apical surface projecting into the
cerebrospinal fluid (CSF). This bundle of cilia is known as kinocilia (Worthington
and Cathcart, 1963).
Scanning electron microscopy (SEM) was done to analyse the surface of the lateral
ventricle including the appearance of the cilia in mutant mice (Figure 4.16). There
were no obvious changes in the cilia or their arrangement on the apical surface of
ependymal cells. This observation indicates that LRP2-deficient mice do not suffer
from hydrocephalus (Kobayashi, et al., 2002; Nakamura and Sato, 1993). Further
evidence for this conclusion comes from the observation that LRP2-deficient mice (1)
do not show an expansion of the third and fourth ventricle, (2) that there is no loss of
brain parenchyma, and (3) that there is no progressive thinning of the cortex.
Hydrocephalus is a debilitating dilation of the cerebral ventricles at the expense of the
brain parenchyma known to result from the loss of or disturbance of kinocilia and/or
ependymal cell function. Subsequent to ultra structural analysis of the ependymal
surface by SEM, I went ahead with detailed cellular and subcellular analysis of
ependymal and SVZ cells by transmission electron microscopy (TEM). TEM revealed
that the kinocilia (bundles of cilia) were not altered in terms of arrangement over the
ependymal surface and that there were no obvious changes in the molecular
architecture within the cilium. No obvious changes were observed in the SVZ or the
striatum of the adult brain of LRP2-deficient mice. Based on the analysis of the
structure of the cilia in Lrp2 mutant mice, it is not possible to conclude whether the
kinocilia are retaining the synchronous beating function in absence of LRP2 or not.
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Considering the recently published results showing that the synchronous beating of
cilia in the SVZ is essential for maintaining the migration of neuroblasts from the
SVZ to the olfactory bulb via the rostral migratory stream (Sawamoto, et al., 2006),
one could argue that the beating function of the kinocilia is not affected in LRP2
deficient mice, since the migration of neuroblasts from the SVZ to the olfactory bulb
does occur in a normal fashion via the rostral migratory stream (Figure 4.19)
5.6

Analysis of proliferation and neurogenesis in the SVZ of LRP2-deficient
mice.

There is an approximately 40% reduction in proliferative capacity in the SVZ of
LRP2-deficient adult mice as seen by quantification of BrdU positive cells observed
24 hours after BrdU incorporation. Cells born at the SVZ migrate via the rostral
migratory stream to the olfactory bulb. 24 hours is the time period by which BrdU
labelled proliferating cells are retained in the SVZ.
With the 24 hour BrdU assay I label mostly the transient fast amplifying cells and
their progeny in the SVZ and therefore check the proliferative capacity of cells in the
SVZ of the adult mice brain. Most BrdU positive cells from the SVZ reach the
olfactory bulb after 2 weeks of BrdU application. In the LRP2 deficient animals was a
reduction in BrdU positive cells that reach the olfactory bulb, in line with a reduction
of BrdU labelled proliferative cells in the SVZ.
The SVZ is one of the sites where stem cells are maintained by various tightly
regulated biological processes and signalling pathways. SVZ stem cells give rise to
neurones and to a lesser extent to oligodendrocytes and the astroglial lineages
(Kokovay, et al., 2008; Kriegstein and Alvarez-Buylla, 2009). LRP2267/267 adult mice
show an approximately 40% decrease in BrdU-positive proliferating cells in the SVZ.
This observation is interesting as LRP2, which marks the ependyma of the SVZ stem
cell niche, seems to be important for regulating ongoing proliferation in the SVZ of
the adult brain.
Reduction of proliferation in the SVZ of LRP2267/267 mice prompted mainly two
questions. Which cell population in the SVZ is affected by receptor deficiency and
what is the mechanism underlying the decrease in proliferation?
Thus, I used markers to label the different neuronal and oligodendroglial cell lineages
in the SVZ. Using immunohistology and confocal microscopy, I detected that signals
for all three SVZ neuronal cell types (B-, C- and A-cells) were reduced in LRP2267/267
mice (Figure 4.25). Lrp2267/267 mice showed an overall decrease in GFAP immunopositive cells and a decrease in the complexity of their cellular processes stained by
GFAP. I also demonstrated a decrease in the number of SOX2-positive cells in the
87

Discussion
SVZ of mutant mice. In addition, LRP2267/267 mice were crossed with the transgenic
nestin-GFP line that expresses the GFP under the nestin promoter (Yamaguchi, et al.,
2000). In line with a decrease in signals for GFAP and SOX2, signals for nestin-GFP
were also decreased in the SVZ of Lrp2267/267 mice.
GFAP, SOX2 and nestin are expressed in B cells but also in other cells within and
outside the SVZ (Brenner, et al., 1994; Episkopou, 2005; Ferri, et al., 2004; Lee, et
al., 2006; Yamaguchi, et al., 2000). Analysing the type C and A cell populations by
immunostaining with antibodies against DLX2, DCX, and PSA-NCAM revealed a
significant decrease in the number of cells positive for these markers. DLX2 is
expressed in C and A cells, while DCX and PSA-NCAM are both diagnostic for A
cells in the SVZ (Alvarez-Buylla and Garcia-Verdugo, 2002; Gotz and Huttner,
2005). Quantification of all tstainings by counting immuno-positive cells and by
measuring fluorescence intensity, respectively, showed that these results were highly
significant.
A change in GFAP-, SOX2-, and nestin positive cells in Lrp2267/267 mice suggests that
it may be the upstream stem/precursor cell population that is altered by LRP2
deficienc. Nevertheless, a final conclusion on the effect of LRP2 deficiency on the
type B1 stem cell population has to be drawn with caution since neither GFAP, nor
SOX2 or nestin are selective markers for B1 cells (Brenner, et al., 1994; Episkopou,
2005; Ferri, et al., 2004; Lee, et al., 2006; Yamaguchi, et al., 2000). To characterize
the quiescent B1 stem cell population in further detail mice are currently being
analysing by us in BrdU label retaining assays, that more specifically mark quiescent
stem cells.
So far, me findings indicate impaired cell proliferation in the SVZ of LRP2 null mice
that equally affects the fast amplifying neural precursor cell population and their
immediate progeny. This interpretation was confirmed when the numbers of BrdU+
cells were quantified that only expressed DLX2 (C cells, A cells) or DCX with or
without DLX2 (A cells or neuroblasts). Although the total number of BrdU+ cells
was reduced in the receptor-deficient line, the proportion of individual BrdU+ C and
A cell populations was unchanged in the SEZ of LRP2 null mice compared with
littermate controls (Figure 4.22,4.23 and 4.25), suggesting that LRP2-deficiency
affects progenitor proliferation but not fate.
In contrast to the reduction in transit-amplifying progenitors and neuroblasts, there
was no difference in oligodendrocyte precursor cell numbers in the SVZ of the
receptor null mice (Figure 4.24). Thus, LRP2 deficiency does not affect proliferation
of this subset of glial progenitors.
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My results indicate that the cause for decrease in the number of neuronal precursor
cells in Lrp2267/267 is not increased apoptosis (Figure 4.31). But other than induction of
apoptosis, several mechanisms might cause a decrease of the precursor cell
populations in LRP2-deficient mice. For example, TLX (orphan receptor tailless) and
N-CoR (transcriptional Co repressor) prevent stem cell differentiation into glial
progeny. In their absence, stem cells are formed but are exhausted during
development or postnataly (Hermanson, et al., 2002; Shi, et al., 2004). Deletion of
TLX in adult SVZ cells impaired the ability for self-renewal and drastically decreased
the number of BrdU-positive proliferating cells and neurogenesis (Liu, et al., 2008).
Bmi-1 (transcription factor and chromatin regulator) and Notch-1 (and their signaling
pathways) are important for stem cell proliferation and maintenance. In their absence,
the neural stem pool becomes exhausted (Androutsellis-Theotokis, et al., 2006;
Hitoshi, et al., 2004; Molofsky, et al., 2003). p21 (cyclin dependent kinase inhibitorG1 checkpoint regulator) is required for quiescence of stem cells and p21cip1/Waf1
mutants show over-proliferation followed by depletion of forebrain stem cells (Cheng,
et al., 2000; Kippin, et al., 2005).
Whatever the exact mechanism for reduced neurogenesis in LRP2 mutants may be,
alterations in such cell intrinsic pathways in the SVZ are clearly downstream of a
primary defect in the instructive capacity of ependymal cells caused by LRP2
deficiency
5.7

LRP2 deficiency specifically affects SVZ but not SGZ neurogenesis.

The SGZ located in the DG of the hippocampus is another site of ongoing
neurogenesis in the adult rodent brain. Neural stem cells (NSCs) in the SGZ and SVZ
appear to respond to different signalling pathways to regulate their potency (reviewed
by (Suh, et al., 2009)). Extrinsic cues may have a dominant role in the specification of
the SGZ NSC, whereas internal programs may have a major role in the specification
of the SVZ NSC, although the experiments in the two systems are not easily
compared (Merkle, et al., 2007; Shihabuddin, et al., 2000; Suhonen, et al., 1996).
These differences may represent a fundamental distinction between the SGZ and SVZ
environments. It is also possible that the different results reflect a different potencies
of NSCs in vivo and in vitro. It is important to note that long-term cell cultures may
modify the potency of NSCs from that of the in vivo NSCs. Therefore, a precise and
direct examination of the fate of cultured NSCs can only provide certain clues to how
the potency of SVZ and SGZ NSCs is specified.
The elements of the signaling pathways that control the adult neurogenesis in the SVZ
and SGZ areas are beginning to unfold: Although the similarities between
neurogenesis in the SVZ and SGZ were highlighted initially, it is now clear that very
different signaling pathways are used in each system ((reviewed by (Suh, et al.,
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2009)). These differences are not so surprising, given that the mature phenotypes of
neurons generated in each target are distinct: the SVZ-olfactory bulb system generates
inhibitory neurons predominately, while the DG generates excitatory neurons.
My results argue that LRP2 is expressed in the SVZ but not the SGZ. Our study
indicates no changes in the proliferation and neurogenesis in the SGZ of LRP2deficient mice, demonstrating confinement of the stem cell defect to brain regions that
normally express this receptor and supporting a distinct role of the ependyma (and
LRP2) in signaling pathways unique to the SVZ.
5.8

Increase of BMP signalling in the SVZ of LRP2-deficient mice.

What could be the possible signaling mechanism underlying the impaired
neurogenesis in LRP2-deficient mice? Similar mechanisms operate for neurogenesis
during embryonic development and neurogenesis during postnatal development.
Nonetheless, in the adult neurogenesis subsists only in restricted zone. Because
studies on the embryonic development in LRP-deficient mice in our lab (Spoelgen, et
al., 2005) have implicated LRP2 in signalling of SHH and BMP, I focused my
attention on the analysis of these two signalling pathways in the adult brain as well.
As mentioned in the result section, SHH and components of its signalling cascade like
patched and smoothened did not gave satisfactory signals in my
immunohistochemistry analyses. Therefore I couldn’t interpret the results I obtained
with these antibodies. Immunohistochemisty using an antibody against GLI2 gave
robust signals and quantification by cell counts was possible. Here, I detected a
significant increase in GLI2 positive cells in the SVZ of Lrp2267/267 mice. The exact
relationship between GLI2 and SHH in the SVZ remains to be analyzed. Nevertheless
I could argue that SHH signalling is altered in Lrp2267/267 mice. Further experiments to
analyse the possible impact of LRP2 deficiency on SHH signalling in the SVZ are
ongoing in our lab.
It is well documented in literature that one of the major instructive signals in the SVZ
is provided by BMPs. Both BMP4 and 7 and their receptors are widely expressed by
neurons and astrocytes throughout the adult CNS (Mikawa, et al., 2006; Peretto, et al.,
2004). Particularly high expression of the secreted morphogen BMP4 is seen in the
SVZ (in B cells), in the RMS, and in the OB (Lim, et al., 2000; Peretto, et al., 2004).
Expression of BMPs in the neurogenic regions of the adult brain seemed counterintuitive given their anti-proliferative potential. Along these lines, overexpression of
BMP7 by adenoviral-mediated gene transfer into the ependyma decreases SVZ
proliferation and prevents further neurogenesis (Lim, et al., 2000). An explanation for
this apparent paradox came with the observation that ependymal cells secrete noggin,
a potent antagonist of BMP signaling. Addition of noggin to SVZ cells increases the
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birth of new neurons in vitro and ectopic expression of noggin in the striatum creates
a de-novo neurogenic compartment, likely by inhibiting the anti-proliferative action
of BMPs (Lim, et al., 2000). The instructive role for the BMP pathway in SVZ
neurogenesis has recently been refined by findings that conditional inactivation of
Smad4 in GFAP positive stem cells redirects cell fate specification from neurogenesis
to oligodendrogliogenesis (Colak, et al., 2008).
Taken together, the studies discussed above suggest an important role for the
ependyma in modulating BMP signaling, thereby providing the instructive milieu for
neurogenesis in the SVZ. This hypothesis receives strong support from my findings
that ependymal cells express LRP2, an endocytic receptor for BMPs. LRP2 has been
shown to bind BMP4 (but not BMP5) in vitro (Spoelgen, et al., 2005). Binding to
LRP2 expressed on cells results in cellular uptake and catabolism of BMP4,
conceivably reducing the amount of morphogen available to activate its cognate BMP
receptors (Spoelgen, et al., 2005). Inactivation of the receptor pathway in the mouse
results in enhanced BMP signaling and in impairment of neurogenesis in the
embryonic neural tube (Spoelgen, et al., 2005). Now, our new data indicate that an
apparent function of LRP2 as a negative regulator of BMP signaling is conserved in
the adult brain where lack of the receptor causes aberrant induction of BMP signaling
in the SVZ (Figures 4.38-4.40). Enhanced BMP signals as a consequence of LRP2
deficiency coincide with a significant decrease in stem cell proliferation,
substantiating the crucial role of the ependyma in reducing BMP signaling to promote
SVZ neurogenesis. Apparently, alternative mechanisms including secretion of BMP
antagonist noggin and expression of BMP clearance receptors have evolved whereby
ependymal cells control this morphogen pathway.
Many regulatory mechanisms are shared between embryonic and adult neurogenesis
including instructive signals provided by WNT ligands (Falk, et al., 2008), Notch
(Carlen, et al., 2009), SHH (Ahn and Joyner, 2005; Han, et al., 2008; Palma, et al.,
2005), and BMPs (Colak, et al., 2008; Fishell and Kriegstein, 2003; Lim, et al., 2000).
Functional conservation of a receptor pathway that promotes formation of neurons by
suppression of BMP signals both in the embryonic neuroepithelium and the adult
lateral ventricles lends novel support to this paradigm. Further detailed
characterization of the LRP2 pathway will significantly help in elucidating common
concepts that govern neurogenesis in the embryonic and in the adult mammalian
brain.
5.9

Patients with LRP2 deficiency

The significance of LRP2 in humans is well established since mutations in the LRP2
gene cause Donnai-Barrow syndrome (DBS) and facio-oculo-acoustico-renal (FOAR)
syndrome (Kantarci, et al., 2007; Patel, et al., 2007; Pober, et al., 2009). The Donnai91
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Barrow syndrome is an autosomal recessive genetic disorder and is associated with
agenesis of the corpus callosum, congenital diaphragmatic hernia, facial
dysmorphology, ocular anomalies, sensorineural hearing loss and developmental
delay. Donnai-Barrow syndrome has clinical similarity to facio-oculo-acoustico-renal
(FOAR) syndrome, although the FOAR is typically reported as having proteinuria but
lacking agenesis of the corpus callosum and congenital diaphragmatic hernia.
Interestingly, most of these symptoms/phenotypes are present in mice lacking
functional LRP2 (Leheste, et al., 1999; Muller, et al., 2001; Willnow, et al., 1996).
Striking similarity between patients and the mouse model can be found in the
craniofacial and brain ventricle phenotype. Moreover, the well-characterised kidney
phenotype and its physiological consequences are common to Donnai Barrow patients
and Lrp2267/267 mice. The diaphragmatic hernia that is observed in human subjects
with LRP2 mutations is also observed in mice lacking functional LRP2 protein (data
not shown). The ocular phenotype in Donnai Barrow patients encompasses large
prominent eyes, coloboma, and retinal dystrophy and is recapitulated in the Lrp2267/267
mouse model.
Human and mice both have an auditory phenotype due to mutations in LRP2 gene.
Donnai Barrow patients suffer from progressive hearing loss, a condition that is found
in the LRP2-deficient mice as well (Konig, et al., 2008). Nothing is known about
adult neurogenesis in Donnai-Barrow patients. Recent analyses of neurogenesis by
functional MRI may shed light on the function of LRP2 in the human brain
(Manganas, et al., 2007).
Since Lrp2267/267 mice and Donnai- Barrow patients show very similar phenotypes, the
mouse model may present an ideal tool to investigate mechanisms underlying defects
Donnai Barrow patients.
5.10 Limitations and caveat in the present analyses
This analysis was carried out on mice constitutively lacking LRP2. Therefore, one
could argue that the adult phenotype may be a consequence of the disturbances that
occurred during the embryonic development. This concern my be addressed in the
future by using the floxed Lrp2 mutant mouse model and a suitable transgenic mouse
line expressing cre recombinase in the adult ependyma. This approach of a condition
specific LRP2 deletion would allow the animal to develop normally, and would
remove LRP2 in the adult stage to observe the effect of LRP2 deficiency in the adult
situation. An ependymal specific deletion of the receptor with adult onset has not been
included in the present study since a suitable ependymal-specific cre line is not
available.
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5.11 A role for LRP2 in the SVZ: Final conclusion and working model

Figure 5.1: Schemes of working models for LRP2 mediated regulation of BMP4 signalling
pathways. The picture in the left panel outlines the normal physiological situation where the BMP
signalling pathway is influenced by receptor-mediated endocytosis and catbolism of BMP4 by LRP2.
(1) BMP4 protein binds to BMP receptor (BMP-R) which signals via intracellular effector pSMAD
1/5/8 leading to activation of nuclear targets like ID3 in the SVZ of the adult brain. (2-3) LRP2 binds
BMP4 on the cell surface either to prevent BMP4 binding to BMP-R and down stream signalling (2) or
to direct BMP4 for lysosomal degradation, thereby regulating the concentration of BMP4 available for
signalling (3). The picture in the right panel outlines the likely situation of an altered physiological
situation in complete absence of LRP2. The LRP2 mediated endocytosis and catabolism of BMP4 does
not occur, which may result in excess availability of BMP4 and thereby enhanced BMP signalling as
visualised by more down stream mediators and targets, like pSMAD 1/5/8 and ID3 respectively. This
working model is constructed based on the results obtained previously in our lab by Spoelgen et. al.,
and on results of this thesis.

Endocytic receptors are mainly known to contribute to the transport of into the cell,
typically resulting in catabolism of these ligands. Recently, endocytic receptors were
also shown to regulate many signalling cascades by either competitively degrading
the ligands available for signaling or by engulfing ligands and delivering them to
intracellular signalling pathways (Fischer, et al., 2006; Kikuchi and Yamamoto, 2007;
Le Borgne, 2006; Miaczynska, et al., 2004; Miaczynska, et al., 2004; Seto, et al.,
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2002). I describe here that LRP2 may represent such an example of an endocytic
receptor, which regulates BMP signalling pathways (Figure5.1). My study indicates
that LRP2 is an ependymal factor that helps to maintain the neurogenic homeostasis
in the SVZ stem cell niche in the adult brain.
Furthermore, my studies demonstrate an essential role for LRP2 as a negative
modulator of BMP signaling in the adult stem cell niche. Loss of receptor activity in
mouse models results in abnormally increased activity of the BMP2/4 pathway in the
SVZ (Figure5.1), thereby suppressing expansion of the neural stem cell pool and
decreasing adult neurogenesis. Neurogenesis in the SGZ, the second germinal niche in
the adult mammalian brain is not affected by receptor deficiency, strongly supporting
a distinct role of the ependyma (and LRP2) in signaling pathway unique to the SVZ.
5.12 Perspective
The long-term goal of further studies should be the definition of the role of LRP2 in
maintenance of the microenvironment in the SVZ niche supportive of neurogenesis.
In this respect, several interesting questions arise from this thesis that can be
addressed in future. For example, what is the molecular mechanism of LRP2mediated regulation of BMP and/or SHH signalling in the brain? In context of adult
neurogenesis, the likely scenario may be that morphogens present in cerebrospinal
fluid (CSF) bind to LRP2 on the apical surface of ependymal cells, are taken up into
ependymal cells and then are being degraded. Another model could be that BMPs are
secreted by ependymal cells (E1, E2 or E3), and then partly taken up by LRP2 present
on the apical surface for degradation.
Although in vitro experiments using neurosphere cultures are to be interpreted with
caution, doing such studies in cells derived from Lrp2267/267 mice would be useful to
get answer in terms of number and/or size of neurosphere generated. It would also
provide new tools for analysing the effect of growth factors and pharmacological
agents on neurogenesis in the presence or absence of the receptor.
Ependymal cell culture studies to address the exact domain of LRP2 expression, in or
on the cilia and to elucidate the LRP2-mediated regulation of signalling may also be
an important area of research in the future.
Finally, another interesting question would be to analyse the role of Lrp2 deficient
ependyma during stress-induced Ependymal cells are believed to exhibit the stem cell
function to repopulate and give rise to all cell types in situation of acute distress such
as stroke or other incidences of massive destruction of brain cells. Applying such
stress models to the LRP2 null animal model may help in elucidating the question
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whether such functions of ependymal cells requires the expression of the receptor
LRP2.
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Abbreviations

C or C
A
Apo
ATP
BMP
bp
DCX
DG
Dlx2
DNA
DNAse
dNTP
dpp
E
EDTA
EGF
eGFP
ERT2
et al
g
GFAP
GLI
HCl
hrs
IgG
IHC
ip
K
Kb
KCl
kDa
kV
LV
M
mg

Degree Centigrade
Adenosine
Apolipoprotein
Adenosine Triphosphate
Bone Morphogenetic Protein
Base Pair
Doublecortin
Dentate Gyrus
Distal Less Homeobox 2
Deoxyribonucleic Acid
Deoxyribonuclease
Deoxynucleotide Triphosphate
Decapentaplegic
Embryonic Day
Ethylenediaminetetraacetate
Epidermal Growth Factor
Enhanced Green Fluorescent Protein
Estrogen Receptor
Et Alii (And Others)
Gram
Glial Fibrillary Acidic Protein
Glioma-associated oncogene homolog
Hydrogen Chloride
Glioma-associated
oncogene family zinc finger
Hours
Immunoglobulin G
Immunohistochemistry
Intraperitoneal
Potassium
Kilobase
Potassium Chloride
Kilo Dalton
Kilovolt
Lateral Ventricle
Molar
Milligram
120

Appendix

MgCl2
min
ml
mM
mRNA
NaCl
NaOH
ng
nl
OB
Olig2
PAGE
PBS
PCR
PFA
pH
PSA-NCAM
RMS
RNA
RT
sec
SEM
SGZ
Shh
SMAD
SMO
Str
TAP
Taq
TBS
Tris
TSA
TUNEL
U
Wt
_
_g
_l
_M

Magnesium Chloride
Minute
Milliliter
Millimolar
Messenger Ribonucleic Acid
Sodium Chloride
Sodiumhydroxide
Nanogram
Nanoliter
Olfactory Bulb
Oligodendrocyte Transcription Factor 2
Poly Acrylamide Gel Electrophoresis
Phosphate Buffered Saline
Polymerase Chain Reaction
Paraformaldehyde
Potential Of Hydrogen
Polysialylated Neural Cell Adhesion Molecule
Rostral Migratory Stream
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Room Temperature
Second
Standart Error Of Mean
Subgranular Zone
Sonic Hedgehog
Surrogate Mothers Against Dpp
Smoothened homolog (Drosophila)
Striatum
Transit Amplifying Precursors
Thermus Aquaticus
Tris Buffered Saline
Trishydroxymethylaminomethane
Tyramid Signal Amplification
Terminal Transferase Nick End Labeling
Unit
Wild Type
Micro
Microgram
Microliter
Micromolar
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