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1 Abstract

The LDLR family members ApoER2 and VLDLR are receptors for the
extracellular glycoprotein Reelin, triggering a signal transduction cascade that
has been shown to be involved in the correct lamination of the cerebral cortex
during embryonic brain development. More recently, Reelin signaling was linked
to postnatal neuronal precursor migration in the murine forebrain in the
formation of the rostral migratory stream (RMS). The RMS is a stream of
tangentially migrating neuronal precursors originating in the postnatal neural
stem cell niche, the subventricular zone (SVZ), and extending into the most
rostral region of the mouse brain, the olfactory bulb (OB). Mouse mutants for
the Reelin pathway modules, apoER2”/vldIr”, dabl” and reelin” all display a
severe failure of RMS formation, with precursors remaining in the SVZ unable to
initiate migration along the RMS. Quite intriguingly though, the only known
functional ligand for the pathway, Reelin, is not expressed either in the SVZ or
along the RMS while ApoER2 and Dab1 have been located to these regions,
thus providing the necessary components for an active Reelin pathway. This
suggests that other ligands besides Reelin commence the signal transduction

cascade, to initiate postnatal neuronal precursor migration.

The aim of this thesis was to identify and functionally characterize
Thrombospondin-1 (THBS-1) as a newly recognized ApoER2 and VLDLR
ligand in the postnatal mouse brain and its function in neuronal precursor

migration in the RMS.

Thrombospondin-1 was shown to be expressed in the SVZ and RMS of the
postnatal mouse brain thereby representing a good candidate ligand for the
Reelin pathway. Subsequent ELISA studies confirmed specific binding of
THBS-1 to ApoER2 and VLDLR with nanomolar affinity. Like Reelin, THBS-1
induced tyrosine phosphorylation of Dab1 in primary neurons but failed to
induce phosphorylation of AKT and to initiate Dab1 degradation. More striking

differences between the two ligands were revealed in SVZ migration assays
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where THBS-1 displayed a neuro-adhesive effect in initiating and maintaining
neuronal precursor chain formation while Reelin dissolved existing chains.
Using SVZ explants from THBS-1" mice, it was shown that THBS-1 is not only
sufficient but also necessary for postnatal chain formation as lack of THBS-1 in
SVZ explants drastically increased the number of single cells not organized into
chains. This adhesive effect on chain formation was shown to be mediated by
ApoER2 and VLDLR as blocking of these receptors by RAP completely
abolished the THBS-1 effect to background level. Analyses of THBS-1" brain
structures revealed a significant widening of the RMS in the region of entry into
the OB with migratory chains failing to remain in their compact chain structure,

and subsequently less neuronal precursors migrating into outer OB layers.

Summarizing, this PhD thesis presents in vitro and in vivo data of a previously
unknown function of THBS-1 in the plasticity of neuronal precursor chains in the
postnatal brain within the RMS. This function is mediated by ApoER2 and might
also depend on the presence of Dab1, but stands in clear contrast to the Reelin

signal that promotes disintegration of neuronal precursor chains.
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2 Zusammenfassung

Zwei Mitglieder der LDLR Familie, ApoER2 und VLDLR, sind Rezeptoren des
extrazellularen Glycoproteins Reelin, welches wahrend der embryonalen
Hirnentwicklung eine Signaltransduktionskasde zur korrekten Etablierung des
zerebralen Kortex initiiert. Kirzlich wurde der Reelin Signalweg auch als
entscheidender Faktor wahrend der postnatalen Migration neuronaler
Vorlauferzellen im Vorderhirn von Mausen identifiziert wo es an der Etablierung
des ,rostral migratory streams* (RMS) beteiligt ist.

Der RMS ist eine aus tangential migrierenden neuronalen Vorlauferzellen
gebildete Struktur, welche in der postnatalen neuronalen Stammzellnische, der
Subventrikularzone (SVZ), entstehen und in die rostralste Region des
Mausehirns, den olfaktorischen Bulbus (OB), wandern. Mausmodelle in denen
Komponenten der Reelin Signaltransduktionskaskade deletiert wurden, wie
apoER27NIdIr"", dabl”™ und reelin™ Mause, weisen einen schwerwiegenden
Defekt in der Bildung des RMS auf, da neuronale Vorlauferzellen in der SVZ
verharren und keine Migration entlang des RMS starten konnen.
Interessanterweise wird Reelin, der bisher einzige bekannte Ligand fur den
Signalweg, weder in der SVZ noch im RMS exprimiert, wahrend ApoER2 und
Dab1 sehr wohl in diesen Regionen lokalisiert sind. Die Prasenz dieser
essentiellen Komponenten impliziert, dass es andere Liganden als Reelin
geben muss, die die Signaltransduktionskaskade aktivieren konnen um die

Migration der postnatalen neuronalen Vorlauferzellen zu initiieren.

Zielsetzung dieser Dissertation war es, Thrombospondin-1 (THBS-1) als neuen
Liganden fur ApoER2 und VLDLR im postnatalen Mausehirn zu identifizieren
und seine Rolle in der Migration neuronaler Vorlauferzellen im RMS zu

charakterisieren.

Es konnte gezeigt werden, dass Thrombospondin-1 sowohl in der SVZ als auch
im RMS des postnatalen Mausehirns exprimiert wird und daher eine

interessanter Kandidaten flr einen neuen Liganden des Reelin Signalwegs
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darstellt. In ELISA Studien konnten spezifische Bindungen von THBS-1 an
ApoER2 und VLDLR mit sub-nanomolarer Affinitat gezeigt werden. Weiters
kann THBS-1, wie Reelin, die Phosphorylierung von Dab1 in primaren
neuronalen Kulturen induzieren jedoch nicht die Phosphorylierung von AKT
oder die Degradation von Dab1.

Weitere Gegensatze der beiden Liganden wurden in SVZ Migrations Assays
sichtbar, in denen THBS-1 die Adhasion neuronaler Vorlauferzellen bei der
Bildung und Stabilisierung von Ketten induzierte, wogegen Reelin bereits
existierende Ketten aufldste. Anhand von SVZ Explanten von THBS-1"
Mausen konnte weiters gezeigt werden, dass THBS-1 nicht nur hinreichend
sondern auch notwendig fur die Entstehung der postnatalen Kettenformation ist,
da ein Fehlen von THBS-1 in den Explanten die Anzahl individueller Zellen
deutlich erhohte. Dieser adhasive Effekt wird Uber ApoER2 und VLDLR
vermittelt, da eine Blockierung dieser Rezeptoren mittels RAP den Einfluss von
THBS-1 komplett aufhebt.

Untersuchungen zur Hirnanatomie von THBS-1" Méusen zeigten eine
signifikante Erweiterung des RMS beim Eintritt in den OB und einen Verlust der
kompakten Struktur der migrierenden Ketten. Aullerdem konnten weniger
neuronale Vorlauferzellen in den &aufleren OB-Schichten dieser Mause

gefunden werden.

Zusammenfassend prasentiert diese Doktorarbeit neue in vitro und in vivo
Daten uber eine bisher unbekannte Funktion von THBS-1 in der Plastizitat
neuronaler Vorlauferzellketten im RMS des postnatalen Mausegehirns. Diese
Funktion wird von ApoER2 und VLDLR vermittelt und ist womdglich von der
Anwesenheit von Dab1 abhangig, steht aber in klarem Gegensatz zum Reelin

Signal welches die Auflosung neuronaler Vorlauferzellketten begunstigt.
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3 Introduction

3.1 Neocortical development

3.1.1 The Neocortex

The Neocortex is defined as the outermost region of the cerebral cortex and is
involved in higher order processes like memory formation, sensual perception
and learning. It is the newest part of the cortex to evolve and in mammals is
vertically organized into six distinct neuronal layers with distinct morphological
and functional identities and horizontally splits into different areas, with each
anatomically distinctive area specialized in a particular sensory, motor, or
associative function.

Within the cortex, one can distinguish two classes of neurons: interneurons that
make local connections and do not leave the cortex itself, and projection
neurons which can extend axons to very distant targets like the brain stem or
spinal cord. Interneurons, producing the inhibitory gamma-aminobutyric acid
(GABA), and Cajal Retzius cells are generated in the lateral and medial
ganglionic eminences and migrate tangentially long distances before reaching

their final destination in the neocortex.

Lateral

ganglionic
eminence

Striatum

Medial ganglionic eminence '

Fig 1: Migration routes of interneurons from the medial and lateral ganglionic eminence
to the cortex. Schematic illustration of an embryonic day 13.5 (E13.5) mouse brain showing
pathways of migrating interneurons emanating from the medial ganglionic eminence. Adapted
from [10].
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Projection neurons or pyramidal neurons, referring to their typical pyramidal
morphology release glutamate as neurotransmitter and are the main excitatory
component of the cortex, representing around 80% of the neurons in the cortex.
They transmit information between different regions of the cortex and to other

regions of the brain.

3

=» -
Ventricla

Developing forebrain Preplate stage

Fig 2: Radially migrating projection neurons in the neocortex Schematic section through
the developing telencephalon. Postmitotic Projection neurons arise from the ventricular zone
(VZ) and form the preplate (PP). Taken from [6].

Unlike interneurons, they are generated from progenitors residing in the
ventricular zone (VZ), located in the dorso-lateral wall of the telencephalon. It is
from this region that around embryonic day 10.5 (E10.5) the first neurons
emanate to form a cortical structure referred to as the preplate. As
neurogenesis proceeds, an additional proliferative layer referred to as the

subventricular zone (SVZ) forms above the VZ.

3.1.2 Neuronal migration in the developing neocortex

Radial migration

Two distinct modes of cell movement, nuclear translocation and glia-guided
locomotion, are responsible for the radial migration of neurons generated in the
cortical ventricular zone during embryonic development [14].

During nuclear translocation the cell first extends a leading process in the
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direction of migration and then moves the nucleus through the elongated
process to its destination, thereby inducing a shortening of the leading edge
over time. As the leading edge is attached to the pial surface this enables a

radial glia independent migration.

E15-E16

E12-E13

L - 1 ¢ ) T T T

a Nuclear translocation b Locomotion

Figure 3: Two types of radial migration in the developing brain. (a) Nuclear translocation
between E12-E13 is glia independent, while (b), migration by locomotion between E15-E16
requires the presence of radial glia as scaffold. Modified from [8].

Locomotion involves movement of the entire cell, including its leading and
trailing processes and maintenance of the leading edge length. While nuclear
translocation is a very smooth movement, locomotion is interspersed by pauses
and is dependent on the presence of radial glia [8].

Nuclear translocation is the prevalent form of radial movement of the early-born
cortical neurons during E12-E13 when the preplate is split, while locomotion is
adopted by neurons between E15-E16 after the preplate has already split and
the cortical plate is expanding rapidly [15].

Tangential migration

Although radial migration is the prevalent mechanism by which neuronal
precursors reach their final position in the developing brain, studies conducted
over 40 years ago [16] first postulated the existence of tangentially orientated
cells in the intermediate zone of the cortex. Retroviral cell lineage studies [17]
and X-inactivation mosaics [18] performed 30 years later confirmed the

existence of non-radial migration and a tangential movement of several cortical
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neurons. Chimera analysis also showed that the final function of lineage related
cells correlated with the mode of migration they used. Therefore, non-pyramidal
GABAergic neurons were found to migrate tangentially while pyramidal

glutamatergic neurons were radially orientated [19].

3.1.3 Cortical layering

In the mouse, neuronal layer formation is initiated at E10.5, when a wave of
neuronal precursor cells exits the ventricular zone and migrates outwards along
radial glial fibers to the pial surface of the brain. This first wave of postmitotic
neurons leaving the VZ establishes a neuronal layer known as the preplate.
Some of these neurons are destined to become Cajal Retzius (CR) cells and
subplate neurons. At E13 a second wave of postmitotic neurons emanates from
the VZ and splits the existing preplate into the superficial marginal zone and the
deeper subplate. The subplate is located proximal to the ventricular zone, while
the marginal zone which harbors Reelin secreting CR cells [20] is positioned
just underneath the pial surface of the brain. The new layer between the
subplate and the marginal zone is referred to as the cortical plate. Following
waves of postmitotic neurons traverse the cortical plate and align above the

existing layers of neurons thereby generating a layering of the cortex.

EN E13 p—————— EM4-Et§ —— Adult

PS
Mz

CP

o oen B e R e

ANTERE Y
PP Fa' 'S S 4 AN TERR T LA TERNY SP
Fa' s s &4

"4

/4

Figure 4: Neocortical layer formation. At E10.5, the preplate (PP) is established by a wave of
postmitotic neurons that has migrated from the ventricularzone (VZ) to the pial surface (PS). By
E13, a second postmitotic neuronal wave has migrated through the intermediate zone (1Z) and
has split the PP into the marginal zone (MZ) and subplate (SP) creating the cortical plate (CP).
During E14-18, subsequent waves of neurons expand the CP in an inside-out fashion, as each
wave of neurons passes its predecessors to settle underneath the MZ. The SP degenerates,
leaving behind a six-layered neocortex. Modified from [8].
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This layering occurs “inside out” and is characterized by early-born neurons
residing in deeper layers of the cortical plate while later-born neurons, occupy
more superficial layers. The remaining subplate degenerates once the cortical

plate has been fully established and leaves behind a six-layered neocortex [8].

3.1.4 Mouse strains with defects in cortical architecture

The description of mutant mouse strains all of which share identical anatomical
defects in the formation of correct cortical architecture, prompted scientists to
believe that the genes affected in these mutants might be part of a signaling

cascade governing the correct layering of the developing mouse brain.

3.1.4.1 reeler

In the early 1950’s, Falconer DS first described a mouse line with severe ataxic
features, impaired motor coordination and tremors [21]. Nearly 50 years later
the gene responsible for this phenotype was cloned and termed reelin [22]. The
phenotype in rodents is most prominent in the cerebral cortex, where instead of
the six neuronal layers forming in the characteristic “inside out” manner,
neurons in the reeler brain fail to reach their correct locations in the developing
brain. Malformations can also be seen in the cerebellum and other laminated
brain regions [22]. In humans, loss of reelin results in a disease referred to as
Norman-Roberts type of Lissencephaly [23] which has a similar phenotype

when compared to the mouse model.

3.1.4.2 dabl” (scrambler, yotari)

A few years after successful cloning of the reelin gene, two other mouse strains
were identified that were phenotypically indistinguishable from reeler mice, but
were caused by a mutation in the dab1 gene. These mouse strains were termed
scrambler and yotari [24]. Independently, an additional mouse strain was
generated by targeted deletion of dab1 [25]. As reeler and dab1” animals had

an indistinguishable phenotype it was suggested that Reelin and Dab1 function
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in a linear signaling pathway. Reelin present in the extracellular space and
Dab1 as cytoplasmic protein however, were dependent on specific cell surface

receptors that bind Reelin and transmit incoming signals to Dab1.

3.1.4.3 vidIr’/apoER2"

When in the 1990s knockout mouse strains for the lipoprotein receptor VLDLR
were generated, researchers were expecting a dramatic alteration in the
lipoprotein profile of these mice as this receptor was known to bind
apolipoproteins in the blood circulation. However, lipoprotein profiles of vidir
knockout mice (vldir’™) showed no difference to wild-type littermates and
extensive studies failed to reveal any significant phenotype in homozygous
knockout mice, with the sole exception that the animals were somewhat smaller
and leaner than their wild-type littermates. Male and female mice homozygous
for a disrupted vidIr allele were viable and fertile and produced litters of normal
size. When looking at specific brain regions, differences between wildtype
littermates and homozygous knockouts became more obvious. Neurons in the
hippocampus and dentate gyrus were more loosely associated, the cerebellum
was smaller and less foliated and the granule cell layer appeared less compact
with fewer cells. Cortical lamination showed only a mild phenotype with neurons
arranged in a radial pattern [12].

Generation of homozygous knockout lines for apoER2 (apoER27) also
revealed grossly normal phenotypes apart from a reduced fertility of the males.
As in vidir’” mice, subtle defects were only noticed when examining certain brain
regions. Neurons of the dentate gyrus were not only less compact organized but
clearly split into two layers. The phenotype in the cerebellum was less severe
but clearly showed a marked reduction in size. The lamination defect of the
neocortex was more pronounced than in vidir’™ mice. The distinct neuronal
layers were indistinguishable but nevertheless horizontally orientated [12].
Specifically, there was no ataxia in either of the single receptor knockout
strains, a hallmark of reeler mice.

Although first analysis of the corresponding single knock out mouse strains, of
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apoER2 and vldIr, were rather deflating, the function of these receptors became
most evident when both were knocked out simultaneously and strikingly
displayed a reeler phenotype including inverted cortical layering, hypoplasia of
the cerebellum, ataxia, wide gait and tremor [12]. This was the first direct
evidence linking both lipoprotein receptors to a function in neuronal migration in
embryonic brain development. Moreover these findings established a hitherto
unidentified linear signaling cascade controlling cell positioning during
mammalian brain development in which VLDLR and ApoER2 bind extracellular

Reelin and transmit the signal to the cytoplasmic protein Dab1.

hipocampus cerebellum cortex

wildtype

vidir-/-

apoER2-/-

vidir-/-/apoER2-/-

reeler

Figure 5: Anatomy of hippocampus, cerebellum and cortex in wildtype, vidir”, apoER2™",
vIdIr"'/apoERZ"' double knockout and reeler mice. Hematoxylin/eosin sagittal sections of
hippocampus (a, d, g, j and I), cerebellum (b, e, h, k and m), and cortex of P20 wild type, vidir”
, apoER2”, vIdIr'/apoER2™ and reeler mice. Arrows in (d) and (g) point at the split in the CA1
region, which is also a characteristic feature in reeler (I) mice. The arrow in (k) points to the
small rim of dysplastic granule cells in the double knockout. Adapted from [12].
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3.2 The Reelin signaling cascade

Detailed analysis of mutant mouse lines has established that the ECM protein
Reelin, members of the LDL receptor family, ApoER2 and VLDLR, and the
intracellular protein Dab1 are main mediators of an intricate signaling cascade

involved in correct brain development.

Signal transduction is induced by Reelin via the plasma membrane and requires
at least VLDLR or ApoER2. Binding of Reelin-dimers to the ligand binding
domains of VLDLR and/or ApoER2 leads to dimerization or oligomerization of
the corresponding receptors [26], which are then able to induce phosphorylation
of Dab1. Interaction with the receptors is mediated by binding of Dab1 via its
PTB domain to the unphosphorylated NPxY motif in the cytoplasmic tail of
VLDLR and/or ApoER2 [27], after which it becomes phosphorylated on two
distinct tyrosine-residues, Y198 and Y220 [28] by members of the Src family of
kinases (SFK). To be a substrate for tyrosine phosphorylation, Dab1 has to be
primed by phosphorylation of serine/threonine residues by cyclin-dependent
kinase 5 (Cdk5). This phosphorylation event however, occurs independently of
the presence of Reelin [29].

Fyn seems to be the main kinase mediating Dab1 phosphorylation in vivo but
can be compensated for by Src and to a lesser extent by Yes [30, 31]. Although
Src can phosphorylate all five tyrosines of Dab1 in vitro, Y198 and Y220
represent the major sites of Reelin-induced Dab1 phosphorylation in embryonic
neurons [32]. Abl is not involved in Dab1 phosphorylation [30].

Dab1 phosphorylation stimulates phosphatidylinositol 3-kinase (PI3-K)
regulatory subunit p85 alpha, resulting in activation of AKT/protein kinase B
(PKB) and inhibition of glycogen synthase kinase 3 beta (GSK3B), a major
kinase for the microtubule-associated protein tau [13, 33]. In addition to PI3-K,
other proteins have been shown to interact with Dab1 in a Reelin-dependent
and phosphorylation state-dependent manner. These include lissencephaly 1
(Lis1) [34], Tau Nck (noncatalytic region of tyrosine kinase) adapter protein 3
(NckB) [35], Crk family members [36-38] and neuronal Wiskott-Aldrich
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syndrome protein (N-WASP) [39], all of which are involved in microfilament

organization and hence in cell migration.

8188106106196

{ocgocociococioooofon

€ Reelm

ApoER2 () évmm

actin filaments

Figure 6: The Reelin signaling cascade. Reelin dimers bind to ApoER2 and VLDLR which
results in dimerization or oligomerization of the receptors. Dab1 is serine/threonine
phosphorylated by (Cdk5) which makes it a substrate for tyrosine phosphorylation by SFK.
While Cdk5 acts independently from the Reelin signal, tyrosine phosphorylation is induced by
Reelin dependent clustering of ApoER2 and VLDLR. [13]. Phosphorylated Dab1 induces
cytosceletal rearrangement by interacting with microtubule binding proteins like Lis1, Nudel and
Dynein, and regulates actin filaments by interaction with N-WASP, Nck3 and Crk. Tyrosine
phosphorylated Dab1 can then either interact with phosphoinositide-3-kinase (PI3-K) which
leads to activation and serine phosphorylation of AKT or becomes polyubiquitinated and
degraded via the 26s proteasome pathway. Hatched arrow lines indicate that it is not known
whether phosphorylation of AKT is directly involved in cytosceleton rearrangement.

In an in vitro model, it was shown that Dab1, in response to Reelin, becomes

polyubiquitinated and degraded via the proteasome pathway, which depends on
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the phosphorylation of Dab1 at tyrosine residue Y198 and on the E3 ubiquitin
ligase component Cullin & (Cul5). Cul5 forms complexes with SOCS
(suppressors of cytokine signalling) proteins, that bind to phosphorylated Dab1
and target it for degradation [40]. As tyrosine phosphorylation of Dab1 is
required for its degradation, this ensures a transient response to the Reelin
signal. Non-tyrosine phosphorylated Dab1 is stable with a half-life time of 12 h,

but shows a decreased half-life time of about 3 h when tyrosine phosphorylated.

3.2.1 Reelin co-receptors

As neither VLDLR nor ApoER2 contain a kinase domain in their cytoplasmic
tails it was quite puzzling that the key event in activating the Reelin signaling
cascade was tyrosine phoyphorylation of Dab1. It was therefore proposed that
Reelin binds other cell surface receptors which in turn bind at least one kinase
on their intracellular tails which could then cluster with VLDLR and ApoER2.
Interesting candidates where identified to be members of the integrin family of

proteins.

Integrins are the major cell surface receptors for the extracellular matrix (ECM)
comprising a large family of receptor molecules forming hetero-dimers which
are involved in ECM as well as cell-cell interaction. In the developing mouse
cortex, neurons have been shown to specifically express a subgroup of
integrins, the a3B1 integrin. They are primarily found in the proliferating cells of
the ventricular zone and the intermediate zone. Blocking a3B1 integrin in in vitro
cortical migration assays inhibited neuronal migration by 40%. Further, in mice
mutant for the a3 subunit, cortical neurons preferentially adhered to other
neurons than to the radial glia scaffold leading to abnormal cortical layer
formation similar to the reeler phenotype. These results indicate that a3p1
integrins seem to be involved in the maintenance of optimal neuron-to radial glia
scaffold adhesion to enable organized layering of the cortex [41].

Reelin has previously been shown to induce reduction of cortical neuronal

migration speed and detachment of neurons from glia scaffold in vitro and in
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vivo. This Reelin-mediated detachment of neurons from radial glia was found to
depend on a Reelin-a3p31 integrin specific interaction, as Reelin failed to
measurably affect neuronal migration after depletion of this specific integrin.
a3p1 integrin expression was further co-localized to Dab1 expressing cells in
the developing cortex leading the authors to speculate that Reelin may form a
complex with a3B1 integrin, ApoER2 and VLDLR, coupled with an endocytosis
driven removal of a3@1 integrin from the cell surface which in turn leads to a
dissociation of neurons from their glial scaffold and initiating a migration stop
[42]. However, as the integrin family comprises a vast amount of family
members it is very likely that one can compensate for the other. Furthermore, it
was shown that a5 integrin can also bind Reelin and thus is likely to
compensate, at least partially, for the a3 defect or might even work in

collaboration with a3p1 to facilitate the observed phenotype [41].

Another model has implicated protocadherins of the CNR family in recruiting
kinases to the Reelin-receptor-Dab1 complex [43]. As yet confirmation of this

observation has failed und remains to be clarified.

3.2.2 Dabl phosphorylation
3.2.2.1 5F-Dabl

To determine whether the presence of Dab1 or tyrosine phosphorylation of
Dab1 is essential for the transmission of the incoming Reelin signal, Howell et
al. generated a mouse line in which the Dab1 protein had all the potential
tyrosine phosphorylation sites mutated. This mutant protein was not tyrosine
phosphorylated during brain development and was not upregulated to the extent
observed in the reeler or the apoER2 and vldIr receptor mutants. Animals
expressing the non-phosphorylated Dab1 protein displayed a phenotype similar
to the dab1-null mutant and reeler mice , which eventually led to the conclusion
that Dab1 tyrosine phosphorylation and not downregulation of Dab1 protein is
required for Reelin signaling [28]. In reciprocal experiments, most but not all

features of dabl”mutants were rescued by replacing the gene with a partial
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cDNA coding for the PTB domain and the region corresponding to the tyrosine
residues of Dab1. This indicated that tyrosine phosphorylation of Dab1 is

necessary but not sufficient for the function of Dab1 [44].

3.2.2.2 SFK

As a consequence of Reelin binding to ApoER2 and VLDLR, Dab1 becomes
phosphorylated on five distinct tyrosine-residues by members of the Src family
of kinases (SFK) [28]. Although Fyn has been proposed as the main kinase in
mediating this process, an objection is raised by the observation, that neither
Fyn™, Src”™ nor Fyn”/Src™ mutants posses a reeler-like phenotype, possibly
due to functional redundancy [30]. However, treatment of brain slices with
PP2a, a specific inhibitor for SFK, induces the characteristic reeler like

phenotype. (Yossin and Goffinet, unpublished observation)

3.2.3 Downstream of Dab1

At present it is not known which pathways downstream from Dab1 are involved
in Reelin signaling. C-jun N-terminal kinase interacting protein’s (JIP’s) might be
candidates that mediate the incoming Reelin signal to the cytoskeleton and
promote structural reorganization and migration of the cell. JIP can bind to the
intracellular tails of ApoER2 and VLDLR and thereby activate further kinase
pathways like MAPKK and JNK, which assemble on JIP [45]. Further, it has
been proposed that JIP facilitates the presence of ApoER2 in the tip of neuritic
processes by coupling it to kinesin, thereby allowing the process to bind
extracellular Reelin and possibly activate the signaling cascade leading to
coordinated cytoskeleton rearrangement and movement of the cell body [46].

Recently, it was also proposed that Reelin protects PC19 cells from retinoic acid
induced cell death in an in vitro cell culture model by phosphorylation of the Bcl-
2/Bcl-XL associated death promoter (BAD) at serine-136 [47]. This possible role

of Reelin as anti-apoptotic agent remains to be further investigated.
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3.3 Reelin signaling in neocortical development

The finding that mice mutant for components of the Reelin signal transduction
cascade all share the same anatomical defect in cortical layering, indicated the
involvement of a linear signal transduction cascade in the correct formation of
cortical architecture.

In mice which are mutant for components of the Reelin pathway, migrating
neurons are unable to bypass pre-existing layers which results in an unsplit
preplate and inverted, disorganized cortical layers. More specifically, the second
wave of neurons, emerging from the ventricular zone which in the wildtype
situation splits the preplate into subplate and marginal zone, fails to do so and
accumulates beneath the preplate forming a structure referred to as superplate.
All the following waves of neurons arrange beneath this superplate and hence
lead to an inverted “outside in” layering of the cortex, where oldest-born
neurons are found in the outer layers and younger neurons in the deep layers of

the cortex.
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Figure 7: Defective neocortical layer formation in Reelin pathway mouse mutants. In mice
with mutations in the Reelin pathway, the preplate (PP) does not split and forms a structure
called the superplate (SPP). The cortical plate (CP) forms under the SPP and is inverted,
indicating that late-migrating neurons are unable to migrate past their predecessors. Early-
migrating and late-migrating neurons are positioned in the superficial and deep layers of the CP,
respectively, and layering is disorganized. Modified from [8].

Several hypotheses have been proposed to explain the function of Reelin in

neuronal layer formation: In the most recent hypothesis on the function of
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Reelin in generating distinct neuronal layers, a “Detach and Stop” model was
put forward [9]. In this model, early-born neurons are only able to migrate a
short distance before they encounter Reelin producing MZ cells and thereby
arrest their migration earlier than later-born neurons which, with increasing
thickness of the cortical plate, migrate a longer distance and overtake their
predecessors before encountering the Reelin source which again produces a

stop-signal [48].
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Figure 8: “Detach and Stop” model for Reelin mediated cortical layering. (a) During early
development future layer VI neurons migrate along radial glia until they reach the Reelin
secreting marginal zone (MZ) instructing them to detach, settle and differentiate. (b) Subsequent
waves of neurons follow the same principle and rest above preexisting layers. (c) In the reeler
mouse, layer VI neurons fail to detach from the radial glia scaffold and migrate into the MZ,
hence (d) preventing later born neurons to pass preexisting layers, causing a “traffic jam”. (MZ
in grey, neurons in blue are numbered in order of birth, radial glia in green, Reelin dependent
events in red). Taken from [9].

Alternatively, it has been proposed that Reelin acts as a repellent for early
neuronal populations [49] or by interrupting the association between migrating
neurons and their radial glia scaffold [42]. However, all of these hypotheses are
not consistent with the finding that ectopically expressed Reelin in the VZ fails
to induce a premature termination of neuronal precursor migration or the
formation of cortical plate heterotropia in the VZ [50]. Further, it was shown that
ablation of CR cells did not impair correct inside-out lamination of the cortex [51]

indicating that other sources of Reelin secretion might be sufficient for normal
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cortical development.

Another model is based upon the finding that the initial, radial glia independent,
movement of cortical neurons past the subplate is Reelin dependent while later,
glia dependent migration relies on other factors [52]. In this “Detach and Go”
model [9], future layer VI neurons extend a leading edge towards the marginal
zone where they encounter the Reelin source that instructs them to translocate
through the subplate and settle in their corresponding layer. Later in
development, when younger neurons that migrate along radial glia scaffolds,
encounter Reelin, they are instructed by Reelin to detach from the glial fiber and

initiate nuclear translocation to pas preexisting layers and settle above them.
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Figure 9: “Detach and Go” model for Reelin mediated cortical layering. (e) During early
development, future layer VI neurons encounter Reelin in the marginal zone (MZ) instructing
them to initiate nuclear translocation just beneath the MZ. (f) Later born neurons migrate along
radial glia until they reach the Reelin secreting MZ where they are instructed to detach and
initiate nuclear translocation above preexisting neuronal layers. (g) In the reeler mouse, layer VI
neurons fail to undergo nuclear translocation and (h) pile beneath the later born neurons which
migrate along radial glia Reelin independently but fail to initiate the final Reelin dependent
nuclear translocation past preexisting layers into the cortical plate, causing a “traffic jam”. (MZ in
grey, neurons in blue are numbered in order of birth, radial glia in green, Reelin dependent
events in red). Taken from [9].

In the reeler mouse initial translocation of layer VI neurons is already prevented.
Subsequent arriving waves of younger neurons, which initially migrate Reelin-

independently along radial glia, are unable to pass layer VI neurons and remain
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below them because the final Reelin-dependent nuclear translocation to the top
of the cortical plate is prevented. Hence, neurons align in the classical inverted

layering phenotype of reeler mutants.

3.3.1 Taking a closer look at Reelin pathway components

3.3.1.1 Reelin

The reelin gene was cloned in 1995 and was found to encode a very large
MRNA of approximately 12 kb with an open reading frame of 10,383 bp [22]. It
is composed of 65 exons, spreads over a genomic region of 450 kb [53], and
encodes a large glycoprotein of 3461 amino acids with a relative molecular

mass of approximately 430.
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Figure 10: Structure of the Reelin protein. The sequence begins with a signal peptide of 27
residues (S), followed by a region with similarity to F-Spondin (SP), a unique region (H) followed
by eight repeats of about 360 amino acids. Each repeat contains an epidermal growth factor
(EGF) motif at the centre, flanked by two sub-repeats, A and B. The protein terminates with a
stretch of 33 amino acids that is rich in basic residues (+).The two arrows point to the cleavage
sites responsible for Reelin processing in vivo.

The protein harbors an N-terminal signal peptide, followed by a region with
homology to F-Spondin, a consensus cleavage site which leads on to eight
consecutive repeats, each containing two subdomains separated by EGF-like
motifs [22], and a highly charged C-terminal region that was shown to be
essential for secretion [54]. Reelin also contains two protease cleavage sites
located between subdomains A and B after repeats two and six. In vivo, these
sites are cleaved by an as yet unknown metalloproteinase [55], generating a
total of six predicted proteins. In body fluids like cerebrospinal fluid or plasma,
Reelin is mainly present in its cleaved form and can hardly be detected as full-
length protein [56, 57]. Although the functions of most of the fragments remain

largely unknown, the central fragment containing repeats 3—6, was shown to be
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necessary and sufficient to induce Dab1 phosphorylation in vitro and to rescue
preplate splitting in a slice culture assay with brains derived from reeler mice
[58].

The highest level of transcript expression during embryonic development was
found in Cajal-Retzius (CR) neurons in the marginal zone (MZ) of the
telencephalon [59]. Cajal-Retzius cells are early generated transient neurons
located in the MZ of the neocortex and hippocampus and were initially
described by Ramon Cayal and Gustaf Retzius [20]. Reelin is not exclusively
expressed in the MZ, as high levels were also seen in the olfactory bulb, the
external granular layer of the cerebellum and, particularly at early
developmental stages, tectum and spinal cord. Beside neuronal tissues, Reelin
is also expressed at lower levels in peripheral organs such as liver and kidney
[59]. In addition to its signaling properties, Reelin also acts as a serine protease
on adhesion molecules of the extracellular matrix, thereby possibly facilitating
cellular migration [60]

Early work on Reelin binding provided evidence that the N-terminal region of
Reelin is actually not required for binding VLDLR and ApoER2 [61]. In the same
year however, contradicting evidence was provided, claiming that the CR50
antibody, directed against an epitope in the N-terminal region of the protein,
interfered with binding of full-length Reelin possibly through a steric mechanism
[56]. Together, these data indicate that the N-terminus may contribute to, but is

not sufficient for, Reelin signaling.

3.3.1.2 Disabled 1 (Dabl)

Dab1 is an intracellular adaptor protein that is expressed by Reelin-responding
cells, predominantly in the brain. In its N-terminal region it harbors a PTB
domain which interacts with high affinity with phospholipid-bilayers rich in
phosphoinositides and membrane anchored proteins containing NPxY
sequences. Interestingly, the Dab1 PTB domain does not bind to tyrosine-
phosphorylated peptide ligands [27]. Following the PTB domain is a region that

contains five tyrosine (Y) residues, two of which (Y198 and Y220) are
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phosphorylated in response to Reelin, leading on to a C-terminal region of

unknown function.

PTB 198 220 Ct
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Figure 11: Structure of the Dabl protein. The sequence begins "N-terminal" with a PTB
domain of 180 residues (PTB), followed by a region with tyrosine residues. Five tyrsosine
sequence begins with a PTB domain of 180 residues (PTB), followed by a region with tyrosine
residues. Five tyrsosine residues are present within this region at positions 185, 198, 200, 220
and 232. Residues 198 and 220 are phosphorylated upon Reelin binding to ApoER2 and

Due to a number of alternative splicing events, several Dab1 isoforms have
been identified. The 5 UTR spreads over 900Kb and contains at least four
different 5’UTR’s and four associated promoters. One of these UTR’s is

exclusively found in neuronal tissue and is developmentally regulated [62].

3.3.1.3 Very low density lipoprotein receptor (VLDLR)

The multifunctional VLDL receptor is part of the large LDL receptor family and
shares many structural similarities with its most closely related family member,
the LDLR. VLDLR was originally isolated from a rabbit heart cDNA library by
cross-hybridization to cDNA corresponding to the ligand binding domain of the
LDLR.

The original mMRNA identified was as a 3.9 kb transcript, that was shown to be
most abundantly expressed in heart, skeletal muscle and adipose tissue and
barely in liver [63], while a larger variant of 5.2 kb was predominantly expressed
in skeletal muscle [64]. VLDLR transcripts were also identified in the brain in
resting and activated microglia, and cortical neurons. It was shown that two
exons of the VLDLR mRNA are differentially spliced in the mature receptor
mRNA. One set of splice forms gives rise to receptors containing an
extracellular O-linked sugar domain near the transmembrane region of the
molecule. The other set of splice forms lacking this domain appear to be brain-

specific, and is responsible for the presence or absence of one of the cysteine-
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rich repeat regions in the binding region of the molecule [65]. Due to its
expression pattern and its high affinity for apolipoprotein E (apoE), the VLDLR
was initially thought to function in the delivery of triglyceride rich lipoproteins to
peripheral tissues. However, studies in homozygous knock out mice for the
VLDLR revealed that these animals had a normal lipoprotein profile and merely
a slight decrease in body weight and adipose tissue mass [66], indicating that it
is most likely not a major receptor involved in lipoprotein catabolism. Despite
the similarity between the LDL and VLDL receptor, the VLDL receptor also
binds ligands other than those involved in lipid metabolism, like the urokinase
plasminogen activator (uPA)/plasminogen activator inhibitor-1 complex [67],
Reelin [56, 61] and Thrombospondin [68].

3.3.1.4 Apolipoprotein E receptor 2 (ApoER2)

Like the VLDL receptor, ApoER2 was identified during a genome-wide search
for proteins bearing homology to the LDL receptor. While in chick, ApoER2
(LR8B) occurs as variant with either seven or eight ligand binding repeats,
which are both predominately expressed in the brain [69], in mouse the receptor
exists with only five LDL receptor ligand-binding repeats, comprising repeats 1-
3, 7, and 8. Further analysis of mMRNA derived from murine brain revealed the
existence of two additional transcripts, one lacking repeat eight while in the
other, repeat eight is substituted by a 13-amino acid insertion with a consensus
site for furin cleavage arising from an additional small exon present in the
murine gene. None of the transcripts in the mouse, however, contain repeats 4-
6 [70]. Cleavage by furin leads to secretion of a soluble receptor fragment
consisting of the entire ligand-binding domain. This receptor fragment inhibits
Reelin signaling in primary neurons, indicating that it can act as a dominant-
negative receptor in the regulation of Reelin signaling during embryonic brain
development [71]. Further complexity arises from an alternatively spliced
intracellular domain which encodes a 59 aminoacid proline rich insert that is
capable of binding JIP-1 and JIP-2, two scaffold proteins originally described to
be part of the MAP kinase pathway [69, 72, 73]. ApoER2 can further undergo
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proteolytic processing of its extracellular domain which depends on the
glycosylation state of the receptor, which in turn is regulated by the alternative
splicing of an exon encoding several O-linked sugar attachment sites,
reminiscent of the VLDL receptor [13]. Homozygous knockout mice are
superficially normal but male animals are sterile, implying ApoER2 to be

involved in male sperm production [12].

3.3.1.5 The LDL receptor family

Both ApoER2 and VLDLR are members of the LDL receptor gene family which
arose early during metazoan evolution and is exclusively found in the genomes
of multicellular eukaryotic organisms. In mammals, a total of seven core
members of the gene family have been identified so far. These members
include the LDL receptor (LDLR) itself, the very low density lipoprotein receptor
(VLDLR), the apolipoprotein E receptor 2 (ApoER2 or LRP8), the LDLR-related
protein (LRP), LRP1b, MEGF7 and Megalin (gp330 or LRP2) [74].

For a long time the function of lipoprotein receptors was believed to be confined
to the endocytosis of macromolecules and subsequent transport to the
lysosome for degradation. However, it is now well established that lipoprotein
receptors are also directly involved in the transmission of extracellular signals
across the plasma membrane including modulation of cytoskeletal organization
by coupling of cytoplasmic adaptor proteins to the intracellular domains of the
lipoprotein receptors [75] and regulation of neuronal migration in the embryonic

[74] and postnatal mouse brain [11].

Structural organization of the LDLR family members

The core members of the LDL receptor gene family are characterized by five
distinct functional domains present in characteristic numbers. These domains
are (i) an amino-terminal ligand binding domain composed of multiple cysteine-
rich repeats (ligand binding repeats of complement type A, also termed LA

repeats) of about 40 aa, (ii)) an epidermal growth factor (EGF) precursor
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homology domain with modules of about 50 aa, termed YWTD repeats, which
mediate the acid-dependent dissociation of the ligands from the receptors [76],
(i) a serine-and-threonine rich O-linked sugar domain which is partly
responsible for the stability of the protein [77], (iv) a trans-membrane domain of
20 aa and (v) a cytoplasmic domain containing one or more consensus NPXY

copies which are potential endocytosis signals [78-80].
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Figure 12: Structural organization of the LDLR family members. The LDLR family members
contain different numbers of ligand binding repeats at the N-terminus, followed by the EGF
precursor homology domain, the O-linked sugar domain and the transmembrane domain. For all
members of this family the cytoplasmic tail at the C-terminus contains at least one NPxY motif.
Marked domains in ApoER2 and VLDLR (*) as well as the furin cleavage site of ApoER2 are
expressed in some isoforms of the respective receptors due to differential splicing. Another
special feature of ApoER?2 is the proline-rich insert exclusively present within the cytoplasmic tail
of a receptor sub-population. LRP, LRP1b and Megalin are much larger than the other core
members of the LDLR family and contain multiple clusters of LA-repeats and EGF precursor
homology domains. Modified from Sarah Duit
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A common property of LDL receptor family members is their ability to bind the
receptor-associated protein (RAP). This protein functions physiologically as a
chaperone for the receptors in the endoplasmic reticulum (ER) where it
prevents the premature interaction of a broad spectrum of ligands with the
receptors [81] and may also assist in their folding [82]. Three other proteins that
do not fully comply with the strict structural requirements to be classified as core
members of the LDL receptor family are LRP5, LRP6 and LR11 (SORLA).

The low density lipoprotein receptor (LDLR)

The best studied member of the LDL receptor family is the LDL receptor itself
[83]. It is the most important component of a tightly controlled machinery
regulating cholesterol homeostasis. This lipoprotein receptor is frequently
mutated in an inherited human genetic disease termed familial
hypercholesterolemia (FH), characterized by highly elevated plasma
cholesterol, premature artherosclerosis and the appearance of heart attacks
within the first two decades of life. All of these clinical symptoms arise through
the inability of hepatocytes to remove LDL from the circulation.

Membrane bound transcription factors that are sensitive to membrane
cholesterol levels have been shown to be responsible for the expression of the
LDLR, and other components necessary for cholesterol homeostasis [84]. LDL-
derived cholesterol and its intracellularly generated oxidated derivatives
mediate a complex series of feedback control mechanisms that protect the cell
from over-accumulation of cholesterol. Until now, no functions other than

cholesterol regulation and LDL removal have been shown for this receptor [85].

The LDL receptor related protein (LRP1)

LRP1 is one of the largest cell surface molecules abundantly expressed in liver,
where it mediates the hepatic uptake of circulating chylomicron remnants [86],
serpin-enzyme complexes [87] and proteinases of the fibrinolytic pathway [88].
Besides its well established role in the liver, it is also highly expressed in the
brain where it has been genetically linked to late onset Alzheimers disease.

LRP1 directly interacts with the amyloid precursor protein (APP), a trans-
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membrane protein, cleavage of which generates the amyloid B (AB) peptide
which is the main component of the cerebral amyloid plaques that occur in
Alzheimer’s disease. Cells lacking LRP1 have increased APP plasma levels
and an impaired AB reduction. Hence LRP1 plays an important role in the
balance between synthesis and clearance of the AB peptide. Furthermore,
LRP1 has an influence on synaptic plasticity due to PSD-95 mediated
interaction with  NMDA receptors induced by binding of activated ae-
macroglobulin to LRP [89]. Targeted deletion of the LRP1 gene in mice leads to
embryonic lethality at day E13.5 [90] demonstrating that LRP1 plays a critical

role during development.

LRP1b

LRP1b is highly related to LRP1, sharing 60% amino acid identity. The
corresponding gene was originally found to be inactivated in 40% of non-small
cell lung cancer cell lines [91], suggesting that LRP1b might play a role in
growth regulation or migration of cells. While mouse LRP1b expression is
mostly restricted to the brain, human LRP1b expression is more widespread
with highest expression levels detected in the brain, adrenal gland, salivary
gland, and testis [92]. As LRP1b is widely expressed in human tissue and has a
potential function as tumor suppressor, this might implicate LRP1b to play a role

in several types of human cancer.

Megalin (LRP2)

Megalin is mainly expressed from epithelial cells on the luminal surface of the
renal proximal tubules. Several studies have shown that megalin functions in
the trans-epithelial transport of various macromolecules, including the
transcobalamin-vitamin B12 complex [93], thyroglobulin [94] and retinol-binding
protein (RBP) in complex with retinol (vitamin A) [95]. Besides its known
function as endocytotic receptor for apolipoprotein E and B, megalin also plays
an important role in the formation of the central nervous system. Homozygous
disruption of the corresponding gene leads to a malformation of the forebrain

and cephalic midline structure, known as holoprosencephaly [96].
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MEGF7 (LRP4)

One of the most recent additions to the LDL receptor family is MEGF7, that was
first identified in the late 90’s, in a screen for large transcripts containing EGF
repeats in the mammalian brain [97]. Recently, it was revealed that MEGF7
deficient mice exhibit a severe malfunction of digit differentiation. Since
signaling molecules like wingless/int proteins (Wnts), bone morphogenic
proteins (Bmps), fibroblast growth factors (Fgfs) and sonic hedgehog (Shh) are
known to be involved in proper limb patterning, these findings are consistent

with a role of MEGF7 as a modulator of cellular signaling pathways.

Receptor Ligands Functions
LDLR apoB,apoE, LDL lipoprotein/cholesterol uptake
VLDLR apoE, Reelin, lipoprotein lipase regulation of neuronal migration during

embryonic development (cerebellum)

ApoER2 apoE, Reelin regulation of neuronal migration during
embryonic development
(hippocampus, neocortex)

LRP1 apoE, chylomicron remnants, lipoprotein and protease uptake,
APP, a2 macroglobulin,lipoprotein  modulation of APP processing and
lipase, thrombospondin 1and 2, ...  intracellular signaling

LRP1b unknown unknown

Megalin apoB, apoE,apod,apoH, albumin, vitamin homeostasis, renotubular re-
cubilin,plasminogen activator, absorption of proteins, regulation of
vitamin D binding protein thyroid and parathyroid functions

MEGF7 unknown unknown

Table 1. Core LDL receptor family members, their ligands and known functions. Adapted
from [1]
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3.4 Neurogenesis and neuronal migration in the adult brain

3.4.1 *“Death of a Dogma”

It was long believed that neurogenesis, the continous generation of cells of a
neuronal lineage from a multipotent neural stem cell, is restricted to the
embryonic period of development. First contradicting evidence came from a
study performed in song birds [98] which showed that specific neurons in the
adult brain incorporated 3H-labeled thymidine, a marker of DNA synthesis.
Nevertheless these studies were viewed as irrelevant to the mammalian brain,
as lack of available cell-type specific markers for the immunohistochemical
identification of the newly generated cells prevented further confirmation of the
data. Only in the 1990’s could the central dogma of neuroscience, the dogma
that no new neurons are added to the adult brain, be overthrown. Evidence for
the functional plasticity of the adult CNS was growing, and studies performed in
crustaceans [99], reptiles [100] and mammals [101] were able to refute the
dogma of adult neurogenesis being restricted to birds. In the late 90’s, adult
neurogenesis could also be shown in the primate dentate gyrus [102] and
human hippocampus [103].

3.4.2 Adult neurogenesis

Neurogenesis in the adult brain occurs in four discrete regions, (I) the
subventricular zone (SVZ) of the lateral ventricle [104], (Il) the subgranular zone
in the dentate gyrus of the hippocampus [105] and more recently it was also
shown (lll) in the subcallosal zone between hippocampus and corpus callosum
[106] and (IV) in the cerebellum at the boundary between internal granular layer
and white matter [107]. In this thesis we will further concentrate only on the
SVZ.

The SVZ is the largest germinal area of the postnatal mammalian brain. It is
located next to a thin layer of cells that line the lateral ventricles of the brain
called ependyma. This region contains at least four different cell types: type E,

B, C and A cells. Type E cells are ependymal cells separating the SVZ from the
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ventricular cavity. They are in contact with type B cells, which are positive for
the astrocytic marker GFAP, and have now been identified to be the self-
renewing primary neural stem cells in the SVZ [104]. Type B cells divide to give
rise to rapidly dividing transient amplifying, type C, cells which in turn generate
the migrating neuronal precursor, type A, cells.

Originally, type E cells were thought to be neural stem cells (NSC), responsible
for neurogenesis in the adult brain [108], but it is now well established [104] that
these cells are quiescent and therefore not capable of expanding the neural
stem cell niche. The observation that both B and C cells were constantly
undergoing cell division prompted the guess that one of them might be the long
sought after NSC giving rise to A cells. This was indeed verified in in vitro
experiments when fractions enriched for B and C cells gave rise to large
colonies of A cells. At the time quite unexpectedly however, follow up work
indicated that B cells, the SVZ GFAP positive astrocytes, were the primary
precursors of new neurons [104], as ablation of C and A cells with antimitotic
drugs, did not compromise B cells to divide and generate new C and in turn

more A cells.
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Figure 13: Neurogenesis in the postnatal sub ventricular zone (SVZ). Coronal section
through an adult mouse brain. White shows the lateral ventricle (LV) space filled with
cerebrospinal fluid. Orange corresponds to the SVZ. Boxed area is shown enlarged. Ependymal
E cells line the ventricle and separate the SVZ from the ventricular cavity. B cells are the GFAP
positive neural stem cells that give rise to type C, transient amplifying, cells. A cells are
committed neuronal precursors that are derived from C cells.
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In contrast to other regions of the adult mammalian brain, the olfactory bulb
(OB) is continuously supplied with neuronal precursors (A cells) originating from
SVZ neural stem cells (B cells) throughout life [109-112]. The OB is a laminated
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structure in the vertebrate forebrain involved in olfaction and odour perception.
Neuronal precursors coming from the SVZ migrate rostral as cellular chains to
the olfactory bulb (OB). Unlike glia-guided migration these neuronal precursors
glide along each other using neighboring cells as migration scaffold. These
migrating neuronal precursors form the rostral migratory stream (RMS) [109]. A
more detailed description of the RMS will follow in later sections.

Following the general concept of stem cells, one might assume that neuronal
progenitors born in the SVZ might be equivalent until they reach the olfactory
bulb and begin to differentiate. However, recent evidence suggests that
neuronal progenitors are heterogeneous before reaching the olfactory bulb. It
was shown that neuronal precursors in the SVZ generated mostly granule cells
(GCs) in the OB while precursors located in the RMS gave rise to mostly
periglomerular cells (PGCs). This means that many periglomerular neuron
precursors become fate-restricted at a much more rostral position than granule
neuron precursors, indicating a regional-in addition to the temporal-specification
of OB interneurons along the rostro-caudal axis, similar as it is seen in the
developing telencephalon.

The transcription factors Pax6 and Olig2 are crucial components regulating the
commitment of B or C cells towards the status of an A cell. While Olig2
promotes a transit-amplifying precursor state and drives precursors into an
oligodendric lineage, Pax6 opposes this role and promotes progression towards
the neuronal lineage. Moreover, Pax6 was shown to be downregulated during
postmitotic differentiation of GCs while PGCs maintained Pax6 expression in
the OB even after final differentiation [113]. These data not only provide deeper
understanding of the regional specification of neuronal precursor fates but also
allows speculation about the lineage commitment of interneurons exiting the
SVZ-RMS axis.

In a similar study it was recently shown that postnatal stem cells in different
regions of the SVZ produce different types of neurons. Although they retain the
potential to produce astrocytes, oligodendrocytes and neurons, they are
restricted in the types of neurons they can generate [7]. This suggests that

neural stem cells, against all previous assumptions, rather than being
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homogenous, are a restricted and diverse population resembling a mosaic

organization in the adult mammalian brain.

Figure 14: Model for the regional specification of adult neural stem cells. (A) In the
classical view of stem cell biology one equivalent stem cell (black dot) gives rise to all other
neuronal lineages, (B) while recent data suggests a diverse stem cell population that regionally
specifies neuronal lineages along the SVZ. Taken from [7].

3.4.3 Postnatal neuronal migration towards the olfactory bulb
3.4.3.1 In the SVZ

As mentioned earlier, neuronal precursors (type A cells) originating in the SVZ,
migrate rostral as cellular chains to the most anterior structure of the brain, the
olfactory bulb (OB) [110]. This stream of migrating neuronal precursors forms
the rostral migratory stream (RMS). The movement of these cells is highly
directed without any dispersion of migrating cells into the surrounding tissue,
implying the existence of several attracting, repelling and migratory cues or
even structural boundaries. The RMS was found to be ensheathed by GFAP
positive astrocytes conferring a tube like structure that was originally thought to
serve as guidance pattern, preventing diffusion of migrating cells [112]. In an in
vitro system, perfectly mimicking the migration of neuronal precursors in the
RMS in vivo, chain migration was observed in the absence of GFAP positive
astrocytes [114], demonstrating that SVZ neuronal precursors migrate along
each other without the assistance of astrocytes, leaving the function of the glial
tube still largely unknown. However, factors secreted by astrocytes, like
migration-inducing activity (MIA), appear to enhance the migration of the SVZ
neuronal precursors having a direct effect on the number of migrating cells and

on the distance they move [115]. Additionally, it is believed that migrating
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neuronal precursors coming into contact with the glial tube are induced to
switch from a motile phase into a mitotic phase through contact mediated

mechanisms.

Fig 15: Initiation of migration. The initiation of migration in the adult SVZ is mediated by a
combination of chemo-attractive (netrin and DCC), chemo-repellent (ROBO and SLIT) and
motogenic (MIA) signals away from the SVZ towards the RMS (indicated by arrows). Taken
from [4].

The molecular factors involved in mediating movement along the RMS are only
beginning to be identified, but it is likely that a dynamic balance of chemo-
attractants and -repellents emanating from the SVZ milieu and RMS are key
determinants of this process. The chemo-repulsive molecule SLIT, which is
secreted by cells surrounding the SVZ, has been shown to repulse neuronal
progenitors from the SVZ into the direction of the OB [116]. The membrane
protein ROBO is expressed by neuronal progenitors in the SVZ and functions
as receptor for SLIT proteins. Upon binding of SLIT to ROBO, precursors in the
SVZ orient away from the SVZ and the surrounding striatal/septal areas,
towards the olfactory bulb. “Deleted in colorectal carcinoma” (DCC) possibly
through an interaction with netrin-1, also contributes to the direction of migration
by regulating the formation of directed protrusions, thereby functioning as a

weak chemo-attractive cue [117].

3.4.3.2 Moving along the RMS

Next to chemo-repulsive and -attractive signals a highly coordinated interplay
between extracellular cues and cell adhesion molecules, is required for the

maintenance of migration in the adult forebrain.
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Neural cell adhesion molecule NCAM is a glycoprotein highly expressed on the
surface of migrating neuronal precursors in the RMS. Genetic ablation of the
protein leads to an accumulation of precursors in the subependymal zone of the
SVZ and an undersized olfactory bulb [118]. The polysialated form of the neural
cell adhesion molecule NCAM (PSA-NCAM) was also shown to be of significant
importance in mediating organization of chain formation in the RMS. Enzymatic
removal of PSA resulted in the same phenotype that was observed in the
NCAM mutants [119].

Grafting experiments further elucidated the mode of action of PSA-NCAM. PSA-
NCAM mutant cells in a wildtype SVZ were able to move toward the olfactory
bulb, whereas wild-type cells grafted into a mutant SVZ failed to initiate
migration. These experiments provided a clue that a particular migration
environment of the SVZ is more critical in generation of the mutant phenotype
than a cell autonomous effect [120]. The neuregulin receptor ErbB4 was also
shown to promote tangential migration in the adult RMS, since conditional
ablation of ErbB4 in the SVZ and RMS lead to altered chain organization and
migration and deficits in the placement and differentiation of olfactory

interneurons [121].
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Fig 16: Maintenance of migration. Maintenance of chain migration is dependent on a
combination of ECM-integrin interactions. PSA-NCAM mediated adhesion, motogenic (MIA)
signals and netrin-ErbB4 interactions. Arrows indicate migration towards the OB. Taken from [4].

Using fibered confocal microendoscopy, it has been estimated that neuronal
precursors migrate at speeds of 40 -80 ym / h in vivo [122]. This requires rapid
remodeling of the cytoskeleton and efficient turnover of cytoskeleton and
microtubule associated proteins. Recently, doublecortin (DCX), a microtubule-

associated protein was shown to have a direct role in the intrinsic mechanisms
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modulating RMS neuroblast migration [123]. Mutation of Dcx decreased the
velocity of migration, disrupted branching of leading processes, and nuclear
translocation towards the centrosome in the direction of migration [124].

As the OB is the only known target for SVZ neuronal precursors, an interesting
observation was made when bulbectomy, the elimination of the OB, did not
impede the rostral migration of precursors along the RMS [125]. This implied
that short distance cues rather than chemo-attractants over long distances are

the main mediators of stream formation.

3.4.3.3 Entering the OB

Once in the olfactory bulb, neuronal precursors cease tangential migration and
disperse radially to reach the outer layers of the OB. Direct evidence for
molecules mediating the switch from tangential to radial migration are still
unknown, but two ECM proteins have been implicated in this process: One is
Reelin, which is expressed by mitral cells in the OB and in in vitro assays was
shown to induce detachment of postnatal neuronal precursors from their chains
during tangential migration [126]. A second ECM protein, Tenascin R, was
found to be expressed in the granule cell layer of the OB. It not only induces
detachment of neuronal precursors from their chains, like Reelin does, but also
initiates radial migration into the superficial layers of the OB. Grafting of
tenascin R secreting cells into regions that normally do not express this protein

even redirected the migration of neuronal precursors into these areas [127].

Tenascin-R P ® o

Fig 17: Termination of migration. Termination of migration in the OB is initiated by Reelin and
its downstream effectors ApoER2 and Dab1. Tenascin-R mediates the detachment of neuronal
precursors from chains and radial migration into the deeper layers of the OB. Taken from [4].



3 Introduction 38

3.4.3.4 Differentiation in the OB

Once detached in the OB, neuronal precursors differentiate into two principal
subtypes of inhibitory interneurons: granule cells (GC) found in the granule cell
layer (GCL), and periglomerular cells (PGC) located in the glomerular layer
(GL).

Olfactoty Bulb - Coronal Section

Figure 18: Anatomy of the olfactory bulb. The image depicts a coronal section with the
respective laminated structures of the olfactory bulb. Gl glomerular layer,Epl ependymal layer,
Mcl mitral cell layer, Gcl granule cell layer, Sez subependymal zone)

Around 95% of SVZ derived interneurons differentiate into GABA-containing
granule cells, which, according to their morphological criteria, can further be
subdivided into deep GCs and superificial GCs. The minority of the olfactory
bulb interneurons differentiate into GABA expressing periglomerular cells (PGC)
[128]. Based on their immunoreactivity, PGCs can also be further subdivided
into PGCs positive for the dopamine-synthesizing hormone tyrosine

hydroxylase (TH), the calcium-binding proteins calbindin or calretinin, and
neurocalcin [129].

granule cells (GC), 95% all GABAergic

olfactory bulb interneurons
40% GABAergic and TH positive

periglomerular cells (PGC), 5%

Calbindin, Calretinin or Neurocalin positive

The maijority of interneurons in the olfactory bulb are generated postnatally and
the general consensus used to be that specification of these neurons to a
certain interneuron lineage would occur in the OB itself. It is now becoming

evident however, that neuronal precursors migrating along the RMS are
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already, to a certain degree, committed to an interneuronal lineage within the
OB. It was shown that precursors in the RMS acquire a GABAergic phenotype
before reaching the OB [130] and retroviral lineage tracing showed that RMS
precursors give rise to a larger population of PG neurons whereas SVZ
precursors generate few PG cells and more GCs [113]. (see also section 3.4.2).
These findings clearly emphasize that neuronal precursors are subject to a
spatial and temporal lineage separation and that their final fate is most likely a
trade off between intrinsic signals like the expression of specific transcription
factors and extracellular stimuli encountered at different points during migration.
It should also be noted that quite interestingly, a small proportion of early born

postnatal OB interneurons are produced locally within the OB [131]

3.4.3.5 Life and death in the OB

Not all the newly generated neurons arriving in the OB are functionally
integrated into the preexisting olfactory circuit as one subset is integrated while
the remaining newborn cells are eliminated. Until now it remains unclear why
the OB is chosen as the specific region in the adult brain to receive this
tremendous input of newly generated neurons every day, only to send an
estimated 50 % into programmed cell death. A few years ago it was shown that
sensory input can regulate the survival of newborn neurons [132, 133]. Granule
cells subjected to modulation by environmental cues maintained a constitutive
turnover of granule cells which could be associated with improved olfactory
memory. Moreover, mice that were exposed to an odor-enriched environment
showed significantly less precursor cell death within the OB and displayed
improved olfactory memory when compared to control populations [133]. It
therefore seems that survival of OB interneurons depends on the level of

activity that they receive.

3.4.3.6 Wiring the OB

Odor discrimination within the OB begins upon binding of an odor molecule to a

specific olfactory receptor located in the nasal epithelium. Only one type of
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olfactory receptor is expressed by each olfactory sensory neuron (OSN).
However, several distinct receptors expressed by different olfactory sensory
neurons can bind the same set of odors. The axons from all cells expressing
receptors that bind the same odor converge onto one glomerulus (GL) in the
OB. The nearly 2000 glomeruli function as essential crossroads in the rodent
OB as they not only gather incoming information from the OSN but are also
contacted by the apical dendrites of the mitral cells as well as axon and
dendrites from PGCs. Mitral cells in turn project axons outside the OB into the
olfactory cortex initiating odor discrimination. While superficial GCS primarily
make contact with tufted cells which mediate the initial perception of odorants,
deep GCs mostly contact the dendrites of mitral cells [134-136].

This highly complex and intricate network forms the basis of odor perception

and the formation of olfactory memory.

Fig 19: Schematic representation of the cellular architecture of the OB. Olfactory sensory
neurons (OSN) are the first cells of the OB to perceive an odor. OSNs binding the same odor
then extend their axons onto one glomeruls (GL). This GL also receives input from
periglomerular cells (PGCs) and mitral cells which in turn receive information from granule cells
(GC) and extend axons to the olfactory cortex initiating olfactory discrimination. Taken from [2].

3.4.4 The Reelin pathway in postnatal neuronal migration

Recently components of the Reelin signaling pathway were shown to be
essential for the initiation of migration in the postnatal RMS. Mice lacking
Reelin, both ApoER2 and VLDLR or Dab1 displayed massive accumulation of

neuronal precursors in the SVZ unable to initiate migration along the RMS.
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Activation of the signaling pathway was shown to be essential as 5F-Dab1
mice, lacking Reelin inducable tyrosine phosphorylation sites, displayed the
same phenotype [11].

H A&

Dab1-/£
i

Reeler

ApoER2 -/~
VLDLR -/-

Fig 20: Ablation of Reelin pathway components results in failure to initiate migration
along th RMS. Hematoxylin stained sagittal sections of the forebrains of (A) Wild-type, (C)
ApPoER2™/VLDLR™, (H) Dab1™" and (J) Reeler mice at P17 cells. Taken from [11].

Interestingly Reelin, the only known functional ligand for the pathway is not
expressed in the SVZ or in the RMS, indicating that other, as yet unidentified
ligands have to activate the signaling cascade via ApoER2, VLDLR and Dab1 to

initiate postnatal precursor migration.
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3.5 Thrombopsondin-1 (THBS-1)

3.5.1 Thrombospondins

Thrombospondins (THBSSs), like Reelin, are large secreted ECM proteins
expressed in a vast array of different tissues. They comprise a subgroup of
glycoproteins with five family members identified so far: THBS-1, -2, -3, -4 and
THBS-5 (also referred to as cartilage oligomeric matrix protein, COMP).

According to their structure and oligomerization status, there are two main

classifications of THBSs, subgroup A and B THBSs.

Subgroup A
Members of this group comprise THBS-1 and THBS-2. In vivo, they form homo-

trimers with a relative molecular mass (M;) of 170 for each monomer.

N olig vwC TSR EGF Ca c

r . F . . . .
O—I-L.' < » » > s 1EL = THBS-1, THBS-2
r - - v -

Fig 21: Schematic representation of THBS-1 and-2. Subgroup A family members form trimers
in vivo. N= NH2 terminal domain, olig= oligomerization domain, vWC= von Willebrand factor
type C domain, TSR= Thrombospondin type | repeat domain, EGF= EGF-like repeat/type II
repeats domain, Ca= Calcium binding wire/ type Il repeat domain. Adapted from [3].

Each monomer has a characteristic architecture of domains:

e N-terminal domain/THBS-N. Amongst its many binding partners this
domain is best known for its heparin binding ability [5].

e Oligomerization domain. Responsible for homo-trimer formation via
intermolecular disulfide-bonds [137].

e Von Willebrand Factor type C domain (vVWC). Group A THBSs contain

one VWC module consisting of ten cysteine rich residues which all form
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disulfide bonds stabilising the protein.

e Thrombospondin type | repeat (TSR) domain. This region is unique to
group A THBSs and links them to an ECM protein group referred to as
the TSR superfamily. Associated function to this region are protein
interactions, cell attachment and inhibition of angiogenesis [5].

e EGF-like repeat/type Il repeats. They consist of three tandem motifs
including one calcium binding motif, with currently unknown function.

e Calcium binding wire/ type lll repeats comprising 13 calcium repeats are

involved in cell interactions.

e Lektin-like module/cell binding domain [3].

Subgroup B
Members in this group, THBS-3 to -5, are pentamers with a subunit relative

molecular mass of about 100.

N olig EGF Ca c
gy, O—u— 1] THBS-3, THBS- 4
- Ei g A=
n olig EGF Ca C

A | | | _ | | iy THBS- 5 (COMP)

Fig 22: Schematic representation of THBS-3-4 and COMP. Subgroup B family members form
pentamers in vivo. N= NH2 terminal domain, olig= oligomerization domain, EGF= EGF-like
repeat/type Il repeats domain, Ca= Calcium binding wire/ type Ill repeat domain, n= unique
region to THBS-5. Adapted from [3].

They lack the vWC and TSR domain but have additional EGF-like repeats.

THBS-5 also lacks the distinctive N-terminal domain.

3.5.2 Expression pattern

Each THBS has a unique spatial and temporal expression pattern even though
many tissues show expression of more than one family member at the same

time but often not in the same cellular population. Further, the expression level
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of THBS-1, have been shown to be drastically altered in some pathological

conditions.

Protein

Embryonic
Widespread, especially
heart. lung. intestinal epi-
thelium. skeletal muscle
(m), CNS, cartilage (ch),
Floorplate (ch. X)

TSP-1

TSP-2 Cartilage. growth zone
(ch. h. m). tendon (ch).
adrenal. skeletal muscle.
kidney (m)

TSP-3  CNS. spinal cord. lung.
bone (ch, m). kidney (h),
notocord (X)

TSP-4 Early osteogenesis. cor-
nea (ch). somites, skeletal
muscle (X)

COMP/  Articular cartilage (m. p)

TSP-5

Major sites of expression”

Adult

Platelet o granules (h, m)
activated endothelium, fi-
broblasts. monocytes (h. m).
comeal endothelium (b, h).
lens epithelium (b)

Adrenal cortex (b, m), Ley-
dig and Purkinje cells, mar-
row stromal cells (m)

Endocrine. kidney. uterus.
muscle (h), CNS. gut, lung
(m)

Heart. skeletal muscle (h).
neuromuscular junction
(m). cerebellum, retina (m).
tendon (b)

Articular cartilage, tendon,
synovium (p, b, m, h), testis
(m), arteries (h)

Pathophysiological

Component of fibrin clot (h, m) Healing
wounds of skin. skeletal muscle. nerve.
atherosclerotic lesions, intimal hyperplasia
(h, m), corneal fibroblasts of pseudoexfo-
liation syndrome (h)

Fibroblasts of healing skin wounds (m)

Increased in dystrophic muscle (h)

Mutations lead to bone dysplasias,
PSACH and MED (h). Increased in serum
and synovial fluid in joint injury. os-
teoarthritis and rheumatoid arthritis (h)

Table 2: Expression and distribution of thrombospondins. * compiled from tissue Northern
Blot, in situ hybridization and immunostaing data, species: b=bovine, ch=chick, h=human, m=
mouse or rat, p=porcine, X=Xenopus. Taken from ShuShun Li, “Thrombospondin 1, an
autocrine regulator in T cell adhesion & migration”, Karolinska Institute, Sweden, 2005.

THBS-1 can be detected as early as E10 and shows high expression levels in
the nervous system, heart, lung, kidney, liver, skeletal muscle and cartilage on
both protein and RNA level. In the developing brain, expression is tightly
regulated with highest levels seen at E11 and E12 [138]. This time frame is
highly intriguing as it coincides with the splitting of the cortical preplate and
marks a significant switch from the phase of progenitor proliferation, to expand
the neural stem cell pool, to the phase of active radial migration of mostly
postmitotic projection neurons, establishing the cortical layers. This might
functionally implicate THBS-1 in proliferation of progenitor cells in the

developing cortex, which remains to be investigated.

3.5.3 Functions

Thrombospondin-1 (THBS-1) was first described in 1978 as “a high molecular
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weight glycoprotein released by platelets in response to thrombin treatment and
is proteolyzed when left in the presence of platelets after liberation.” [139]. It
was the first THBS family member to be identified and since its first
identification as molecule involved in platelet aggregation and clot formation,
THBS-1 has been shown to be involved in multiple biological processes
including apoptosis [140], activation of latent TGFB [141, 142], inhibition of
angiogenesis [143, 144], inhibition or promotion of cell proliferation according to
cell type [145], motility [145], neurite outgrowth [146-148], synaptogenesis [149],

and VLDLR-mediated inhibition of cell division [150], to name only a few.

|
Functions TSP-1 TSP-2 TSP-3 TSP-4 TSP-5/COMP

Caleium-binding - + + + +

Cell attachment + + + +

Cell spreading/cytoskeletal i, + NI + i
organization®

Cell motility* + & NT NT NI
Cell proliferation® S/ + N1 NT NT
Neurite outgrowth 4 NI NT + NI
Apoptosis* + + NT NT NT
Phagocytosis® + N1 NT N1 N1
Binding other ECM - - NT + +
ECM assembly - - NT NT +
Binding/regulating Protease® + + N1 NT +
Activation of TGF-[3 + - NT NT NT

Platelet aggregation + + NT NT NT
Cell-cell interaction® + - NT + N1
Inlibition of angiogenesis + + NT NT

Table 3: Known functions of thrombospondins. Presence (+), or absence of activity (-). S:
stimulation, I: inhibition and depends on the cell-type. NT: not tested. Underlined properties are
known to be mediated by the type 1 repeats and are therefore unlikely to be shared in
pentameric TSPs by the same mechanism. (*): Indicates function is cell-type dependent. Taken
from ShuShun Li, “Thrombospondin 1, an autocrine regulator in T cell adhesion & migration”,
Karolinska Institute, Sweden, 2005

The diversity of processes and the specific effects THBS-1 exerts on various
cell types depends mainly on the repertoire of receptors expressed, and
suggests that THBS-1 is involved in events which require a broad tissue

distribution and highly regulated temporal expression.



3 Introduction 46

3.5.3.1 THBS-1 knockout

In spite of its abundant expression in the developing CNS and significant
presence in the adult brain, THBS-1"" mice show no gross brain abnormalities.
They are viable and fertile and merely have an increase in inflammatory cell
infiltrates in the lung and a curvature of the spine [151]. The lack of obvious
developmental defects may partly be ascribed to a functional redundancy
between THBS-1 and its most close relative, THBS-2. However, mutants for
both molecules [152] or THBS-2 alone [152] are still devoid of any obvious brain
defects. This is in line with knockout lines generated for other adhesive ECM

molecules that all display a surprisingly mild phenotype [153].

3.5.3.2 The TSR repeat superfamily

As mentioned earlier, the TSR domain unites subgroup A THBSs into a family
termed the TSR superfamily, with many of its members being expressed in the
nervous system [154]. Several of the known functions for THBS-1 can be
attributed to the TSR domain in the central region of the protein [154]. TSR
repeats are exclusively present in eukaryotic organisms and have been
identified in 41 different human proteins [155]. In THBS-1, this region becomes
glycosylated by addition of mannose and fructose residues on conserved amino
acid positions, thereby mediating ECM and cell surface interactions. The best
characterized members are the cell adhesion molecule F-Spondin, most
prominently expressed in the floor plate of the developing vertebrate CNS and
in peripheral nerves promoting neurite outgrowth [156], SCO-Spondin, which
contains a massive 25 TSRs and is exclusively expressed in the roof of the third
brain ventricle with currently unknown function [157], and the
metalloproteinases ADAMTS (“ADAM-like” proteins with TS repeats).

3.5.4 THBS-1 receptors

The binding of a variety of receptors to different domains of THBS-1 induce

various functional responses and are most likely responsible for the vast
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functional diversity reported for THBS-1.

Domain: N
Functions: heparin binding, cell
attachment, migration, proliferation,

endocytosis Domain: Ca

Receptors: LRP, VLDLR, HSPG, Functions: calcium binding

syndecans, a3p1 integrin Receptors: CD36,HSPG, B3 integrins
Y s rFN

Domain: TSR Domain: C

Functions: protein binding, heparin Functions: cell attachment, migration,
binding,neurite outgrowth, cell platelet aggregationcalcium binding
attachment, TGFp activation, Receptors: IAP

migration, inhibition of proliferation and
angiogenesis, induction of apoptosis
Receptors: CD36,HSPG, B1 integrins

Fig 23: Functional domains of THBS-1 and their receptors. Based on proteoloytic fragment
analysis, blocking antibodies or synthetic peptides. Adapted from [5].

Integrins

Integrins comprise a large family of hetero-dimeric cell surface receptor
molecules that are involved in ECM as well as cell-cell interactions. THBS-1 is a
ligand for several integrins mediating a vast diversity of cellular responses on
different target cells. The interaction with a3B1 integrin is of specific interest. It
was shown that a3B1 functions as neuronal receptor for THBS-1, mediating
neurite outgrowth on rat sympathetic neurons in vitro [158]. This finding is
consistent with other reports, confirming THBS-1 to induce neurite outgrowth in
various neuronal cell types [42]. Also during cortical development, THBS-1 was
shown to mediate neurite outgrowth while located in the proliferative VZ, which
seemed to depend on binding of THBS-1 to a3B1 integrin and implies a
functional significance of this integrin in maintaining correct cortical lamination.
This function is further strengthened by analysis of postnatal 1 integrin mutant
mouse brains which show a defect in neuronal chain formation in the RMS, due

to a lack of neuron to neuron adhesion within the stream.

LRP
Most commonly ECM proteins are catabolized via extracellular proteolysis

[159]. THBS-1 protein levels however were shown to be regulated by cell-



3 Introduction 48

mediated uptake and lysosomal degradation [160]. In 1995, two independent
groups reported LRP as a receptor mediating THBS-1 catabolism. In a
fibroblast cell system, Mikhailenko and colleagues could nicely demonstrate that
LRP is responsible for the cellular uptake and subsequent degradation of
THBS-1, as treatment of cells with a function blocking anti-LRP antibody or the
inhibitor RAP virtually abolished THBS-1 catabolism. Notably, this effect was
dependent on the presence of cell surface proteoglycans, as heparitinase
treatment markedly reduced the extent of LRP-mediated uptake and
degradation [161]. Later the region of THBS-1 binding to LRP was determined
to reside in the N-terminal heparin binding domain [68]. While the previously
mentioned findings were confirmed and also reproduced in smooth muscle
cells, additional experiments performed in endothelial cells failed to link LRP as
main catabolic receptor to THBS-1 binding and degradation, most likely due to
lack of expression of the receptor. As RAP, a common ligand and competitor for
all LDLR-family member ligands, however maintained its antagonistic function in
these epithelial cells, it was proposed that LDLR family members other than

LRP are involved in THBS-1 catabolism.

VLDLR

While analyzing the domains responsible for THBS-1 catabolism in fibroblasts it
was shown that VLDLR, with a similar efficiency as seen for LRP, mediates
cellular degradation of THBS-1 [68]. Recent work on the regulation of cell cyle
progression in microvascular endothelial cells firmly established a functional link
between THBS-1 and -2 and VLDLR. Using surface plasmon resonance they
were able to determine Kd values for the binding of THBS-1 and -2 to VLDLR of
11 nM and 21 nM respectively, values similar to those obtained in [11]. Further,
they were able to show that purified THBS-2 inhibited VEGF induced
proliferation of cells and reduced phosphorylation levels of AKT and MAPK
probably by inhibiting the PI3K pathway. The reduction of phosphorylation

levels were not shown for THBS-1 [150].
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CD36

CD36 is a major scavenger receptor that has also been shown to have
adhesive properties for the binding of collagens and THBS-1 [162]. The
interaction between THBS-1 and CD36 has been implicated in platelet-tumor
cell adhesion, platelet aggregation, and the anti-angiogenic effect in endothelial
cells [5]. Purified THBS-1 was also shown to bind to a CD36 binding motif in the
HIV envelope protein gp120, which inhibited HIV infection of peripheral blood

mononuclear cells and transformed T and promonocytic cell lines [163].

3.5.5 THBS-1in the developing and adult nervous sytem

During embryogenesis, THBS-1 was shown to be expressed in the leading
edge of migrating granule cells in the developing cerebellum. Treatment of
explant-cultures with anti-THBS antibodies led to a dose dependent effect in the
inhibition of migration of these granule cells [164]. Follow up work performed in
the early 1990s further supported these previous studies demonstrating that
THBS-1 propagated neurite extension and adhesion of dorsal root ganglia,
spinal cord neurons, and PC12 cells in an in vitro model for CNS development
and neuronal migration [148]. In the adult rat brain, THBS-1 was shown to be
secreted by macrophages upon induced injury of the brain and promoted
neurite outgrowth and regeneration of cultured CNS neurons [165]. Studies
performed in amphibians and fish localized THBS-1 mainly to central nerve
tracts capable of regeneration [166] implicating a correlation between the
presence of THBS-1 and potentially successful nerve regeneration. However,
immunohistochemical analysis of brains of Alzheimer disease patients showed
THBS-1 expression in senile plagues and a reduction of expression in a
subpopulation of pyramidal neurons that may be vulnerable in Alzheimer's
disease [167], thereby linking it to the process of neuronal degeneration and
senile plaque formation. Recently, THBS-1 was shown to be secreted from
immature astrocytes in culture, promoting CNS synaptogenesis in vitro and in
vivo [149]. A possible model for the induction of synapse formation might be

binding of THBS-1 to cell surface receptors concentrated at the synapses
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thereby activating a downstream-signaling cascade leading to synaptic
adhesion. The receptors involved in this process are currently unknown.
However, the Reelin pathway components ApoER2 and Dab1 were recently
found to be localized to post synaptic density fractions of rat brain
synaptosomes. Here, ApoER2 formed a multiprotein complex with  NMDA
receptor subunits and the postsynaptic density protein PSD95. [168]. THBS-1
might facilitate its synaptogenic properties by binding to ApoER2 and activating
an intracellular signaling cascade via Dab1. This theory is however, highly
speculative and remains to be further investigated. As the THBS-1 induced
synapses were found to be non-functional, this indicates that more as yet
unidentified factors are involved in the generation of functionally active

Syhapses.

Summarizing the functions of THBS-1, it acts as cell surface molecule, bringing
together membrane proteins and their ligands to modulate the ECM

environment, cellular phenotypes and often their migratory properties.
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Apolipoprotein E receptor 2 (ApoER2), very low-density
lipoprotein receptor (VLDLR), and Dabl are the main
components of the Reelin signalling cascade. Reelin is
the sole ligand defined so far in signalling through this
pathway. Postnatal migration of neuronal precursors from
the subventricular zone (SVZ) to the olfactory bulb (OB),
however, depends on ApoER2 and Dabl, but functions
independently of Reelin. Here, we show that thrombos-
pondin-1 (THBS-1) is a novel physiological ligand for
ApoER2 and VLDLR. THBS-1 is present in the SVZ and
along the entire rostral migratory stream (RMS). It binds
to ApoER2 and VLDLR and induces phosphorylation of
Dabl. In contrast to Reelin, it does not induce Dabl
degradation or Akt phosphorylation, but stabilizes neuro-
nal precursor chains derived from subventricular
explants. Lack of THBS-1 results in anatomical abnor-
malities of the RMS and leads to a reduction of postnatal
neuronal precursors entering the OB.

The EMBO Journal advance online publication, 23 October
2008; doi:10.1038/embo0j.2008.223

Subject Categories: signal transduction; neuroscience
Keywords: postnatal neuronal migration; Reelin receptors;
rostral migratory stream; thrombospondin-1

Introduction

The Reelin signalling pathway is indispensable for the devel-
opment of laminated structures in the brain (Tissir and
Goffinet, 2003). The best studied role of Reelin is its function
in radial neuronal migration during development of the
neocortex and positioning of granule cells in the hippocam-
pus (Forster et al, 2006). Key players of the Reelin signalling
pathway are apolipoprotein E receptor 2 (ApoER2) and very
low-density lipoprotein receptor (VLDLR) that relay the
Reelin signal into radially migrating neurons. The molecular
basis of this signalling cascade was recently summarized
(Herz and Chen, 2006) and involves binding of oligomeric
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Reelin to ApoER2 and/or VLDLR, subsequent activation of
Src family kinases, and phosphorylation of Disabled 1
(Dab1).

Reelin also has an important function in the integration of
neuronal precursors into the olfactory bulb (OB) during
postnatal development of the olfactory system in rodents.
Neuronal precursors within the subventricular zone (SVZ)
migrate tangentially through the rostral migratory stream
(RMS) towards the OB forming chains ensheathed by glial
cells (Lois et al, 1996). Reelin produced by mitral cells in the
OB promotes the detachment of neuronal precursors from the
incoming chains so as to allow proper radial migration of
the precursors within the bulb (Hack et al, 2002). As recently
discovered in our laboratory, however, ApoER2 and Dabl
within the RMS function independently of Reelin in postnatal
tangential neuronal migration (Andrade et al, 2007). In mice
lacking either ApoER2 or Dabl, chain formation is severely
compromised, and neuronal precursors accumulate in the
SVZ unable to migrate into the OB and thereby failing to form
an RMS. As Reelin-producing cells are absent from both the
SVZ and the RMS, it seems likely that ligands other than
Reelin interact with ApoER2. The following observations
prompted us to consider thrombospondin-1 (THBS-1) as
such a ligand. THBSs are widely expressed in the developing
central nervous system (O’Shea and Dixit, 1988; O’Shea et al,
1990). Cell culture experiments demonstrated that THBS-1
promotes neurite outgrowth from cultured neurons (O’Shea
et al, 1991), and antibodies against THBSs block migration of
cerebellar granule cells in vitro, suggesting that THBSs might
be involved in neuronal migration (O’Shea et al, 1990).
Despite these in vitro data, the function of THBS-1 in the
central nervous system at the cellular level remained largely
unknown mostly because mice lacking either THBS-1 (Lawler
et al, 1998) or THBS-2 (Kyriakides et al, 1998) or both
(Agah et al, 2002) did not exhibit an overt phenotype in the
brain. THBS-1 belongs to a subfamily of THBSs that form
trimers (Carlson et al, 2008) and are involved in cell-to-cell
and cell-to-matrix communications (Lawler, 2000; Bornstein,
2001). They interact with membrane proteins such as integ-
rins, CD47, CD36, proteoglycans, and low-density lipoprotein
receptor-related protein 1 (LRP1) as well as with growth
factors such as TGFB and PDGF. The interaction of THBS-1
with LRP1 (Godyna et al, 1995) is of specific interest as
ApoER2, VLDLR, and LRP1 belong to the same receptor family
and share many ligands (Schneider and Nimpf, 2003). Here,
we have identified THBS-1 as a component of the SVZ and
RMS that binds to ApoER2 and VLDLR and stabilizes neuronal
precursor chains without inducing the canonical Reelin signal-
ling pathway.

Our findings demonstrate a hitherto unknown function
of THBS-1 in the plasticity of neuronal precursor chains in
the postnatal brain within the RMS. This function is mediated
by ApoER2 and depends on the presence of Dab1, but stands

The EMBO Journal

1


http://dx.doi.org/10.1038/emboj.2008.223
mailto:Johannes.Nimpf @meduniwien.ac.at
http://www.embojournal.org
http://www.embojournal.org

2

THBS-1 is a functional ligand for Reelin receptors
SM Blake et a/

in clear contrast to the Reelin signal that promotes disinte-
gration of neuronal precursor chains.

Results

THBS-1 is expressed in the RMS of postnatal mice
ApoER2 and Dabl knockout mice display phenotypes in the
postnatal brain, where formation of neuronal precursor
chains is severely compromised and the RMS is absent
(Andrade et al, 2007). This effect cannot easily be ascribed
to disruption of the Reelin signalling pathway, as Reelin, the
only known physiological signalling ligand for ApoER2 and
VLDLR to date, is absent from both the RMS and the SVZ.
ApoER2 and VLDLR belong to the LDL receptor family and
share many ligands with LRP1 (a comprehensive list of
ligands of LRP1 can be found in Herz and Strickland, 2001).
Screening the Allen Brain Atlas (Lein et al, 2007) for the
expression of those candidate ligands revealed the presence
of transcripts for THBS-1 in the RMS. THBS-1 belongs to a
superfamily of proteins involved in neuronal development
(Adams and Tucker, 2000) and has been shown to bind to
LRP1 (Godyna et al, 1995).

To confirm the presence of THBS-1 protein within the RMS,
we performed immunohistochemical studies on sagittal sec-
tions of forebrains of P17 mice using a specific antibody
against THBS-1. As demonstrated in Figure 1A, consistent
staining for THBS-1 is present not only throughout the entire
RMS but also in the SVZ. Higher magnification suggested that
THBS-1 is associated with cells within the chains of migrating
neurons forming the RMS (Figure 1B). Immunohistochemistry
of a corresponding section derived from THBS-1"/~ mice as a
control (Figure 1C) verified the specificity of the staining
shown in Figure 1A and B. It has been proposed that THBS-
1 expression is downregulated after birth (Iruela-Arispe et al,
1993). Western blots performed using total brain extracts
derived from postnatal brain and embryonic brain from wt
mice, however, demonstrated that THBS-1 protein is present
before and after birth (Figure 1D). A prominent band with an
M, (relative molecular mass) of 170 x 10> (under reducing
conditions) is present in postnatal (P17, lane 1) and embryo-
nic brain (E17, lane 2) from wt mice, but not in the brain of a
THBS-17/~ mouse (P17, lane 3). This protein migrates with
the same M; as purified THBS-1 (lane 4).

A : ot B wt C

=

THBS-1 binds to ApoER2 and VLDLR

Having revealed the presence of a candidate ligand for
ApoER2 and VLDLR within the RMS, we tested whether
THBS-1 indeed binds to both receptors. We purified THBS-1
from human platelets and performed an ELISA-based binding
assay using recombinant ligand-binding domains of ApoER2
and VLDLR (Koch et al, 2002) (Figure 2). THBS-1 is a homo-
trimeric glycoprotein that migrates under non-reducing con-
ditions with an M, of 450 x 10% and with an M, of 170 x 10>
under reducing conditions (Figure 2D). As demonstrated in
Figure 2A, purified THBS-1 binds with high affinity to both
Reelin receptors. The affinities (Ky values) of THBS-1 were
determined to be 32nM for ApoER2 and 14 nM for VLDLR.
Binding of THBS-1 to both receptors is inhibited by Reelin
(Figure 2B) and receptor-associated protein (myc-RAP)
(Figure 2C). RAP associates with most members of the LDL
receptor family and inhibits the interaction with their cognate
ligands (Willnow, 1998). These results demonstrate that the
modes of interaction of THBS-1 and Reelin with ApoER2 and
VLDLR are qualitatively and quantitatively similar.

THBS-1 induces Dab1 phosphorylation in primary
neurons, but does not stimulate other key events of
the Reelin signalling cascade

As recently demonstrated, receptor clustering by multivalent
ligands, such as Reelin, is sufficient to promote Dab1l phos-
phorylation (Strasser et al, 2004). As THBS-1 forms homo-
trimers, it is a prime candidate for signalling through ApoER2
and VLDLR. We tested whether purified THBS-1 triggers
Dabl phosphorylation in primary neurons. Primary mouse
E16 neurons were treated with purified THBS-1 or Reelin-
conditioned medium (RCM) as a control. As shown in
Figure 3A (lane 3), neurons respond to THBS-1 (10 pg/ml)
with a robust phosphorylation of Dabl similar to that in-
duced by RCM (lane 1). The effect of THBS-1 was dose
dependent, leading to maximal Dabl phosphorylation at
10-20 pg/ml with a decrease at higher concentrations (data
not shown). Dab1 phosphorylation is most likely mediated by
interaction of THBS-1 with ApoER2 and VLDLR, as it is
abolished by the addition of myc-RAP (lane 4). myc-RAP
even suppressed phosphorylation levels below the back-
ground (compare lane 4 to 2 and 5), which has been shown
to be caused by small amounts of endogenous Reelin con-
sistently present in the preparation of primary neurons (Koch

THBS-17/-
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Figure 1 Thrombospondin-1 is expressed in the RMS and the SVZ of postnatal mice. Sagittal sections (6 um) of the forebrains from (A, B) wt
and (C) THBS-1~/~ mice were immunostained with a monoclonal antibody against THBS-1. (D) Total protein extracts from wt P17 (lane 1), wt
E17 (lane 2), and THBS-1~/~ P17 brains (lane 3) were prepared. The samples (20 ug of total protein lysate per lane) and purified THBS-1
(0.5 pg, lane 4) were subjected to 6% SDS-PAGE under reducing conditions, and subsequent western blot analysis was performed using a
monoclonal antibody against THBS-1 and an appropriate HRP-conjugated secondary antibody. Scale bars: (A) 500 um; (B, C) 50 pm.
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Figure 2 Thrombospondin-1 binds to ApoER2 and VLDLR. (A) Microtitre plates were coated with recombinant ligand-binding domains
of ApoER2 and VLDLR (ApoER2A4-6-MBP/His and VLDLR1-8-MBP/His, respectively) and incubated with the indicated amounts of THBS-1.
(B, C) Microtitre plates were coated with ApoER2A4-6-MBP/His or VLDLR1-8-MBP/His, and incubated with THBS-1 (15 pg/ml for ApoER2 and
6.5 pg/ml for VLDLR) in the presence of increasing amounts of Reelin-conditioned medium (B) or myc-tagged RAP (myc-RAP) (C). Bound
THBS-1 was detected with a monoclonal anti-THBS-1 antibody and an appropriate HRP-conjugated secondary antibody. OD,s0, optical density
at 450 nm. Ky, dissociation constant. In each case (A-C), the results of a representative experiment are shown. K4 values have been calculated
from three independent experiments. (D) Western blot analysis of purified THBS-1. THBS-1 was purified from human plasma as described in
Materials and methods and subjected to 6% SDS-PAGE (0.5 pg of protein per lane) under non-reducing (lane 1) and reducing conditions (lane
2) and subsequent western blot analysis using a monoclonal antibody against THBS-1 and an appropriate HRP-conjugated secondary antibody.

et al, 2002). To further support the notion that the effect of
THBS-1 is mediated by ApoER2/VLDLR, we used primary
E16 neurons derived from mouse embryos lacking both
receptor genes (ApoER2/~/VLDLR /) (Trommsdorff et al,
1999). In sharp contrast to neurons derived from wt mice,
these neurons neither responded to Reelin nor to THBS-1
with phosphorylation of Dabl (Figure 3B, lanes 3-6). Again,
due to the lack of the receptors, these neurons do not even
exhibit background levels of Dab1 phosphorylation.
Another important effect of the Reelin signalling pathway
is the proteasome-dependent degradation of Dabl (Arnaud
et al, 2003; Bock et al, 2004). As recently demonstrated, this
effect is an important regulator for correct positioning of
radially migrating neurons during cortical development
(Feng et al, 2007). Thus, we tested whether THBS-1 causes
Dabl degradation in primary neurons (Figure 3C). In contrast
to Reelin (Figure 3C, lane 1), which causes significant loss of
total Dabl protein, THBS-1 treatment did not result in a
detectable reduction of this protein even after 6h
(Figure 3C, lane 3). The surprising result that THBS-1 triggers
Dab1l phosphorylation but not Dabl degradation led us to
examine whether Akt phosphorylation, another downstream
event of Reelin-induced Dabl phosphorylation, can be in-
duced by THBS-1. Using primary neurons, Reelin-induced
Akt phosphorylation is not as dramatic as can be seen using

©2008 European Molecular Biology Organization

fibroblasts expressing ApoER2 and Dabl (Mayer et al,
2006) (Figure 3D, lanes 1 and 2). Again, this is due to the
presence of endogenous Reelin in such cultures, which
results in detectable background phosphorylation of
Akt. Addition of myc-RAP, which blocks the effect of
Reelin by competing for the Reelin receptors, strongly
reduced Akt phosphorylation (lane 3). Addition of THBS-1
also diminished Akt phosphorylation (lanes 4 and 5),
demonstrating that THBS-1-induced Dabl phosphorylation
does not trigger Akt phosphorylation, but most likely inhibits
background activation by competing with Reelin for the
receptors.

Taken together, these results demonstrate that THBS-1 is
present in the RMS, binds to both Reelin receptors, phosphor-
ylates Dabl, but does not elicit cellular responses down-
stream of Dabl1 similar to those of Reelin.

THBS-1 stabilizes neuronal chains produced by SVZ
explants in vitro

As neuronal precursors migrating along the RMS express
ApoER2 (Andrade et al, 2007) and Dabl (Hack et al, 2002),
we next investigated the role of THBS-1 on migratory neuro-
nal precursors. We used cultured SVZ explants in a three-
dimensional matrix, a system where chain migration of
neuronal precursors can be studied in vitro (Wichterle et al,

The EMBO Journal 3
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Figure 3 Thrombospondin-1 induces Dabl phosphorylation but not Dabl degradation and Akt phosphorylation in primary embryonic
neurons. (A) Primary mouse E16 wt neurons were incubated with Reelin-conditioned medium (RCM, lane 1), mock-conditioned medium
(MCM, lane 2), purified THBS-1 (10 pg/ml, lane 3), THBS-1 in the presence of myc-RAP (lane 4), and mock medium (lane 5). Cells were
processed for immunoprecipitation of Dabl, and western blotting was subsequently performed using antiphosphotyrosine (PY) or anti-Dabl
(Dab1) antibody as indicated. (B) Primary mouse E16 wt and primary E16 ApoER2~~/VLDLR/~ neurons were incubated with RCM (lanes 1
and 3), MCM (lanes 2 and 4), purified THBS-1 (lane 5) and mock medium (lane 6). Dab1 phosphorylation was measured as indicated above.
(C) Primary mouse E16 wt neurons were incubated with RCM (lane 1), MCM (lane 2), purified THBS-1 (10 pg/ml, lane 3), and mock medium
(lane 4) for 6h. Total cell extracts were prepared and western blotting was performed using anti-Dab1 and anti-Lis1 antibodies. (D) Primary
mouse E16 wt neurons were incubated with Reelin (lane 1), control medium (lane 2), control medium and myc-RAP (lane 3), purified THBS-1
(10 pg/ml, lane 4), and mock medium (lane 5) for 1 h. Cell extracts were prepared and western blotting was performed using anti-phospho-Akt
and anti-Akt antibodies.

1997). SVZ explants were prepared from wt mice, and chain
development was monitored with and without the addition of
Reelin or THBS-1. In the absence of exogenous Reelin or
THBS-1, typical chains were formed 2 days after the start of
the experiment (Figure 4A). Addition of Reelin caused dis-
assembly of the chains (Figure 4I) and a dramatic increase of
individual cells (Figure 4L) as described (Hack et al, 2002). In
sharp contrast, addition of THBS-1 did not dissolve the
chains, but significantly increased the chain Ilength
(Figure 4K) when compared with the mock condition
(Figure 4A and E) and there was no increase in the number
of individual cells (Figure 4L). In accordance with previous
experiments (Wichterle et al, 1997), longer incubation of the
explants for 5 days led to disassembly of the chains
(Figure 4B) and a dramatic increase in the number of
dissociated cells even in the absence of Reelin (Figure 4M).
Explants treated for 5 days with THBS-1 exhibited a signifi-
cantly different behaviour. They retained the ability to form
robust neuronal precursor chains (Figure 4F), and the num-
ber of detached cells was dramatically reduced in comparison
to the mock situation (Figure 4M, control). Staining for Tuj1,
a neuron-specific beta tubulin (Wichterle et al, 1997), demon-
strated that the cells present within the chains of mock- and
THBS-1-treated explants after 5 days are migrating neuronal
precursors, which express the same marker as the precursors

4 The EMBO Journal

in vivo (Figure 4D and H). The effect of THBS-1 on
the explants was completely abolished in the presence of
myc-RAP (Figure 4J and M).

The results from these experiments, together with the
finding that THBS-1 does not induce Dabl degradation and
Akt phosphorylation, strongly suggest that THBS-1 and
Reelin have different physiological effects on migrating neu-
ronal precursors. As Reelin binds with higher affinity to the
receptors than THBS-1 does, we expected the effect of Reelin
to be dominant over THBS-1. When SVZ explants were
treated with a combination of both ligands, Reelin-promoted
destabilization of the chains at day 2 was only partially
inhibited by the addition of an excess of THBS-1
(Figure 4L). On the other hand, THBS-1-induced stabilization
after 5 days of incubation was significantly reduced in the
presence of Reelin (Figure 4M). It is to be noted here that
Reelin was added as a component of RCM, and its estimated
concentration was below that of THBS-1.

Next, we tested whether the effect of THBS-1 is indeed
mediated by ApoER2/VLDLR as suggested by the RAP experi-
ments described above. Explants from ApoER2~/~/VLDLR ™/~
mice were treated with THBS-1 and chain formation was
monitored. As demonstrated in Figure 5A and B, addition of
THBS-1 did not rescue the inability of those explants to form
neuronal precursor chains.

©2008 European Molecular Biology Organization
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Figure 4 Thrombospondin-1 stabilizes chains of migratory neuronal precursors from explants of the SVZ. (A-D) SVZ explants were prepared
from P7 wt mice and treated with mock medium, or (E-H) cultivated in the presence of 4 ug/ml purified THBS-1, (I) Reelin or (J) THBS-1 in the
presence of myc-RAP for 2 days (A, E, I) or 5 days (B, C, D, F, G, H, J), respectively. (D, H) Explants were immunostained using antibodies
against Tuj1 with the appropriate secondary Alexa-Fluor antibody and DAPI. Representative explants are shown. (K) Explants were analysed by
measuring the length of migratory chains after 2 days in culture and the number of individual cells per field after (L) 2 days and after (M) 5 days
in culture (chain length 2 days: mock: n=8, THBS-1: n =13, THBS-1/myc-RAP: n =7, THBS-1/Reelin: n=6; dissociated neurons 2 days:
mock: n=5, THBS-1: n=7, control: n=2, Reelin: n=2, THBS-1/Reelin: n=4; dissociated neurons 5 days: mock: n=6, THBS-1: n=28,
THBS-1/myc-RAP: n=6, THBS-1/Reelin: n=6, control: n=4, Reelin: n=4; individual explants were derived from at least four different
wt mice). Plots show average + s.e.m.; ***P<0.001; **P<0.01; *P<0.05 (Student’s t-test); scale bars: (A, B, E, F, I, J) 100 um; (C, G) 50 um;

(D, H) 10 pm.

To confirm an intrinsic function of THBS-1 in chain
formation and stabilization, we first confirmed the presence
of THBS-1 in SVZ explants and tested whether it is involved
in the initial formation of neuronal precursor chains. As
demonstrated by western blot analysis (Figure SC), THBS-1
is indeed expressed by explants used for the assays.
Comparing chain formation in explants derived from THBS-
17/~ mice (Figure 5E) with those from wt mice (Figure 5D)
clearly showed that initial chain formation as judged by chain
length (Figure SH) appeared normal. Counting individual

©2008 European Molecular Biology Organization

cells, however, revealed a significant increase in explants
from THBS-1~/~ mice (Figure 5I). This phenotype became
even more evident after 2 days in culture, when a dramatic
increase in individual cells was apparent in THBS-1 7~ explants
(Figure 5I). After 3 days, chains derived from THBS-17/~
explants were completely disintegrated and closely
resembled wt explants after 5 days in culture (not shown).
To test whether other THBSs might be upregulated in the
THBS-17/~ situation, expression of THBS-2 was evaluated
by western blotting. THBS-2 could be detected neither in
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explants from wt nor from THBS-1~/~ mice (data not shown).

In total brain extracts and extracts derived from OBs, THBS-2
expression was not different between wt and THBS-1/~
mice. g-PCR experiments using mRNA derived from total
brain demonstrated that levels of THBS-2, -3, and -4 tran-
mice (data not
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Lack of THBS-1 leads to a widening of the RMS and to
a reduction of neuronal precursors integrated into the
postnatal OB

To assess the effect of THBS-1 in vivo, we examined the RMS of
THBS-1"/~ mice (Figure 6). Haematoxylin and eosin staining
of sagittal sections derived from THBS-1~/~ mice showed that
the RMS is present, but exhibits an altered morphology at the
entrance point to the OB (Figure 6A and E). In this area, the
stream appears much wider and less focused. Closer examina-
tion of the RMS using immunofluorescence to stain for cells
present in this area (DAPI) and for migrating neuronal pre-
cursors (doublecortin, DCX) demonstrated that the widening of
the stream is due to less densely packed cells forming the RMS
in THBS-1~/~ mice (Figure 6F-H) when compared with cells
forming the wt RMS (Figure 6B-D).

To further investigate and quantify the observation that
THBS-17/~ mice have a wider and less compact stream
architecture at the area proximal to the entrance point into
the OB, serial sagittal sections derived from wt and THBS-1/~
mice were prepared, and the width of the RMS was measured
at three defined positions in every section (Figure 6I; all
measurements were performed blind to the genotype, see
Materials and methods). These points are situated at the
beginning of the stream (elbow 1), in the middle of the
stream (elbow 2), and at the entrance point to the OB
(straight arm). Comparison of the mean values derived
from four wt and eight THBS-1~/~ mice in the same genetic
background showed a significant widening (34%) of the
stream in the area between elbow 2 and the entrance point
to the OB in THBS-1~/~ mice (Figure 6I). Measuring the
actual size of the respective OBs did not reveal a significant
difference between wt and THBS-1~/~ mice.

To test whether the widening of the RMS at the entrance
point to the OB leads to fewer postnatal neuronal precursors
reaching the OB, BrdU labelling experiments were performed.
wt and THBS-17/~ animals were injected at P12, and the
number of BrdU-positive cells present in the SVZ, along the
RMS and in the layers of the OB were determined 5 days after
BrdU administration (P17). As demonstrated in Figure 7C,
there was no significant difference between wt and THBS-17/~
animals in the number of newly generated neuronal precursors
present in the SVZ and along the RMS. Within the OB,
however, significantly fewer BrdU-positive cells (47%) were
detected in the mitral cell layer, the ependymal layer, and

Figure 5 Stability of SVZ explants is dependent on THBS-1. (A) P7
ApoER2~/~/VLDLR ™/~ SVZ explants were treated with control
medium or (B) cultivated in the presence of 4ug/ml purified
THBS-1 for 2 days. (C) Protein extracts (45ug) from SVZ explants
from wt (lane 1), THBS-1~/~ (lane 2) mice, and purified THBS-1
(0.5pg) were subjected to 6% SDS-PAGE under reducing condi-
tions. Subsequent western blot analysis was performed using a
monoclonal antibody against THBS-1 and an appropriate HRP-
conjugated secondary antibody. (D, F) SVZ explants were prepared
from P7 wt and (E, G) THBS-1/~ mice and kept in culture for 1 day
(D, E) and 2 days (F,G). Representative explants are shown.
(H) Explants were analysed by measuring the length of migratory
chains after 2 days in culture and (I) the number of individual cells
per field after 1 and 2 days (chain length 2 days: wt: n=5, THBS-1~/
~: n=6; individual neurons 1 day: wt: n=7, THBS-1/~: n=7;
individual neurons 2 days: wt: n=17, THBS-1~/": n=10; indivi-
dual explants were derived from at least five different wt and THBS-
17/~ mice). Plots show average +s.e.m.; ***P<0.001; **P<0.01;
(Student’s  t-test); scale bars: (A, B, D, E) 100um;
(F, G) 50 pum.
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Figure 6 The architecture of the RMS of THBS-1~/~ mice is altered. (A-D) Matched sagittal sections (6 um) of the forebrains from wt mice and
(E-H) THBS-1~/~ mice were stained with (A, E) haematoxylin and eosin, (B, F) DAPI, or (C, G) immunostained with anti-doublecortin (DCX).
(I) Measurement of the width of the RMS from wt mice (empty bars) and THBS-1~"~ mice (black bars). Matched serial sections from (P17) wt
(n=4) and THBS-1/~ mice (n=8) were used to measure the width of the RMS at three defined sites as described in Materials and methods.
Plots show average + s.e.m., ***P<0.001 (Student’s t-test); scale bars: (A, E) 500 um; (B-D, F-H) 20 pm.

glomerular layer of THBS-1"/~ animals than in the correspond-
ing structures of wt animals (Figure 7A, B and D). To assess
the possibility that the observed difference in the number of
newly arrived precursors within the OB might be caused by an
interference of THBS-1 with neuronal precursor production in
the SVZ, a very short BrdU pulse (2 h) was performed to label
only actively proliferating cells in the SVZ. As demonstrated in
Figure 7E, there is no overt effect of THBS-1 on neurogenesis
that could account for fewer neuronal precursors reaching the
OB. In addition, the number of apoptotic cells in these
structures (assessed by TUNEL stainings) was indistinguish-
able between the two genotypes (data not shown).

Taken together, these results strongly suggest that lack of
THBS-1 leads to a widening of the RMS and consequently
allows fewer neuronal precursors to reach the OB. In turn,
this reduction might have an impact on the fate determina-
tion and/or life expectancy of these neuronal precursors.

Discussion

THBS-1 is expressed in the SVZ and RMS of postnatal
mice and binds to ApoER2 and VLDLR receptor

The finding that ApoER2 functions independently of Reelin in
the postnatal RMS (Andrade et al, 2007) prompted us to
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search for alternative ligands for ApoER2 and VLDLR.
ApoER2 belongs to the LDL receptor family and is expected
to share many of the ligands that bind to VLDLR or LRPI.
From a list of potential ligands, THBS-1 was identified as a
very interesting candidate present in the entire RMS and the
SVZ, but not in the OB. THBS-1 has been described to bind to
LRP1 (Godyna et al, 1995) and belongs to a family of
proteins, the members of which are known to be involved
in neuronal development (Adams and Tucker, 2000).

As demonstrated here, THBS-1 binds to ApoER2 and
VLDLR and competes for binding with both Reelin and
myc-RAP, demonstrating that similar or overlapping binding
sites are involved. The affinity of THBS-1 to both receptors is
lower than that of Reelin (Koch et al, 2002; Strasser et al,
2004), but still in the range to be considered high affinity.
Although the local concentration of THBS-1 present within
the RMS and the SVZ cannot be assessed, functional in vitro
analysis of THBS-1 demonstrated that Dab1 phosphorylation
in primary neurons is triggered by THBS-1. This is in agree-
ment with previous observations that receptor clustering is
the key event in inducing Dabl phosphorylation (Strasser
et al, 2004). As THBS-1 forms homo-trimers in vivo, it is
possible that this complex binds up to three receptor mole-
cules simultaneously. The effect of THBS-1 was dose depen-
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Figure 7 Number of newly generated neuronal precursors derived from the RMS is reduced in the OB of THBS-1~/~ mice. (A) wt and (B)
THBS-1"/~ mice received a BrdU pulse at P12, and brains were collected at P17. Matched sagittal sections of the forebrains were stained for
BrdU-positive cells. Borders between granule cell layer (GCL) and mitral cell layer (MCL) are marked by dotted lines. (C) Quantification of
BrdU-positive cells in the SVZ and RMS. (D) Quantification of BrdU-positive cells in the glomerular layer (GL), ependymal layer (EPL), and
MCL of wt (empty bar) and THBS-1~/~ mice (black bar). (E) Quantification of BrdU-positive cells in the SVZ after a 2h BrdU pulse.
Representative sections are shown (wt mice: empty bars, THBS-1"/~ mice: black bars; BrdU 5 days, SVZ and RMS: wt: n =4, THBS-17/" n=4;
BrdU 5 days, GL, EPL, and MCL: wt: n=3, THBS-17/~ n=6; BrdU 2h, SVZ: wt: n=4, THBS-1/": n=3). Plots show average + s.e.m.,

**P<0.01 (Student’s t-test); scale bars: 50 pm.

dent with maximal Dab1l phosphorylation at concentrations
between 10 and 20 pg/ml, the range at which according to our
studies considerable ligand occupation of the receptors is
achieved. At higher concentrations (five times higher or
more), the effect decreased. Such Kinetics are typical for a
multivalent ligand that functions through forming higher
order complexes with the interacting partner (receptor)
(Strasser et al, 2004). At non-stoichiometric concentrations,
the effect decreases by dilution. Several observations suggest
that the effect of THBS-1 is indeed mediated by specific
binding to ApoER2 and/or VLDLR. First, the maximal effect
occurred at concentrations in the range between the K4 values
and maximal saturation of both receptors. Second, THBS-1-
mediated Dabl phosphorylation does not occur in primary
neurons lacking both receptors (Figure 3B), and third, the
effect is inhibited by myc-RAP (Figure 3A). Dabl phosphor-
ylation in primary neurons triggered with THBS-1, however,
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does not lead to Dabl degradation and Akt phosphorylation,
both intricate events of the Reelin signalling pathway. These
results further strengthen the hypothesis that Dab1 phosphor-
ylation is necessary but not sufficient to trigger the complete
Reelin response in neurons (Jossin et al, 2004). In summary,
these experiments demonstrate that we have found the first
alternative physiological ligand for ApoER2 and VLDLR cap-
able of elucidating Dabl phosphorylation but not other key
events of the Reelin signalling pathway.

Disassembly of neuronal precursor chains in vitro is
prevented by THBS-1

In addition to Reelin’s role to orchestrate radial migration of
neuronal precursors during cortical development, it was also
shown to be important for the development of the OB (Hack
et al, 2002). Reelin was reported to induce the switch from
tangential to radial migration of neuronal precursors in the
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postnatal OB. Reelin is produced by mitral cells and is
believed to function as detachment signal for neuronal
precursors entering the OB within chains moving along the
RMS. This effect was corroborated in vitro, as Reelin was
shown to dissolve neuronal precursor chains produced by
SVZ explants in three-dimensional Matrigel cultures (Hack
et al, 2002). Here, we show that THBS-1, however, has the
opposite effect on such cultures. It increases chain length and
stabilizes the structure of established chains. Incubation
of SVZ explants in the presence of THBS-1 prevents the
disassembly of neuronal precursor chains after 5 days in
culture and increases chain stability with significantly fewer
dissociated cells than in the mock situation. This is in
accordance with previous findings (Wichterle et al, 1997).
Apparently, after an initial period during which neuronal
precursors form chains and migrate away from the explant,
after 4-5 days in culture the chains disintegrate. Furthermore,
explants from THBS-1~/~ mice initially form neuronal pre-
cursor chains, which are not significantly different from those
produced from wt explants. These chains, however, start to
disintegrate significantly earlier (2 days after starting the
experiment, a significant portion of the chains is already
dispersed). As revealed by competition experiments, even
small amounts of Reelin were able to partially revert the
effect of THBS-1, in agreement with our binding data, which
demonstrate that Reelin has higher affinity for the receptors
than THBS-1. Considering that the initial molecular event
produced by Reelin and THBS-1 is identical (i.e. Dab1 phos-
phorylation), this finding is very intriguing. Most likely, this
observation can be explained by one or more parallel path-
ways for the two signalling molecules. One possibility might
be the co-receptor concept originally put forward for the
action of Reelin, which is based on the finding that Reelin
also binds to CNR (Senzaki et al, 1999) and os3f; integrin
(Dulabon et al, 2000). The interaction of Reelin with o3f;
integrin is of particular interest as it might also serve as
intracellular binding site for Dabl (Calderwood et al, 2003)
and, under some circumstances, might interact with THBS-1
(Chandrasekaran et al, 2000). Although the interaction of
Reelin with CNRs or a3f; integrin or an hitherto unknown
receptor is not required for promoting Dab1 phosphorylation,
such interaction might promote a ‘full-blown’ Reelin effect, in
which Dabl phosphorylation is necessary but not sufficient
(Jossin et al, 2004). In such a scenario, THBS-1 could interact
either with another co-receptor not involved in the Reelin
action or with ApoER2 and/or VLDLR only, which although
promoting Dabl phosphorylation would elicit a different
overall cellular response. On the basis of the results of our
competition experiments, we envision an alternate mode of
action of THBS-1 and Reelin along the RMS. THBS-1 binding
to ApoER?2 stabilizes the neuronal precursor chains along the
RMS without activation of the canonical Reelin signalling
pathway. Reelin present in the OB does not dissolve the
chains actively by triggering the Reelin signalling cascade,
but in displacing THBS-1 from the receptor it would dissolve
the chains and consequently promote correct positioning
achieved by radial migration within the OB. Although
Dabl is present in the RMS (Hack et al, 2002) and
becomes phosphorylated in vitro by THBS-1, it is not clear
yet whether Dabl is phosphorylated in vivo within the RMS
and whether it is involved in the chain stabilizing effect of
THBS-1.
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Postnatal THBS-1"/~ mice display an altered
morphology of the RMS and a decrease of postnatal
neurons in the OB

The concept of THBS-1 stabilizing neuronal precursor chains
within the RMS is in agreement with previous findings that
THBS-1 promotes adhesion of central and peripheral neurons
and PC12 cells (O’Shea et al, 1991). As demonstrated here,
lack of THBS-1 leads to an altered morphology of the stream
and to a decrease of postnatal neuronal precursors derived
from the SVZ reaching the OB. Although the SVZ and the
proximal part of the RMS appear unchanged (which is in
agreement with the results obtained using SVZ explants,
where lack of THBS-1 alters neither neurogenesis nor the
primary formation of chains), the distal part of the RMS is
significantly wider at the entrance point to the OB. This is
most likely due to the fact that in the absence of THBS-1 the
neuronal precursors present at this point of the RMS are
significantly less densely packed. In addition, and possibly as
a result of this altered structure of the RMS, fewer precursors
and subsequently interneurons become integrated into the
peripheral layers of the OB. This phenotype is less severe
than that of mice lacking both ApoER2 and VLDLR, where
chain formation is virtually absent. Most likely, ApoER2 and
VLDLR integrate the signals from other signalling molecules
in addition to THBS-1, which might also be present in the
SVZ and RMS, like F-Spondin (Andrade et al, 2007).

Materials and methods

Animals
Wt mice, ApoERZ_/_/VLDLR_/_ mice and THBS-17/~ mice on a
C57BL6/J background were housed under standard conditions.

Antibodies

Polyclonal anti-Dabl antibody (anti-54) was raised in rabbits
against a glutathione S-transferase fusion protein containing the
first 180 amino acids of the short splice variant of murine Dabl.
Monoclonal mouse anti-Dabl (D4) was obtained from Andre
Goffinet (University of Louvain, Belgium) and monoclonal mouse
anti-Lis] was obtained from Orly Reiner (Weizmann Institute of
Science, Israel). The following antibodies were purchased from the
indicated sources: anti-THBS-1 (mouse monoclonal; Abcam), anti-
THBS-2 (mouse monoclonal; BD Bioscience), anti-phosphotyrosine
(mouse monoclonal; Santa Cruz Biotechnology), anti-Akt (rabbit
polyclonal; Cell Signaling), anti-phospho Akt (rabbit polyclonal;
Cell Signaling), anti-doublecortin C18 (goat polyclonal; Santa Cruz
Biotechnology), anti-Tujl (mouse monoclonal; Santa Cruz Biotech-
nology), and anti-BrdU (mouse monoclonal; Becton Dickinson,
Mountain View).

THBS purification

THBS-1 purification was performed as described (Roberts et al,
1994) with some minor modifications. The THBS-1-containing
solution was brought to 20% (w/v) with ultrapure sucrose. Before
use, sucrose was removed by dialysis against TBS by means of a
Dialysis Cassette with 20 kDa molecular weight cutoff (Pierce). The
purity of THBS-1 following dialysis was checked by Coomassie
staining after SDS-PAGE.

Expression of recombinant proteins, preparation of cell
extracts, electrophoresis, and western blotting
Reelin was expressed in stably transfected 293 cells, and condi-
tioned medium was prepared as described earlier (Brandes et al,
2001). RCM was concentrated by ultra-centrifugation for 2h. The
resulting pellet was dissolved and enrichment estimated on a
Coomassie gel to be 20-fold.

Preparation of MBP fusion proteins containing the ligand-
binding domain of ApoER2 (ApoER2A4-6-MBP/His), VLDLR
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(VLDLR 1-8-MBP/His), and of myc-RAP were performed as
described earlier (Koch et al, 2002).

Total cell extracts from primary neuronal cultures, isolated SVZ,
and OBs were obtained after washing twice with PBS and scraping
or homogenizing in Hunt buffer with protease inhibitor cocktail
(Roche), 50mM NaF and 10mM Na;VO, and centrifugation for
15min at 20000 g.

SDS-PAGE was performed according to the method of Laemmli
(1970), and proteins were transferred onto nitrocellulose mem-
branes by semidry blotting. For western blotting, nitrocellulose
membranes were blocked for 1 h in PBS-0.1% Tween-20 containing
5% bovine serum albumin. Primary antibodies were used at the
following dilutions: D4 1:7500, PY99 1:750, Akt 1:1000, phospho-
Akt 1:1000, Lisl 1:15000, THBS-1 1:1000, and THBS-2 1:250.
Appropriate  horseradish  peroxidase-conjugated  antibodies
(1:10 000; Jackson ImmunoResearch) were used for detection with
enhanced chemiluminescence (Pierce).

Solid-phase binding assay

The solid-phase binding assay was essentially performed as
described in Koch et al (2002) and Bajari et al (2005). Here, 100 pl
TBS-C (2mM CaCl,) containing 10 png/ml of ApoER2A4-6-MBP/His
or VLDLR 1-8-MBP/His were incubated on a 96-well plate overnight
at 4°C. All further incubations were carried out at room temperature
for 1h, and ligands or antibodies were diluted in blocking solution
(2% BSA in TBS-C and 0.05% Tween). After blocking and binding
of THBS-1, anti-THBS-1 antibody followed by HRP-conjugated
secondary antibody was used for the detection of bound THBS-1.
For the colour reaction, 0.1 mg/ml 3,3',5,5'-tetramethylbenzidine in
0.1 M sodium acetate, pH 6.0 containing 10 mM H,0, was used. The
reaction was stopped after 5min by the addition of 0.3 M H,SO4,
and the resulting yellow product was measured at 450 nm. For the
competition assay, plates were coated with ApoER2A4-6-MBP/His
or VLDLR 1-8-MBP/His as described above. Plates were overlaid
with 14 or 32 nM THBS-1 for VLDLR or ApoER2, respectively, in the
presence of increasing amounts of either RCM or myc-RAP. Bound
THBS-1 was detected by the addition of an antibody against THBS-1
followed by HRP-conjugated secondary antibody.

Dab1 phosphorylation and degradation assay

The Dabl phosphorylation assay was essentially performed as
described (Hiesberger et al, 1999). Briefly, brains from embryonic
day 16 (E16) wt mouse embryos or E16 ApoER2~~/VLDLR ™/~
mouse embryos were homogenized in HBSS, centrifuged
(1200r.p.m., 2min), resuspended in Dulbecco’s modified Eagle’s
medium F-12 (DMEM-F12; Gibco) containing B27 supplement
(Gibco), 2mM L-glutamine, 100U/ml penicillin, and 100U/ml
streptomycin sulphate, and subsequently plated on tissue culture
dishes coated with 150 pg/ml poly-L-ornithine. Cells were grown at
37°C in a humidified environment and 5% CO,. After 3 days in
culture, the cells were washed with PBS and subsequently
incubated with different media containing the indicated ligands
(see Figure 3A and B). After 20 min at 37°C, cells were lysed in Hunt
buffer and the supernatants were immediately used for immuno-
precipitation of Dabl using 5pl of anti-Dabl antiserum. After
overnight incubation at 4°C, 40ul of a suspension containing
protein A beads (Amersham) was added, and the mixture was
incubated for 2 h at 4°C. The beads were washed with Hunt buffer
and boiled in reducing Laemmli buffer prior to SDS-PAGE and
western blotting.

To analyse Dabl degradation, primary neuronal cultures were
washed with PBS and subsequently incubated with different media
containing the indicated ligands (see Figure 3C) for 360 min and
total cell extracts were prepared as described earlier.

Akt phosphorylation

Phosphorylation of Akt was measured directly in total cell extracts
derived from stimulated E16 neurons. After 3 days in culture, the
cells were starved overnight using plain DMEM-F12 to reduce
background phosphorylation of Akt, washed with PBS, and
subsequently incubated with different media containing the
indicated ligands (see Figure 3D). Equal amounts of protein from
cell lysates were separated by SDS-PAGE and immunoblotted using
an antibody directed against phospho-Akt and Akt.
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Histology, immunohistochemistry, and immunofluorescence
Postnatal day 17 (P17) animals were anaesthetized with a
combination of xylazine-ketamine (10 and 75 mg/kg respectively)
in 0.9% NaCl, and immediately perfused with 4% paraformalde-
hyde (PFA) in PBS at 4°C. Brains were dehydrated and embedded in
paraffin according to standard protocols. Serial sagittal paraffin
sections (6 um) were obtained. For immunohistochemistry, dehy-
drated paraffin sections were boiled with citrate buffer (10 mM
sodium citrate, 0.05% Tween-20, pH 6.0) for 20 min to unmask
antigenic epitopes. Endogenous peroxidase activity was blocked by
adding 3% H,0, for 10min. Anti-THBS-1 (mouse monoclonal;
Abcam) was used to detect endogenous THBS-1 in tissue sections.
Primary antibody was visualized using the Vecta Stain Elite ABC Kit
and Peroxidase Substrate Kit DAB (both from Vector Laboratories).

For immunofluorescence, tissue was prepared as described
above. Dehydrated paraffin sections were incubated with anti-
doublecortin antibody and DAPI and visualized using the TSA Plus
Kit (Perkin Elmer).

SVZ explants

SVZ explants were prepared as reported (Andrade et al, 2007).
Briefly, newborn pups were killed at P7 by decapitation. Brains
were dissected and placed in cold OptiMEM medium (Gibco). Here,
250 pm slices were obtained using a Vibratome (Leica). The SVZ
was dissected from the lateral wall of the anterior horn of the lateral
ventricle and cut into pieces of 250-350um in diameter. The
explants were mixed with Matrigel (BD Bioscience) and cultured in
four-well dishes. After polymerization (20 min), 500 ul of serum-
free neurobasal A medium (Gibco), supplemented with B-27
(Gibco-Invitrogen), insulin (50ng/ml; Novo Nordisk), putrescine
(100 uM; Sigma), progesterone (1nM; Sigma), glutamine and
penicillin/streptomycin (Gibco) containing either purified THBS-1
(3pg/ml in TBS), TBS alone (mock), concentrated RCM (Reelin),
concentrated MCM (control), or 50 pg/ml myc-RAP. Cultures were
maintained in a humidified, 5% CO,, 37°C incubator. After 2 and 5
days, the explants were monitored and the length of migratory
chains and the number of individual neurons per field were
determined using AxioVision software (Zeiss).

Migratory chain length was determined by dividing each explant
into quadrants, with each quadrant receiving two measurements.
All measurements from one explant were averaged and the
resulting chain length was referred to as the mean chain length of
a given explant. The mean chain length of all explants from one
experimental group was then averaged for n explants. All
measurements and subsequent evaluation were performed blind.

For immunofluorescence analysis, tissue explants were treated
as described (Lois and Alvarez-Buylla, 1993). Briefly, explants were
fixed in 4% PFA for 10min, rinsed in PBS and cells were
permeabilized with 0.25% Triton X-100 for 5 min. After incubation
with a blocking solution containing 10% BSA/PBS for 20min,
explants were incubated for 24 h at 4°C with primary antibodies
against Tujl (dilution 1:50) diluted in 3% BSA/PBS. After rinsing in
PBS, samples were incubated for 1h at room temperature with the
appropriate secondary Alexa-Fluor antibody and DAPI diluted in
3% BSA/PBS.

For western blot analysis, tissue explants were homogenized in
Hunt buffer using a 26 G needle immediately after dissection and
total cell extracts were prepared as described earlier.

Measurement of RMS width

To determine the width of the RMS in THBS-1"/~ and control mice,
three characteristic morphological features (elbow 1, elbow 2, and
straight arm shown in Figure 6I) of the stream were defined and
used to measure the width of the RMS. ‘Elbow 1’ was defined as the
characteristic elbow-like prominence situated at the base of the
RMS. ‘Elbow 2’ was defined as the second characteristic elbow-like
prominence situated in the central part of the RMS and ‘straight
arm’ as the site where the stream widens at the entrance point to the
OB at the end of the RMS. Serial sagittal sections of P17 THBS-1~/~
and P17 control mice were stained for haematoxylin and eosin to
visualize nuclei. The diameter of the stream was measured in every
consecutive section as follows (see cartoon in Figure 6I): through
each of the characteristic morphological features, a straight line
perpendicular to the clearly defined stream border was set. Two
measurements on either side of each straight line, in total four
measurements per straight line and feature, were averaged and used
for analysis. Consecutive slices were taken from each brain.
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Measurements were performed on each slice, and the biggest
average width value from each feature was used for statistical
analysis. All measurements and subsequent evaluation were
performed blind to the mouse genotype. To exclude strain-specific
phenotypes, THBS-1/~ mice on a C57BL6/J background were
backcrossed for at least four generations with wt C57BL6/J mice.

BrdU experiments

Animals were injected i.p. with BrdU (50 mg/kg of body weight;
Sigma) dissolved in 0.9% NacCl at P12 or P17 and were killed 5 days
or 2 h later, respectively. BrdU-positive cells were quantified in three
distinct areas: The SVZ, defined as the area between ventricle and
elbow 1 and the RMS defined as the area between elbow 1 and
elbow 2. In the OB, only BrdU-positive cells within the mitral cell
layer, ependymal layer, and glomerular layer were quantified. BrdU
stainings were performed on paraffin sections (6 pm) after 20 min of
boiling in citrate buffer (pH 6) for antigen retrieval using anti-BrdU
antibodies diluted 1:50 in 1% BSA/0.1% gelatine in PBS.
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Postnatal migration of interneuron precursors from the subventricu-
lar zone to the olfactory bulb occurs in chains that form the substrate
for the rostral migratory stream. Reelin is suggested to induce de-
tachment of neuroblasts from the chains when they arrive at the
olfactory bulb. Here we show that ApoER2 and possibly very-low-
density lipoprotein receptor (VLDLR) and their intracellular adapter
protein Dab1 are involved in chain formation most likely independent
of Reelin. F-spondin, which is present in the stream, may act as ligand
for ApoER2 and VLDLR. In mice lacking either both receptors or Dab1
chain formation is severely compromised, and as a consequence the
rostral migratory stream is virtually absent and neuroblasts accumu-
late in the subventricular zone. The mutant animals exhibit severe
neuroanatomical defects in the subventricular zone and in the olfac-
tory bulb. These data demonstrate a cell-autonomous function of
ApoER2, and most likely VLDLR and Dab1, in postnatal migration of
neuroblasts in the forebrain, which is suggested to depend on ligands
other than Reelin.

Reelin signaling | postnatal neurogenesis | tangential neuronal migration

he development of the olfactory bulb (OB) in rodents continues

after birth. Most interneurons differentiate from neuroblasts
generated postnatally in the subventricular zone (SVZ) of the
cerebral cortex and migrate to the OB along the so-called “rostral
migratory stream” (RMS) (1). Whereas the majority of these
neuroblasts originate and migrate during the early postnatal period,
the process continues throughout life (2). Neuronal migration in the
RMS occurs by formation of chains that are ensheathed by glial cells
and their processes (3). In these chains, neuroblasts migrate along
each other in a saltatory fashion (4).

Migration along the RMS depends on the transcription factor
serum response factor (SRF) (5). In the absence of SRF, cells
destined for the OB accumulate in the SVZ because of a cell-
autonomous defect that might be caused by down-regulation of
actin and gelsolin, impairing the dynamics of actin microfilaments.
The polysialylated form of neural cell adhesion molecule (NCAM)
(6) mediates the interaction between migrating neuroblasts and
their environment (7, 8). Migration in the RMS is guided by the
repulsive action of Slit secreted by cells in the lateral septum and the
SVZ (9, 10), as well as by Netrin (11). Once in the OB, neuroblasts
switch from chain migration to radial migration, integrate into the
laminated structure of the bulb, and differentiate into granule and
periglomerular interneurons (2, 12). The switch from chain migra-
tion to radial migration seems to depend on the Reelin signal that
detaches neuroblasts from the chains (13). Reelin is expressed by
olfactory mitral cells (14), and Reelin-deficient mice have a dimin-
utive OB because of a reduction of the number of neurons and a
disorganization of the granular cell layer (Gcl) (15). Thus, it seems
that Reelin also orchestrates the lamination of the OB, as it does in
the cerebrum and other laminated structures (for reviews see refs.
16 and 17).

8508-8513 | PNAS | May 15,2007 | vol. 104 | no.20

In the cerebrum, Reelin is crucial for correct positioning of
radially migrating neuroblasts via its binding to ApoER2 and
very-low-density lipoprotein receptor (VLDLR) (18, 19), which
triggers tyrosine phosphorylation of the adaptor Dabl by re-
ceptor clustering (20). Binding of Reelin to the receptors and
subsequent phosphorylation of Dab1 are consecutive steps of a
linear pathway, because disruption of any of the corresponding
genes causes identical phenotypes in mice (21-24).

Here we report that the lack of ApoER2/VLDLR or Dabl
leads to a cell-autonomous migration defect in the RMS, which
is independent of the Reelin signal. Neuroblasts from mutant
mice lacking either receptors or Dab1 are unable to form chains
and accumulate in the SVZ. As a consequence, the RMS is
missing or is very rudimentary. This leads to severe neuroana-
tomical defects in the SVZ and in the OB of mutant animals.
Reelin is not present in the stream and does not play a role in
chain formation, but it seems to be involved in maintenance or
architecture of the RMS. F-spondin might be a candidate ligand
for ApoER2 and VLDLR in the RMS.

Results

ApoER2 and VLDLR and the associated machinery that trans-
duces the Reelin signal play major roles in allowing neuroblasts to
switch from chain migration to tangential migration within the OB
(13). Neuroblasts within the RMS expressed the ApoER2 protein
(Fig. 14 and B), confirming in situ hybridization data (13). ApoER2
expression was already prominent in neuroblasts generated in the
SVZ (Fig. 14 and C, open arrowheads), long before they reach the
bulb where the Reelin signal is generated (13). The ApoER2-
positive staining is specific, because it is absent in mice deficient in
ApoER2 and VLDLR (Fig. 1D). Close inspection of these mice,
however, indicated that the RMS was absent. To evaluate this
further, we examined the RMS in WT mice and mice lacking
defined components of the Reelin pathway. Sagittal sections of
brains from mice at postnatal day 17 (P17) were stained with
hematoxylin and with an antibody against doublecortin, a marker
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Fig. 1.
sections (5 um) of the forebrains from WT mice (A-C) and from ApoER2~/~/
VLDLR~'~ mice (D) were immunostained with a polyclonal antibody against
ApoER2. The RMS is highlighted by arrows, and the SVZ is highlighted by open
arrowheads. Ctx, cortex; LV, lateral ventricle; St, striatum. (Scale bars: 500 um.)

Neuroblasts migrating within the RMS express ApoER2. Sagittal

of the RMS (25); for the mutant animals only sections stained with
hematoxylin are shown. In WT mice, a well defined stream of
neuroblasts started at the SVZ and ended within the OB defining
the RMS (Fig. 2 4 and B). In mice lacking ApoER2 and VLDLR
(Fig. 2C), Dabl (Fig. 2H), carrying two Dabl alleles (DabI-5F) in
which the critical tyrosine residues are mutated to phenylalanines
instead of the WT alleles (26) (Fig. 21), or functional Reelin (Fig.
2J), the RMS was severely disrupted and neuroblasts accumulated
in the SVZ. The cells accumulating in the SVZ of reeler mice and
Dabl~'~ mice still expressed ApoER2 [see supporting information
(SI) Fig. 8]. The lack of an RMS seen in reeler mice was surprising,
because in a previous study a stream that was fanning out just before
it reaches the OB was observed in these mice (13). To exclude the
possibility that the age of the mice examined made the difference,
we also looked at P61 (Fig. 2K). Again no stream could be detected,
but the accumulation of neuroblasts in the SVZ was less prominent.
Serial sagittal sections (5 wm) through the area that would contain
the entire RMS revealed that in all mutant animals some patches
or solitary individual neuroblasts can be identified migrating from
the SVZ toward the OB (data not shown).

Whereas ApoER2 was expressed by neuroblasts in the RMS (Fig.
1), VLDLR was not detected in this structure by in situ hybridiza-
tion (13) or by using a specific antibody (data not shown). Allelic
titration of both receptors, however, suggested the presence of
VLDLR within the RMS. The presence of one Apoer2 allele on a
Vidlr-null background was sufficient to develop an RMS and a SVZ
that were indistinguishable from that of WT mice (Fig. 2E and SI
Fig. 9B). The presence of one Vidir allele on an Apoer2-null
background partially rescued the “RMS-less” phenotype (Fig. 2F,
black arrow): a faint RMS could be detected by serial sagittal
sections. The presence of two WT Vidlr alleles almost reestablished
the RMS (Fig. 2G). Most of the stream was restored, but some
neuroblasts still accumulated in the SVZ (SI Fig. 9D).

The accumulation of neuroblasts in the SVZ of mice lacking
functional Reelin, ApoER2/VLDLR, or Dabl was also evident in
coronal sections (see SI Fig. 10). In comparison to WT mice, where
the SVZ appeared as a narrow band of cells, in mutant animals this
zone was significantly wider and densely packed with neuroblasts.

To investigate whether the lack of RMS formation also caused
accumulation of glial cells in the SVZ, we performed double-
staining for GFAP and doublecortin. Numerous GFAP-positive
cells were present in the region where neuroblasts accumulated in
the mutant mice (SI Fig. 11), indicating that not only neuroblasts,
but also accompanying glial cells, accumulated in the SVZ when no
RMS was formed. TUNEL analysis disclosed the presence of

Andrade et al.

Fig.2. Ablation of critical components of the Reelin signaling pathway leads
to loss of the RMS and accumulation of neuroblasts in the SVZ. Sagittal sections
(5 um) of the forebrains of WT (A and B), ApoER2~/~/VLDLR~'~ (C and D),
ApPOER2*/=|VLDLR™'~ (E), ApoER2~/=/VLDLR*'~ (F), ApoER2~/=/VLDLR*'* (G),
Dab1~'~ (H), Dab1-5F (), and reeler (J) mice at P17 and reeler mice (K) at P61
were stained with hematoxylin (A and C-K) or with an antibody against
doublecortin (B). Sections were taken from three to five independent animals
from each of the genetic backgrounds, and representative sections are dis-
played. (Scale bars: 500 um.) Arrows are used to highlight the RMS.

apoptotic cells within the mass of accumulating neuroblasts (Fig. 3).
A 15-fold increase of apoptotic cells was found in the mutant SVZs
compared with the WT SVZ (five to eight matched sections from
three different animals for each genotype: WT, 0.22 = 0.2%); reeler,
3.42 = 0.5%; ApoER2™/~/VLDLR'~,3.56 = 0.9%; Dabl ~/~,3.6 =
1%; ***, P < 0.0005). There was no significant difference in
apoptosis among the mutant SVZs (P > 0.1).

To define the impact of the loss of the RMS on the structure of
the OB, we analyzed the mature bulbs of the respective mutant
mice. First, we prepared coronal sections as schematized in Fig. 4/
and estimated the number of cells present in the Gcl including the
ependymal zone (EZ) on hematoxylin-stained sections (Fig. 4I).
The structure of the WT bulb is characterized, from the center to
the periphery, by a cell-dense center (EZ), followed by the Gcl,
separated from the external plexiform layer by a well defined layer
of mitral cells (27). The outermost structure is the glomerular layer
that contains calretinin- and calbindin-positive neurons derived
from the RMS (1). Hematoxylin (Fig. 44) and immunohistochem-
ical staining for ApoER2 (Fig. 4E) of a WT OB confirmed
expression of ApoER?2 in mitral cells (14) and demonstrated that
most cells present in the EZ were immunopositive for ApoER2
(compare to Fig. 1), indicating that these cells derived from the
RMS. The OBs from reeler, ApoER2~'~/VLDLR~'~, and Dabl~/~
mice contained only 60% of the number of cells in the Gcls
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Fig. 3. Cell accumulation in the SVZs of reeler, ApoER2~/=/VLDLR™'~, and
Dab1~/~ mice leads to increased apoptosis. Sagittal sections (5 um) prepared
from the forebrains of WT (A), reeler (B), ApoER2~/~/VLDLR'~ (C), and
Dab1~/~ (D) mice were analyzed for the presence of apoptotic cells by TUNEL
assays. (E) Apoptosis was quantified based on the percentage of TUNEL-
positive cells in the SVZ using five to eight matched 5-um sections from three
animals from each genetic background. Plots show average * SEM. #**, P <
0.0005 (Student’s t test). (Scale bars: 50 um.)

compared with their WT counterparts (Fig. 47) (Number of cells in
the granular zone in 5-um sections from two to three animals per
background was normalized to the WT values: WT, 1.00 = 0.07;
reeler, 0.59 + 0.05; ApoER2~/~/VLDLR~'~, 0.59 *+ 0.1; Dabl '~
0.58 = 0.06; ***, P < 0.0005). This effect was mostly due to a
dramatic reduction of cells present in the mutant EZs. This finding
was confirmed by BrdU staining. Animals were injected with BrdU
at P12, and the SVZ and the OBs were analyzed at P17. In WT mice,
the EZ of the OB was filled with BrdU-positive cells (Fig. 54), and
the corresponding SVZ was represented by a thin layer of neuro-
blasts (Fig. 5a). In reeler, ApoER2~/~/VLDLR'~, and Dabl ™'~
mice, the BrdU-positive staining was dramatically reduced in the
EZ of the bulb (Fig. 5 B-D) and increased in the respective SVZs
(Fig. 5 b and ¢). Quantification of calbindin- and calretinin-positive
cells (SI Fig. 12) in the glomerular layers disclosed a 3-fold
reduction of calbindin-positive cells per glomerulus and an ~2-fold
reduction of calretinin-positive cells in all mutant animals.

To evaluate whether a migration defect was responsible for the
lack of the RMS, migration assays in three-dimensional extra-
cellular matrix substrate (Matrigel) of SVZ explants were per-
formed to study chain formation and tangential migration of
neuroblasts in vitro (4). For quantification of the effects, the
average migration distance (length of chains) was measured (Fig.
6F), and the number of individual cells per field was counted
(Fig. 6G). Explants from WT mice extended robust chains
consisting of migrating neuroblasts and glial cells (4), which,
after 50 h, reached an average length of 262 = 27 um (Fig. 64).
Under these conditions, very few individual neurons (11.4 = 7)
were present around the explant. Addition of Reelin caused
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disintegration of the chains, confirming previous observations
(13) (data not shown). Chain development and neuronal migra-
tion in explants from reeler mice (Fig. 6B) were indistinguishable
from those seen in WT mice (chain length: 266 *+ 19 um; WT,
n = 19; reeler, n = 16; explants from at least two animals per
genotype; P > 0.1), suggesting that Reelin is not crucial for the
formation of the chains or for the migration of the cells in chains.
In sharp contrast, the development of explants cultured from
ApoER27/~/VLDLR™/~ mice was dramatically different (Fig.
6C). Only a few neurons left the explants, and the few chains
formed were dramatically shorter than those in explants from
WT or reeler mice (107 = 47 um, n = 20 explants from two mice;
*** P < 0.0005). Explants from Dabl =/~ mice (Fig. 6D) and
DabI-5F mice (data not shown) also developed differently from
WT explants. A significant number of neurons migrated out and
away from the explant, but most of them failed to form chains.
These experiments demonstrated that the lack of RMS forma-
tion in reeler mice is not due to a migration defect of neuroblasts.
In mice lacking either ApoER2/VLDLR or Dabl, the absence of
the RMS is caused by a migration defect and/or by the inability
of neuroblasts to form chains. To define whether this is a
cell-autonomous defect, explants from WT animals were in-
fected with an adenovirus to express EGFP and were cocultured
with explants derived from ApoER2~/~/VLDLR™'~ mice. As
demonstrated in Fig. 6F, the presence of the WT explant did not
induce ApoER2~/~/VLDLR ™/~ neuroblasts to migrate out of the
explant and to form chains. These results demonstrated that the
lack of ApoER2 and VLDLR caused a cell-autonomous migra-
tion defect that is independent of the presence of Reelin. To
support this view, we examined the RMS of WT and reeler mice
(data not shown) for the presence of Reelin-expressing cells. The
reeler-Orleans mutant mice used in this study produce a truncated
Reelin protein that is not secreted from cells and thus can be
readily detected by immunostaining (28). As demonstrated in
Fig. 7, we confirmed previous findings that Reelin-expressing
cells are present neither at the origin of nor within the RMS (13,
29). However, areas adjacent to the stream contained a signif-
icant number of Reelin-producing cells.

What is the ligand for ApoER2 and VLDLR within the stream?
Because VLDLR and ApoER?2 are promiscuous receptors (30), we
tested other ligands for their presence in the RMS. To this end, we
could demonstrate that F-spondin, which was recently identified as
a ligand for ApoER?2 (31), is indeed present in the RMS as shown
by immunohistochemistry (Fig. 7B). This result was in agreement
with the genome-wide in situ hybridization results presented in the
Allen Brain Atlas (32). The specificity of the staining is further
documented by examination of ApoER2~/~/VLDLR ™'~ mice (Fig.
7C). Here F-spondin is confined to the area of accumulating cells
destined to form the RMS.

As outlined in the Introduction, mice lacking the gene for SRF
exhibit a similar phenotype most likely due to the down-
regulation of actin and gelsolin. Thus, we tested whether actin
and gelsolin are reduced in the forebrains of our mutants. As
demonstrated in SI Fig. 13, the expression levels of actin and
gelsolin are not significantly affected in reeler, ApoER2™/~/
VLDLR™'~, or Dab™'~ mice compared with WT mice.

Discussion

Development of the OB in mice in part depends on postnatal
neurogenesis taking place in the SVZ. Tangential migration of
neuroblasts along the RMS ensures the integration of these cells
into structures of the OB. This mode of migration is character-
ized by the formation of chains containing migrating neuroblasts
and supporting glial cells. Here we have identified ApoER2 and
VLDLR as major components of the cellular machinery that
supports formation of the chains. In our hands the lack of Dabl
also compromises the formation of chains, which is in contrast
to a previous notion (33). Because explants from Dab-5F mice
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of a coronal section from an OB (Left) and a sagittal section of a forebrain (Right). (Scale bars: 500 um.) Ctx, cortex; LV, lateral ventricle.

have a similar phenotype we are proposing that the whole
complex comprising the receptors and Dabl is involved in chain
formation. In mice lacking either both receptors or Dabl, chain
formation in the SVZ is defective without compromising the
generation of neuroblasts in the SVZ. This leads to an ectopic

' BrdU P12 — P17 1

‘B

Reelers ' '~

Fig. 5.

Migration of newly generated neuroblasts is affected in the fore-
brains of mice carrying mutations in the Reelin signaling pathway. WT (A),
reeler (B), ApoER2~/~/VLDLR™'~ (C), and Dab1~/~ (D) mice received a BrdU
pulse at P12, and brains were collected at P17. Matched sagittal sections of the
forebrains were stained for BrdU-positive cells. Areas corresponding to the EZs
are marked by dotted frames. (a—d) BrdU staining of the corresponding SVZs.
(Scale bars: 500 um.)
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accumulation of neuroblasts and glial cells in the SVZ accom-
panied by a significant increase of cell death. For two reasons this
defect cannot be due to interference with the classical Reelin
signaling pathway: first, SVZ explants derived from reeler mice
produced chains indistinguishable from those in WT explants;
second, activation of the pathway by Reelin in vitro leads to
disintegration of the chains (13).

Interestingly, the RMS of reeler mice is affected similarly, and the
observed phenotype seems to be more severe than previously
described (13). There, the reeler RMS was found to be normal from
its origin at the SVZ until shortly before it reaches the entrance
point of the OB, where it became wider and less defined. This
difference is presumably neither due to differences in genetic
backgrounds, because the same strain of reeler mutants was used in
both studies, nor related to the different ages of the animals
analyzed (adult animals versus P17 in our study), because in reeler
mice at P61 still no RMS could be found, although accumulation of
neuroblasts in the SVZ was significantly reduced compared with
P17, most likely because of apoptosis.

These results suggest a subdivision of the RMS formation into
four mechanistically distinct phases. First is formation of neu-
roblasts and accompanying glial cells in the SVZ from respective
precursor cells. This does not seem to be compromised by the
lack of Reelin or the “receptor/adapter” machinery. Second is
formation of chains, the substrate for the specific mode of
neuronal migration within the RMS. This step depends on the
presence of the receptor/adapter machinery but is independent
of Reelin, because regular chains are formed by reeler explants
in vitro. Third is bundling of the chains into a stream, and fourth
is maintenance and elongation of a defined RMS, in which
Reelin, expressed by cells in the vicinity of the stream, appears
to play an important role. Whether the entire Reelin-signaling
pathway is involved at this point cannot be answered from these
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Fig. 6. Chain formation from explants of the SVZ is normal in reeler but
severely disturbed in ApoER2~/=/VLDLR™'~ and Dab1~/~ mice. SVZ explants
were prepared from P5 WT (A), reeler (B), ApoER2~/=/VLDLR™'~ (C), and
Dab1~/~ (D) mice and analyzed after 50 h in culture by measuring the length
of migratory chains (F, distance between the bases to the tips of the chains)
and the number of individual cells per field (G). For quantification 19 WT, 16
reeler, 20 ApoER2~/=/VLDLR=/=, and 21 Dab1~/~ explants from two mice of
each phenotype were used. Plots show average + SEM. ***, P < 0.0001
(Student’s t test). (E) WT SVZ explants infected with EGFP adenovirus were
cocultured with explants from ApoER2~/~/VLDLR™'~ mice. n.qg., not quanti-
fied. (Scale bar: 50 um.)

experiments, because chains are not formed in ApoER27/~/
VLDLR™'~ and Dab~/~ mice.

Because Reelin is not present in the SVZ or at the origin of the
RMS, the inability of neuroblasts lacking ApoER2 and VLDLR to
form chains must be Reelin-independent. This notion is in agree-
ment with the explant assays performed here (Fig. 6). Interestingly,
not only ApoER2 and/or VLDLR, but also their intracellular
adapter Dab1 and at least one of the tyrosines that are phosphor-
ylated upon Reelin stimulation, are needed for this function.
Whether phosphorylation of Dab1 is necessary for proper chain
formation or for other functions such as the ability of Dabl to
regulate cell surface expression of ApoER2 and VLDLR (34) is not
clear yet. Mice lacking both receptors, lacking Dabl, or carrying the
DabI-5F alleles have identical phenotypes, characterized by massive
accumulation of neuroblasts in the SVZ and the lack of stream
formation, but development of the respective explants in Matrigel
is different. A significant number of neuroblasts lacking Dabl do
migrate out of the explants but fail to form chains, whereas hardly
any neuroblasts leave the explant derived from receptor-deficient
mice, and the few chains formed are very short. This indicates that
Dabl is dispensable for migration but necessary for chain forma-
tion. Coculturing WT with ApoER2~/~/VLDLR ™'~ explants dem-
onstrated that (i) the presence of the WT explant did not alter the
behavior of the mutant explant and (i) none of the few cells leaving
the mutant explant is incorporated into WT chains.

An important question concerns the putative ligands of this
Reelin-independent function of the “receptor/Dab1” machinery

8512 | www.pnas.org/cgi/doi/10.1073/pnas.0611391104
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Fig. 7. Expression of Reelin and F-spondin in the RMS. (A) Reelin-positive
cells accompany the RMS. Sagittal sections (5 um) prepared from the fore-
brains of WT mice were immunostained with an antibody against Reelin. The
RMS is highlighted by dotted lines. Reelin-positive cells are indicated by
arrows. (a) Schematic representation of the area shown in A. (Scale bar: 50
pm.) (B and C) F-spondin is present in the RMS and accumulates in the SVZ of
ApPOER2~/~/VLDLR~'~ mice. Sagittal sections (5 um) prepared from the fore-
brains of WT (B) and ApoER2~/~/VLDLR~'~ (C) mice were immunostained with
an antibody against F-spondin. (Scale bar: 500 um.)

in chain formation and/or migration. Such a ligand would be
predicted not to act exactly like Reelin, because activation of the
classical Reelin signaling pathway leads to dissociation of the
chains (13). Here we have characterized F-spondin as an alter-
native ligand for ApoER2 and VLDLR present in the RMS.
Whether it stimulates Dab1 phosphorylation like Reelin does,
but lacks additional activity necessary for the full-blown Reelin
signal (35), or whether it acts as substrate for neuroblasts to
adhere to each other remains to be established.

The phenotype produced by the loss of components of the
ApoER2/VLDLR/Dabl complex is very similar to that seen in
mice lacking SRF (5), in terms of both neuroanatomical abnor-
malities and the inability of SVZ explants to produce chains.
Srf-negative mice show a dramatic reduction in brain levels of
actin and gelsolin. Because none of the mice lacking components
of the Reelin pathway exhibit altered levels of actin or gelsolin,
we assume that the defect described here is independent of that
produced by the lack of SRF.

In summary, we have identified a function of the ApoER2/
VLDLR/Dabl machinery that is independent of Reelin and
mediates neuroblast migration and chain formation in the SVZ.
Disruption of the machinery blocks postnatal neuronal migra-
tion from the SVZ to the OB and results in severe neuroana-
tomical defects in the OBs of affected mice.

Materials and Methods

Animals. WT mice on C57BL6/J or BalbC background, reeler-
Orleans mice on a BalbC background (36), Dab~/~ mice on a

Andrade et al.
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C57Bl6/129Sv or BalbC background (22), Dabl-5F mice on a
C57BI6/129Sv or BalbC background (26), and ApoER27/~,
VLDLR™'~, and ApoER2~/~/VLDLR™'~ mice on a C57BL/6J/
129Sv background were housed under standard conditions.

Histology and Immunohistochemistry. Animals were anesthetized
with a combination of xylazine/ketamine (10 mg/kg and 75
mg/kg, respectively) in 0.9% NaCl and immediately perfused
with 4% paraformaldehyde in PBS at 4°C. Brains were dehy-
drated and embedded in paraffin according to standard proto-
cols. Serial coronal and sagittal paraffin sections (5 wm) were
obtained and stained with hematoxylin following standard pro-
tocols. For immunohistochemistry dehydrated paraffin sections
were heat-treated with EDTA buffer-CC1 (Ventana, Tucson,
AZ) (pH 8.0) for 38 min at 95°C and incubated with the
Discovery System (Ventana) to expose antigenic epitopes. The
following primary antibodies were used: anti-doublecortin (C-18
goat polyclonal, 1:1,000; Santa Cruz Biotechnology, Santa Cruz,
CA), anti-GFAP (rabbit polyclonal, 1:500; Dako, Glostrup,
Denmark), anti-ApoER2 (no. 186 rabbit polyclonal, 1:1,000)
(20), anti-calretinin and anti-calbindin (1:500; Sigma, St. Louis,
MO), and anti-F-spondin (R2 and R4; a kind gift from Avihu
Klar, Hebrew University, Hadassah Medical School, Jerusalem,
Israel). Endogenous peroxidase activity was blocked, and chro-
mogenic detection reaction was performed by using the DAB-
Map kit (Ventana). Primary antibodies were visualized by
incubating the sections with the respective antibodies for 1 h at
room temperature [anti-goat secondary probe Alexa Fluor 488
(Molecular Probes) diluted 1:500 in PBS, anti-mouse Texas red
(Molecular Probes) diluted 1:500 in PBS, and anti-rabbit Alexa
Fluor 594 (Molecular Probes) diluted 1:500 in PBS].

Microscopy. Confocal images were acquired by using an LSM 5
system and LSM 5 software (Zeiss, Gottingen, Germany).
Fluorescence and DIC images were acquired by using an Axio-
vert 135 system and AxioVision software (Zeiss).

BrdU Experiments and TUNEL Assay. Animals (P12) were injected
i.p. with BrdU (50 mg/kg of body weight; Sigma) dissolved in
0.9% NaCl and killed at P17. BrdU stainings were performed on
matched paraffin sections (5 um) after 20 min of boiling in
citrate buffer (pH 6) for antigen retrieval using anti-BrdU
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antibodies (Becton Dickinson, Mountain View, CA) diluted 1:50
in antibody dilution buffer (1% BSA/0.1% gelatin in PBS, pH
7.2). TUNEL assays were performed with the In Situ Cell Death
Detection Kit (Roche Applied Biosciences).

SVZ Explants. SVZ explants were prepared as reported (4). Briefly,
newborn pups were genotyped at P2-P3 and killed at PS5 by
decapitation. Brains were dissected and placed in cold OptiMEM
(Gibco-Invitrogen, Carlsbad, CA). Slices (350 um) were obtained
by using a vibratome (Leica, Wetzlar, Germany). The SVZ was
dissected from the lateral wall of the anterior horn of the lateral
ventricle and cut into pieces of 250-350 wm in diameter. The
explants were mixed with Matrigel (Becton Dickinson) and cul-
tured in four-well dishes. After polymerization (20 min) 500 ul of
serum-free medium supplemented with B-27 (Gibco-Invitrogen),
50 ng/ml insulin (Novo Nordisk, Graz, Austria), 100 uM putrescine
(Sigma), 1 nM progesterone (Sigma), and glutamine and penicillin/
Streptomycin (Gibco-Invitrogen) was added. Cultures were main-
tained in a humidified, 5% CO,, 37°C incubator. After 50 h explants
were monitored and the number of individual neurons per field and
the length of migratory chains were measured by using AxioVision
software (Zeiss). SVZ explants from WT mice were infected with
Ad5CMV-eGFP (Gene Transfer Vector Core, University of Iowa,
Towa City, IA) with a titer of 1 X 10'° viral particles per milliliter
in OptiMEM for 1 h in a humidified, 5% CO,, 37°C incubator.
Infected explants where washed three times with 10 volumes of
OptiMEM, mixed with ApoER2~/~/VLDLR '~ explants, and kept
in culture under the same conditions described above.

Western Blots. Total protein extracts (20 ug) from forebrains
(P17, derived from two mice each) were resolved by SDS/PAGE,
and Western blotting was performed by using anti-gelsolin (goat
polyclonal, 1:500; Santa Cruz Biotechnology), anti-actin (mouse
monoclonal, 1:1,000; a kind gift from Vic Small, Institute of
Molecular Biotechnology, Austrian Academy of Science, Vi-
enna, Austria), and anti-Erk 1/2 (rabbit polyclonal, 1:10,000;
Sigma) antibodies.
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