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In this dissertation, I investigate the role of Eph-ephrin signaling in the Dentate

Gyrus (DG). The DG is a distinctive neuronal structure located in the hippocampus and is

one of two areas in the mature brain where stem and progenitor cells reside to

continuously produce new neurons throughout adulthood. While Eph-ephrin signaling

has been linked to other stem cell populations in the adult, involvement in the progenitor

population residing in the hippocampus had not been demonstrated. Here, I establish the

expression of B subclass Eph receptors in both embryonic and adult progenitors in the

hippocampus . Analysis of EphB1-/- mutant mice shows that this receptor tyrosine kinase

is involved in the regulation of proliferation and polarity of progenitor cells in the
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neurogenic niche of the DG. Ephrin-B3 acts as a ligand to regulate some aspects of

EphB1 activity in the DG.

I also show that the EphB2 receptor tyrosine kinase is critical for normal

formation of a specific region of the DG known as the lateral suprapyramidal blade

(LSB) during late embryonic and early postnatal development. Analysis of intracellular

truncation and single amino acid point mutations demonstrates that the tyrosine kinase

catalytic activity of EphB2 is essential for LSB formation. This activity is consistent with

specific expression of EphB2 in the neural progenitor cells that migrate in a medial

direction from the dentate notch of the lateral ventricles to populate and form the DG

near the midline of the brain. I further show that ephrin-B1 alone acts as the ligand to

activate EphB2 forward signaling in these migrating neural progenitors to contribute to

the formation of this vitally important structure. Finally I briefly describe the role of

EphB2 forward signaling in stem cell populations beyond the hippocampus. This data

demonstrates that Eph-ephrin signaling is intimately involved in both the formation of the

neurogenic niche and in the regulation of progenitor cells that occupy that niche.
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Chapter 1 - Introduction

The normal function of a cell requires the response to and processing of numerous

signals from the external environment. Each cell expresses a variety of molecules on its

surface, some of which respond to diffusible signals within the environment, and some of

which respond to molecules expressed on neighboring cell surfaces. One such group of

molecules is the Eph receptor family and their ephrin ligands. In this chapter I will

introduce this group of signaling molecules, their signaling mechanisms, and some of

their well-defined functions. Finally I will discuss the process of neurogenesis, as this

thesis will examine in detail the involvement of Ephs and ephrins in the neural progenitor

population in the adult hippocampus.

Ephs and ephrins

Eph receptors comprise the largest subfamily of receptor tyrosine kinases in

mammals. The original receptor was cloned in 1987, and named erythropoietin-producing

hepatocellular (Eph) receptor (Hirai et al., 1987). A series of related proteins followed,

given names such as Elk and Nuk (Henkemeyer et al., 1994; Letwin et al., 1988). To

simplify the field, a unified nomenclature was bestowed upon the group in 1997

(Committee, 1997).  Both Ephs and ephrins are divided into A and B subclasses, based on

sequence homology and binding preference. In mammals, the A subclass of Ephs consists

of nine members, EphA1-A8 and EphA10. The B subclass has five members, EphB1-B4

and EphB6. The ephrin ligands contain 5 A subclass members, ephrin-A1-A5, and 3 B

subclass members, ephrin-B1-3 (illustrated in Fig 1.1). There is a major structural
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difference between the A and B subclass of ephrins. The B subclass contains a

transmembrane domain and a short cytoplasmic tail. The A subclass has no cytoplasmic

tail, being attached to the cell membrane via a glycosylphosphatidylinositol (GPI) anchor.

Binding within each subclass is promiscuous, as each A class Eph can bind any A class

ephrin, likewise for the B subclass. Generally binding between the two subclasses does

not occur (Davis et al., 1994; Gale et al., 1996). However, there are exceptions. EphA4 is

able to bind ephrin-B2 and ephrin-B3 (Bergemann et al., 1998; Gale et al., 1996), while

ephrin-A5 has been shown to bind to and activate EphB2 signaling (Himanen et al.,

2004).

The basic structure of the Eph receptor is similar between the various molecules.

The extracellular domain consists of an N-terminal binding domain, followed by a

cysteine-rich domain and 2 fibronectin type III domains. The intracellular tail has a

number of separate domains. Two tyrosine residues are located just below the

juxtamembrane domain, followed by a tyrosine kinase domain, a sterile alpha motif

(SAM) domain, and a post-synaptic density-95/discs large/zonula occludens-1 (PDZ)-

binding site located at the C-terminal. Ephrin-B ligands also contain intracellular

signaling sites. The tail contains a number of tyrosines that are potential phosphorylation

sites, and the C-terminus consists of a PDZ-bonding motif (Egea and Klein, 2007; Murai

and Pasquale, 2003).
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Fig 1.1: The mammalian family of Ephs and ephrins
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Eph-ephrin signaling

Signaling between Ephs and ephrins requires cell-cell contact to allow binding of

the cell-surface expressed molecules. An important aspect of functional Eph signaling is

the formation of clusters of Eph and ephrin molecules. The crystal structure of an EphB2-

ephrin-B2 complex revealed a tetrameric structure consisting of two receptors and two

ligands (Himanen et al., 2001).  Clustering is necessary for signaling, as disrupting the

clustering of Eph receptors via the addition of non-clustered forms of ephrin-Fc fusion

proteins can reduce Eph signaling (Gerlai et al., 1999).

Perhaps the most interesting aspect of Eph-ephrin signaling is fact that the Eph

receptor and the ephrin ligand are capable of producing signals in their respective cells, a

process termed bidirectional signaling. This process was originally uncovered through the

creation of a intracellular signaling mutation for EphB2. The cytoplasmic tail was

replaced by an in-frame fusion to β-gal, which allows it to be expressed on the cell

surface while intracellular signaling is eliminated (Henkemeyer et al., 1996). This study

showed that a null mutation of EphB2 resulted in a greatly reduced lateral projection of

the anterior commissure (pars posterior, acP). However, mice with the EphB2lacZ allele

did not show any reduction in acP projections. Expression studies showed that EphB2

was expressed along the path of the migrating axons, while ephrin ligands were expressed

on the migrating axons themselves. This demonstrated that EphB2 functions as a ligand

to control ephrin-mediated migration of the axons (Henkemeyer et al., 1996).

Biochemical studies demonstrated that EphB2 could induce tyrosine phosphorylation in

the cytoplasmic tail of ephrin ligands (Holland et al., 1996). The signal produced in Eph-
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expressing cells is known as the forward signal, while signals produced in ephrin-

expressing cells is referred to as the reverse signal (illustrated in Fig 1.2).
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Fig 1.2: Eph-ephrin bidirectional signaling

The Eph receptor produces a forward signal, while the ephrin ligand transduces a reverse

signal. Deletion of the receptor eliminates both the forward and reverse signal. Replacing

the intracellular segment of the receptor with β-gal eliminates the forward signal but

leaves the reverse signal intact.
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The Eph receptor exists in an autoinhibitory state of activation. Structural studies

showed that the juxtamembrane segment sits in a helical conformation that interferes with

the activation segment of the kinase domain. Phosphorylation of the tyrosine residues

next to the juxtamembrane segment alters the conformation and relieves the

autoinhibitory effect, freeing the catalytic domain (Wybenga-Groot et al., 2001). The

active Eph receptor is then capable of phosphorylating other Eph receptors and

downstream signaling targets.

The number of downstream signaling pathways now linked to Eph activation is

large, and helps account for the wide range of functions from Eph activity (Kullander and

Klein, 2002; Murai and Pasquale, 2003). One well-studied downstream target is the Ras

and Rho family of small GTPases (Noren and Pasquale, 2004). This family has been

shown to control formation of cytoskeletal structures through actin, and cell matrix

adhesions (Chant and Stowers, 1995). The tyrosine residues next to the juxtamembrane

domain bind Ras GTPase-activating protein, or Ras-GAP (Holland et al., 1997). This

binding event signals downstream to Ras-Erk mitogen-activated kinase pathway

(MAPK), and is necessary for neurite retraction (Elowe et al., 2001; Tong et al., 2003).

The Rho family guanine nucleotide exchange factor (GEF) binds both EphA and EphB

receptors, and this interaction was demonstrated to be vital for axonal growth cone

collapse (Cowan et al., 2005). EphB receptors have been shown to bind Intersectin, an

exchange factor targeting Cdc42 (Irie and Yamaguchi, 2002), and Kalirin, an exchange

factor for Rac1 (Penzes et al., 2003). Both of these pathways were linked to dendritic

spine morphogenesis.
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Signaling pathways beyond the Ras and Rho GTPase family have also been

linked to EphB activation. The juxtamembrane tyrosine residues bind Abl, a protein

linked to actin cytoskeleton reorganization in cells in the neural system, via its Src-

homology-2 (SH2) domains (Koleske et al., 1998; Yu et al., 2001). One of the very first

signaling pathways linked to Eph activation was  phosphatidylinositol 3-kinase (PI3K)

binding to the receptor through its SH2 domain (Pandey et al., 1994), and this was found

to be independent of the kinase activity of the Eph receptor (Gu and Park, 2001).

The intracellular segments of B subclass ephrins produce a variety of signaling

effects. The tail contains a number of tyrosines, which are phosphorylated upon Eph

receptor binding by src-kinases (Bruckner et al., 1997; Holland et al., 1996; Palmer et al.,

2002). These tyrosines can recruit SH2-domain containing proteins such as Grb4. This

adaptor molecule contains a single SH2 domain and three SH3 domains, and influences

cytoskeletal dynamics through interactions with proteins such as focal adhesion kinase

(FAK), the Abl interacting protein-1 (Abi-1) and axin, a regulator of Wnt signaling

(Cowan and Henkemeyer, 2001). The tail also contains a PDZ-binding domain at the C-

terminal, which interacts with proteins such as the phosphotyrosine phosphatase PTP-BL

(Palmer et al., 2002), and PDZ-RGS3, which regulates heterotrimeric G protein signaling

(Lu et al., 2001).  Interestingly, there is evidence that A-subclass ephrins are also capable

of producing a reverse signal, even though they lack a cytoplasmic tail. This may be

associated with interactions with other molecules at the cell surface. The ephrin-As

cluster within lipid rafts in the cell surface (Gauthier and Robbins, 2003), and are capable

of recruiting other kinase proteins into these microdomains (Davy et al., 1999).
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Functions of Eph-ephrin signaling

As mentioned beforehand, a number of Eph and ephrin signaling events result in

cytoskeletal changes leading to repulsion. Early studies demonstrated that Eph receptors

were localized to developing axons (Henkemeyer et al., 1994; Pasquale et al., 1992).

Since then, a number of studies of mouse mutants have shown repulsive axon events in

vivo. In the visual system, retinal ganglion cells (RGCs) extend axons across the midline

of the brain at the optic chiasm and terminate at the superior colliculus. A fraction of

these axons express EphB1, which interacts with ephrin-B2 expressed at the optic chiasm

and repels this subset of axons (Williams et al., 2003). These axons terminate at the

ipsilateral superior colliculus, allowing for binocular vision. A similar situation occurs

during the development of the spinal cord.  Corticospinal neurons expressing EphA4

crossover to the opposite side of the body once, and then are repelled from the midline

via expression of ephrin-B3. If this ligand is deleted, the corticospinal neurons cross the

midline at multiple points, leading to a hopping gait in the mouse as one hemisphere of

the brain innervates both sides of the mouse (Yokoyama et al., 2001). One interesting

aspect of these events is the question of how an adhesive event, the binding of two cell-

surface molecules on opposing cells, could result in a repulsive outcome. Two processes

have been proposed that address this, cleavage and endocytosis. Ephrin-A molecules

were found to associate with a metalloprotease termed A-disintegrin-and-metalloprotease

(ADAM)10. Eph receptor binding triggered cleavage of the ephrin molecule by

ADAM10, allowing for axon repulsion (Hattori et al., 2000). The physical association

between two Eph-ephrin expressing cells can also be disrupted by removing the bound

molecules from the cell surface via endocytosis. Eph-ephrin complexes were observed to
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be internalized following Eph activation in a Rac-dependant manner, removing the bound

complexes from the contact point between two cells (Marston et al., 2003; Zimmer et al.,

2003).

As well as repulsive outcomes, Eph-ephrin signaling has also been demonstrated

to promote adhesive events (Holmberg and Frisen, 2002). Mice with mutations in ephrin-

B2 presented with a variety of phenotypes derived from disrupted developmental

adhesion events, including hypospadias and incomplete midline fusion of the urethral

endoderm primitive hindgut/cloaca (Dravis et al., 2004).  EphB2 and EphB3 were linked

to palate formation, a process requiring the adhesion of two palatal shelves in the embryo

(Dravis et al., 2004; Orioli et al., 1996).

Another process linked to Eph-ephrin signaling is cell migration. One of the first

studied examples was that of neural crest cell migration. These progenitor cells migrate

from the dorsal neural tube, avoiding the caudal somites. EphB2 and EphB3 are

expressed on the migrating neural crest cells, while ephrin ligands are expressed on the

somites, providing a repulsive signal that sets a path of migration for the crest cells

(Bergemann et al., 1995; Henkemeyer et al., 1994; Wang and Anderson, 1997).  In the

developing brain, the cortex is formed via the migration of neurons along radial glial

fibres in a vertical direction from a proliferative zone at the base of the fibres (Rakic,

2007). There is also a subset of neurons that migrate in a lateral direction from one radial

glia to a neighboring fiber. Disruption of Eph-ephrin signaling impairs this lateral

migration, resulting in a disorganized cortex (Torii et al., 2009). Contributions to

migration via Eph-ephrin signaling also occurs in the adult. The loss of Eph receptors in

intestinal crypts leads to abnormal migration of stem cell-derived progeny, as the
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expression pattern of the Ephs and ephrins created strict boundaries that restricted cell

intermingling (Batlle et al., 2002).

More importantly for this thesis, Eph-ephrin signaling has been found to have

important roles in the hippocampus. Cultured hippocampal neurons from triple knockout

mice (EphB1-/-; EphB2-/-; EphB3-/-)  failed to form dendritic spines (Henkemeyer et al.,

2003), structures vital for excitatory synapses. Excitingly, this group was also able to

show that CA3 neurons in vivo failed to form dendritic spines. Another group found that

ephrin-B ligands were expressed on CA1 neurons, on the postsynaptic side of the CA3-

CA1 neuron connection (Grunwald et al., 2004). Genetic deletion of ephrin-B2 and

ephrin-B3 in the forebrain demonstrated that these molecules are vital for long-term

potentiation (LTP) in the hippocampus.   

Other functions that have been linked to Eph-ephrin signaling, which I will not

discuss in detail here, include fluid homeostasis (Cowan et al., 2000; Dravis et al., 2007)

and cardiovascular development (Adams et al., 1999).

In 2003, a detailed expression study examining a number of structures in the brain

for mRNA levels of Ephs and ephrins found that the dentate gyrus (DG), a neuronal

formation in the hippocampus, contained mRNA transcripts for EphB receptors in both

the neonate and adult animal (Liebl et al., 2003). This area of the brain was a focus of

intense interest, as it had been shown to be involved in the production of new neurons in

the adult brain, a process termed neurogenesis. A potential link between Eph-ephrin

signaling and neurogenesis warranted investigation.
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Neurogenesis

For a long period of time, the brain was considered an unchanging structure,

thanks in large part to the work of Ramon y Cajal, who in 1928 wrote "In adult centers

the nerve paths are something fixed, ended, immutable. Everything may die, nothing may

be regenerated." -- Santiago Ramon Y Cajal, "Degeneration and Regeneration in the

Nervous System". This view was challenged in 1965, when Joseph Altman discovered

evidence of post-natal production of novel neurons in the hippocampus of rats (Altman

and Das, 1965). However, this work was largely ignored until an example of

neurogenesis was provided in the canary, as the learning of new songs was linked to

production of new neurons (Nottebohm, 1989). It is now accepted that the production of

new neurons in the adult brain occurs at two distinct niches (Abrous et al., 2005; Zhao et

al., 2008), which I will describe in detail below.

The subventricular zone

The subventricular zone (SVZ) is a thin layer adjacent to the lateral wall of the

lateral ventricles. Stem cells in this area gives rise to neuroblasts that migrate from the

SVZ to the olfactory bulb, where they mature into granule and periglomerular neurons

(Doetsch and Hen, 2005; Whitman and Greer, 2009). The earliest form of progenitor cell

in the SVZ is astrocytic in nature and expresses glial fibrillary acidic protein (GFAP)

(Doetsch et al., 1999). These cells divide to produce immature neuroblasts that migrate

along the rostral migratory stream (RMS) to the olfactory bulb. Unlike the radial glial

migration seen in the developing cortex, the neuroblasts migrate as chains though tubes

formed by astrocytic cells (Lois et al., 1996). Upon reaching the olfactory bulb, the
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majority of the neuroblasts mature into granule neurons, while a small fraction form

periglomerular cells (Betarbet et al., 1996).

The subgranular zone

The DG is a large neuronal structure in the hippocampus, an area linked to

memory formation and emotional behaviour (Bannerman et al., 2004). This structure

receives inputs from the entorhinal cortex through the perforant pathway. The granule

cells neurons send projections to the CA3 neurons, which in turn send axons and signal to

the CA1 region. The neurons of the CA1 region send projections back to deeper layers of

the entorhinal cortex.

The subgranular zone (SGZ) refers to a thin layer located between granule cell

layer and the hilus of the DG. Cells within this area were observed to incorporate markers

of cell division such as 5-bromo-2-deoxyuridine (BrdU) or [3H]Thymidine (Kempermann

et al., 1997a), and these labeled cells were observed to attain a neuronal phenotype.

Further work has shed light on the cells residing in this area. The earliest form of the stem

cell, termed the type I cell, has glial characteristics (Doetsch, 2003), and can be identified

through expression of markers such as GFAP (Seri et al., 2001), nestin (Fukuda et al.,

2003; Lendahl et al., 1990) and Sox2 (Suh et al., 2007). These stem cells have a radial

process that extends through the granule cell layer to contact the molecular layer. At the

point of division, the radial process retracts and the stem cell divides to self-renew and to

produce a rapidly amplifying progenitor cell. These type II progenitor cells have a cell

cycle of 12-14 hours in mice (Hayes and Nowakowski, 2002), and are marked by the

expression of Doublecortin (DCX) and poly-sialylated-neural cell-adhesion molecule
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(PSA-NCAM), two proteins observed in migrating cells. The type II progenitor cells are

subdivided into an a and b subclass, distinguished by the continued expression of nestin

in type IIa cells and the lack of nestin expression in type IIb cells. After dividing, the

cells migrate a short distance up into the granule arm and express markers of mature

neurons, for example neuronal nuclei (NeuN) and Calretinin. The process of development

from Type I cell to newly integrated neuron is estimated to take 4 weeks (van Praag et al.,

2002). These newly generated neurons extend axons to target the CA3 region and

dendrites to contact the molecular layer, and become a functional part of the DG circuitry

(Kee et al., 2007; Zhao et al., 2006). Interestingly, the new neurons have functional

differences to the existing granule neurons, including enhanced excitability and a lower

threshold for LTP (Doetsch and Hen, 2005; Schmidt-Hieber et al., 2004), which has

important implications for the functional aspect of neurogenesis.

The rate of neurogenesis is highly variable, and a number of external factors have

been shown to influence it. The genetic background of different mice strains lead to

different rates of proliferation in the SGZ (Hayes and Nowakowski, 2002; Kempermann

et al., 1997a). Aging was found to have a negative effect on neurogenesis (Kuhn et al.,

1996). Numerous signaling molecules and pathways have been shown to influence

neurogenesis, including fibroblast growth factor (FGF) and epidermal growth factor

(EGF) (Jin et al., 2003), sonic hedgehog (Shh) (Lai et al., 2003; Machold et al., 2003),

brain derived neurotrophic factor (BDNF) (Lee et al., 2002; Li et al., 2008), and Wnt

signaling (Lie et al., 2005).
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Functions of SGZ neurogenesis

 As the hippocampus is linked with memory and learning, it seems obvious that

neurogenesis would play a major role in that. Defining exactly how neurogenesis

contributes to memory and learning has proven difficult however. A number of studies

have shown that alterations in neurogenesis affect learning. Tasks shown to enhance

learning were observed to increase neurogenesis. Mice exposed to an enriched

environment showed increased numbers of new neurons and mature granule neurons over

mice living in standard conditions (Kempermann et al., 1997b). Physical activity

increased neurogenesis and performance in the Morris water maze (van Praag et al.,

1999). In an opposing fashion, factors that have negative effects on learning, such as

drugs of abuse, decrease levels of neurogenesis (Eisch et al., 2000). 

Another approach used was to manipulate neurogenesis through genetic or

physical means, and then determine the effect on learning tasks. As mentioned

beforehand, different strains of mice exhibited different rates of neurogenesis, and mice

with genetic backgrounds that are predisposed to low rates of neurogenesis were slower

in learning the water maze task (Kempermann and Gage, 2002). Mice deficient in

methyl-CpG binding protein (MBD1) demonstrated decreased neurogenesis and impaired

learning in the water maze (Zhao et al., 2003). Disruption of FGF signaling in the adult

DG caused decreased neurogenesis and defects in memory retention (Zhao et al., 2007).

Studies that eliminate neurogenic cells through irradiation or anti-mitotic agents have

demonstrated defects in learning (Shors et al., 2002; Snyder et al., 2005). Most of the

above studies though are correlative, and may involve multiple side-effects that could
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interfere with performance in learning tasks. A definitive study proving the exact

function of neurogenesis in memory and learning has yet to be produced.

Reasons for study

Eph-ephrin signaling is now well-established in its role in the formation of the

nervous system, including aspects of embryonic neural stem cell regulation such as the

migration of neural crest cells, and cortical progenitors. Could this group of molecules be

involved in the process of adult neurogenesis in the hippocampus? As well as the

expression studies showing Ephs in the hippocampus, recent studies have shown the Eph-

ephrin signaling has functions in other adult stem cell populations. Over the next few

chapters, I will present my work showing that Eph-ephrin signaling is a vital part of the

neurogenic niche of the hippocampus, and disruption of this signaling pathway has major

consequences in the DG.
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Chapter 2: EphB1 determines proliferation and polarity of progenitor

cells in the SGZ

Chumley, M. J., Catchpole, T., Silvany, R. E., Kernie, S. G., and Henkemeyer, M.
(2007). EphB receptors regulate stem/progenitor cell proliferation, migration, and
polarity during hippocampal neurogenesis. J Neurosci 27, 13481-13490

Summary

In this chapter I present data showing that Eph-ephrin signaling is intimately

involved in adult neurogenesis in the DG. EphB1 is expressed on neural progenitor cells

in the SGZ, and genetic deletion of EphB1 leads to a large reduction in the early

progenitor pool of the DG. Loss of EphB1 also leads to increased proliferation in the

SGZ, and causes abnormal positioning and polarity of progenitor cells throughout the

DG. Finally I show that ephrin-B3 is expressed throughout the adult DG, and that

deletion of ephrin-B3 recapitulates some of the phenotypes observed with EphB1

deletion.

Disclaimer – the data presented in this chapter was produced in collaboration with Dr.

Mike Chumley, a former post-doc in the Henkemeyer lab, who is responsible for a

number of the images and data shown in this chapter, and to whom I owe a large debt of

gratitude.
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Background

mRNA expression studies had shown EphB expression in the dentate granular

layer in the adult mouse (Liebl et al., 2003), suggesting a potential role for Eph-ephrin

signaling in the progenitor population of the SGZ. Excitingly, some reports have shown

Eph-ephrin signaling was active in other stem cell populations. The first area to

demonstrate a link between Ephs/ephrins and stem cells was the SVZ in the adult brain.

Expression studies showed that EphB receptors and ephrin-B ligands were expressed in

the SVZ, and that the ephrin-B ligands were localized to astrocytes, the stem cell in this

area (Conover et al., 2000). This same study also showed that disruption of native Eph-

ephrin signaling via the addition of ephrin-B-Fc and EphB-Fc into the lateral ventricle

caused a dramatic increase in proliferation in the SGZ and interfered with the migration

of neuroblasts in the SVZ. The A-subclass of Ephs and ephrins were also shown to be

expressed on progenitor cells in the SVZ (Holmberg et al., 2005). Disruption of signaling

within this subclass via Fc reagent infusion or genetic deletion also lead to increased

proliferation of progenitor cells within the SVZ (Holmberg et al., 2005).

Another area to show Eph-ephrin signaling involvement in stem cell regulation is

the crypts of Lieberkühn in the epithelial sheet in the intestine. These invaginations of the

epithelial sheet contain progenitor cells that reside at the bottom of the crypt, and these

progenitor cells produce enterocytes, goblet cells, enteroendocrine cells and paneth cells

(Marshman et al., 2002). Ephs and ephrins of the B subclass were shown to be expressed

throughout the crypts (Batlle et al., 2002; Holmberg et al., 2006). These studies showed

that genetic deletion of EphB receptors lead to mislocalization of progenitor derived cells

and proliferating cells within the crypt. This localization effect appeared to be controlled
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by the formation of countergradients and boundaries delineated by Eph and ephrin

expression. Interestingly, unlike the SVZ, deletion of EphB receptors actually lead to a

decrease in proliferating cells in the crypt (Holmberg et al., 2006).

Taken together, these studies suggested a high probability that Eph-ephrin

signaling would be involved in the process of neurogenesis in the hippocampus. The

following pages detail our work involving the use of a number of mutant mice available

in the Henkemeyer lab to investigate the expression and function of EphB1 in the SGZ.
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Results

EphB1 is expressed on progenitor cells in the SGZ

While the presence of EphB1 mRNA in the DG had been demonstrated (Liebl et

al., 2003), the expression pattern of EphB1 in the DG had not been ascertained. To

accomplish this, we made use of a reporter allele for EphB1 termed EphB1lacZ, in which

β-gal was inserted into the EphB1 reading frame (Williams et al., 2003). It is important to

note that the resulting protein is not expressed on the cell surface, instead becoming stuck

in the trans-golgi network of the cell. This results in a cytoplasmic reporter for expression

of EphB1 that disrupts both forward signaling through the Eph receptor and reverse

signaling in surrounding cells that express potential ephrin binding partners. LacZ

staining of late-stage embryonic (E18) hippocampus revealed β-gal expression in the

developing DG (Fig 2.1a). To analyze expression of EphB1 in the adult DG, we stained

hippocampal slices from 1-month old EphB1lacZ/+ mice with lacZ. β-gal expression was

observed in a number of cells located in the first 2-3 cell layers of the dentate granule arm

closest to the hilus of the DG, the SGZ (Fig 2.1b). Antibody staining of hippocampal

slices from 8-10 week-old EphB1lacZ/+ mice showed overlap of β-gal antibody signal with

DCX-expressing cells (Fig 2.1c), showing that EphB1 is expressed on late-stage

progenitor cells in the SGZ of the DG.
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Fig 2.1: EphB1 is expressed in late-stage progenitor cells in the adult DG

(a) X-gal stain of coronal hippocampal section from an E18 EphB1lacZ/+ mouse. EphB1 is

expressed in the developing DG.
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(b) X-gal stain of coronal hippocampal section from a P28 EphB1lacZ/+ mouse. EphB1 is

expressed in the SGZ in the granular layer.

(c) Confocal IF images of the SGZ of an adult EphB1lacZ/+ mouse, immunoreacted for β-

gal (green) and DCX (red). Coexpression of β-gal (EphB1) and DCX was observed in the

same cell (arrows).
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To determine if early-stage progenitor cells in the SGZ also expressed EphB1, we

marked the early progenitor cells by crossing in a nestin-eGFP transgene (Yu et al.,

2005). This causes GFP to be expressed in the type-1 progenitor cells, the earliest form of

progenitor cell in the SGZ (Fig 2.2a). We sought to use fluorescence activated cell sorting

(FACS) to isolate the progenitor population from dissected P14 hippocampi and confirm

the expression of EphB1 in these cells via RT-PCR. As DCX is an internally expressed

protein, we were unable use the DCX antibody to sort these cells. However, we found

that PSA-NCAM, a cell-surface expressed protein, showed 100% overlap with DCX

expression in the SGZ, and so could be used to label the type IIa and IIb progenitor cell

populations (Fig 2.2b). Using a combination of the nestin-eGFP driven fluorescence and

PSA-NCAM antibody labeling, we sorted 4 separate populations from dissected P14

hippocampi; a GFP-negative / PSA-NCAM negative population (non-progenitor cells), a

GFP-positive / PSA-NCAM-negative population (type I progenitor cells), a GFP-positive

/ PSA-NCAM-positive population (type IIa progenitor cells), and a GFP-negative / PSA-

NCAM-positive population (type IIb progenitor cells), shown in fig 2.2c. RT-PCR

analysis of RNA isolated from these separate populations detected EphB1 transcripts in

the type I, type IIa and type IIb progenitor cells, and no EphB1 transcripts in the non-

progenitor cell population of the hippocampus (Fig 2.2d). The above experiments show

that EphB1 is expressed in early-and late-stage progenitors in the SGZ of the DG, and

appears to be expressed in progenitor cells throughout the lifespan of the animal, from

late-stage embryonic to adult progenitors.
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Fig 2.2: EphB1 is expressed in early-stage progenitor cells in the DG

(a) Confocal IF image of the SGZ from an adult nestin-eGFP transgenic mouse

immunoreacted for GFP (green), DCX (red) and NeuN (blue). GFP is expressed in early-

stage progenitor cells in the SGZ.

(b) Confocal IF image of the SGZ from an adult WT mouse immunoreacted for PSA-

NCAM (green) and DCX (red), demonstrating coexpression in late-stage progenitor cells.
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(c) FACS results of cell populations sorted from DGs microdissected from P14 nestin-

eGFP mice, sorted for native GFP fluorescence and PSA-NCAM immunoreactivity.

Boxes represent sorted populations.

(d) RT-PCR for EphB1 transcripts from cell populations sorted in Fig. 2.2c. Transcripts

for EphB1 were detected in Type I, Type IIa and Type IIb progenitor cells.
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Loss of EphB1 leads to alterations in progenitor cell numbers

Having established that EphB1 is expressed on the progenitor cell population in

the DG, we sought to examine the effects that loss of EphB1 signaling would have on the

DG. We examined the DG of mice carrying an EphB1- protein null allele that does not

contain inserted lacZ sequences (Williams et al., 2003). Nissl stains of DG from EphB1-/-

adult mice demonstrated a similar morphology to the DG from Wild-Type (WT) controls

(Fig 2.3a). Stereological measurement of the volume of EphB1-/- DG showed no

significant difference compared to WT (Fig 2.3b). The size of the granule cell neurons in

EphB1-/- DG appeared similar to WT, so it was assumed that the numbers of granule cell

neurons is not reduced due to the loss of EphB1.

To directly address the effect of loss of EphB1 in the progenitor cell population,

we crossed the nestin-eGFP transgene into the EphB1-/- background. Analysis of the DG

of adult EphB1-/- mice using GFP antibody fluorescence showed a decrease of GFP-

positive cells located in the SGZ, suggesting a reduction of type I and type IIa progenitor

cells (Fig 2.3c). Quantification of the total number of GFP-positive cells throughout the

DG showed a highly significant decrease of over 40% in EphB1-/- mice compared to WT

controls (Fig 2.3d). This reduction in GFP-positive cell numbers was observed

throughout the rostral-caudal axis of the DG. An interesting phenotype was observed

when we analyzed late-stage progenitor cells in the SGZ. We quantified the total numbers

of DCX-positive cells in the DG (type IIa and IIb progenitors), and observed an increase

of 40% in total DCX-positive cells in EphB1-/- mice compared to WT controls (Fig 2.3e),

an apparently contradictory result to the numbers of GFP-positive progenitors.
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To determine if the loss of GFP-positive progenitors in the adult EphB1-/- DG was

observed throughout development or only occurred in the adult stage, we sectioned

hippocampi from WT and EphB1-/- DG at developmental stages P7, P14 and P21.

Immunofluorescence (IF) showed that the EphB1-/- mice had fewer nestin-eGFP-positive

progenitors present in the developing DG at all stages examined (Fig 2.3f). As GFP was

expressed at very high levels in the developing DG, quantification of individual GFP-

positive cells proved tricky. To quantify this defect at these early stages, we

microdissected the DG from P14 and P21 WT and EphB1-/- mice and FACS sorted the

GFP-positive population from the remainder of the cells in the DG. At P14, GFP-positive

cells occupied 19.9% of the total cell population of the developing DG in the EphB1-/-

mice, as opposed to 48.9% in WT controls, A similar reduction was observed at P21,

with 9.4% of cells in EphB1-/- DG expressing GFP versus 22.9% in WT controls. This

demonstrates that the loss of progenitor cells occurs early in DG development and

persists throughout adulthood.
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Fig 2.3: Loss of EphB1 leads to alterations in the progenitor cell population in the

DG
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(a) Nissl stains of adult DGs from WT and EphB1-/- mice. The DG showed no obvious

alteration due to loss of EphB1 expression.

(b) Quantification of total dentate volume showed no significant change in overall

volume in the EphB1-/- mice compared to WT (unpaired t-test, n = 3-4 per group

analyzed).

(c) Confocal IF images of the DG from WT and EphB1-/- adult mice carrying a nestin-

eGFP transgene immunoreacted for GFP (green), DCX (red), and NeuN (blue). EphB1

mutants showed reduced numbers of GFP-positive cells in the DG.

(d) Quantification of GFP-positive cells in the DG showed a highly significant decrease

in total numbers in EphB1-/- mice compared to WT (unpaired t-test, ***P < 0.001, n = 4

per group analyzed).

(e) Quantification of DCX-positive cells showed a significant increase in total numbers in

EphB1-/- mice compared to WT (unpaired t-test, **P < 0.01, n = 3 per group analyzed).

(f) Confocal IF images of the DG from WT and EphB1-/- mice at P7, P14 and P21. At all

developmental stages the EphB1-/- DG contained fewer GFP-positive progenitors.

Microdissected DGs at P14 and P21 from WT and EphB1-/- mice carrying the nestin-

eGFP transgene were FACS-sorted, and the proportion of the total cell population

occupied by GFP-positive cells was established.
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EphB1 regulates proliferation of progenitor cells in the DG

The presence of fewer GFP-positive early-stage progenitor cells concurrent with

greater numbers of DCX-positive late-stage progenitor cells in the EphB1-/- mutant DG

suggested that the loss of EphB1 expression may have disrupted the proliferation of

progenitors cells. To examine proliferation levels in the SGZ, we injected both WT and

EphB1-/- with a single intraperitoneal (IP) injection of bromodeoxyuridine (BrdU) and

examined the DG 2 hours post-injection for BrdU-labeled cells. BrdU is a thymidine

analogue that is inserted into the DNA of proliferating cells during the S-phase of the cell

cycle. IF studies targeting BrdU showed that there appeared to be more BrdU-labeled

cells in the DG of EphB1-/-mice after the 2-hour labeling period (Fig 2.4a). This labeling

of proliferating cells with BrdU also uncovered another interesting phenotype in the

EphB1-/- mutant mice. A number of BrdU-labeled cells were observed outside of the SGZ

(arrows in Fig 2.4a), a feature not observed in the WT mice. Quantification of total BrdU-

positive cells in the DG showed a highly significant increase in proliferating cells in the

EphB1-/- mutant mice in this 2-hour labeling period (Fig 2.4b), as the number of BrdU-

positive cells more than doubled. To conduct a more thorough examination of

proliferation levels in the DG and to examine fate of the dividing cells, we injected WT

and EphB1-/- mice with 3 pulses of BrdU separated by intervals of two hours. The number

of BrdU-positive cells in the DG were then quantified at 2 hours and 24 hours after BrdU

injections, as well as 7, 14 and 28 days following the BrdU injections. We observed a

significant increase in BrdU-positive cells in the EphB1-/- DG compared to WT controls

at 2 and 24 hours after BrdU administration as well as 7 days post-injection (Fig 2.4b).

Interestingly, the numbers of BrdU-positive cells in the EphB1-/- and WT DGs were not
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significantly different at 14 and 28 days post-injection. We analyzed the phenotype of the

BrdU-positive cells by examining for co-expression with DCX and NeuN. At 7, 14 and

28 days after the injection, the percentage of BrdU-labeled cells that co-expressed DCX

was greater in the EphB1-/- mutant mice than in wild-type controls (Table 2.1). However,

the percentage of BrdU-labeled cells that express NeuN in the EphB1-/- mutant mice was

slightly less or very similar to WT at 7, 14 and 28 days post-injection. At 28 days after

injection of BrdU, the total number of BrdU-labeled cells and the percentage that co-

expressed NeuN were almost identical between the EphB1-/- mutant mice and WT

controls, showing that even though there were increased numbers of DCX positive cells

in the EphB1-/- mutant mice, the number of mature granule cell neurons produced was not

affected.
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Fig 2.4: Loss of EphB1 leads to increased proliferation in the DG

(a) Confocal IF images of the DG from WT and EphB1-/- adult mice treated with a 2-hour

pulse of BrdU, immunoreacted with BrdU (green), DCX (red) and Toto-3 (blue) (arrows

show mislocalized proliferating cells).
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(b) Quantification of BrdU-labeled cells after a single 2hr pulse in the DG showed a

highly significant increase in total numbers in EphB1-/- mice compared to WT (unpaired

t-test, ***P < 0.001, n = 4-5 per group analyzed).

(c) Quantification of BrdU-labeled cells in the DG of WT and EphB1-/- mice after 3

injections of BrdU at 2hrs, 24hrs, and 7, 14 and 28 days post-injection. Significantly

more Brdu-labeled cells were observed in the EphB1-/- mutants at 2 and 24 hrs, and 7

days post-injection. BrdU–labeled cells were quantified via six coronal sections per

animal. (unpaired t-test, *P < 0.05, n = 3-7 per group analyzed).
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7 Days 14 Days 28 Days

Genotype DCX+ NeuN+ DCX+ NeuN+ DCX+ NeuN+

Wild-
type

62.2 ±
4.8

10.3 ±
2.4

42.8 ± 6.6 22.3 ± 8.6 29.4 ± 5.9 51.2 ±
8.1

EphB1-/- 78.5 ±
6.3

8.9 ± 4.2 56.2 ± 5.3 18.9 ± 6.5 43.4 ± 4.6 49.1 ±
7.3

Table 2.1.  Percentage of BrdU-labeled cells that co-express DCX or NeuN following

BrdU administration

BrdU was administered i.p. (150 mg/kg) three times, separated by two hours.  Six coronal

(40 µm) sections from each animal were immunostained for BrdU, DCX, and NeuN, and

analyzed by confocal microscopy.  n=2-6 animals per genotype at each time-point.
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One potential explanation for the increase in BrdU-positive cells in EphB1-/-

mutants could be an alteration of cell cycle dynamics in the progenitor cells. If the

absence of the EphB1 receptor resulted in an increase in S-phase length in progenitor

cells, a greater number of proliferating cells would incorporate BrdU in the two hour

labeling period. To address this, we conducted a two hour labeling period with BrdU in

WT and EphB1-/- mice and then examined the DG for expression of BrdU and pHisH3, a

protein expressed in the G2 to M phase of the cell cycle. Thus at the two hour time point

post-injection, a cell expressing BrdU alone was in the S-phase of the cell cycle at the

point of injection and remained in S-phase. A cell expressing pHisH3 alone was in the G2

to M phase of the cell cycle at the point of injection and remained in this phase at the

time of perfusion. A cell expressing both BrdU and pHisH3 was in S-phase at the point of

injection, and moved into the G2 to M phase of the cell cycle in the two hour labeling

period. Quantification of the total numbers of cells in WT and EphB1-/- mutant mice

showed an increase in BrdU-positive, pHisH3-positive and BrdU/pHisH3-positive cells

in the DG, although the increase observed in pHisH3-positive cells was not statistically

significant (Fig 2.5a). However, when we examined the data in terms of proportions of

total proliferating population, we observed no significant difference between WT and

EphB1-/- mutant mice in any of the three cell phenotypes (Fig 2.5b). Even though there

were increased numbers of proliferating cells in the DG of the EphB1-/- mutant, the same

proportion of cells moved from S-phase to G2 phase within the two hour labeling period.

This shows that, at least for this aspect of the cell cycle, the loss of EphB1 expression

does not change the cell cycle dynamics.
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Fig 2.5: Loss of EphB1 does not alter cell cycle dynamics in progenitor cells

(a) Quantification of total numbers of BrdU-positive and pHisH3-positive cells in the DG

of WT and EphB1-/- mice. The EphB1-/- mice showed significantly higher levels of BrdU-

positive and BrdU/pHisH3-double positive cells compared to WT. (2-way ANOVA,

Bonferroni post tests indicate significant differences in BrdU-positive and double-

positive populations, **P < 0.01, ***P < 0.001, n = 4-5 per group analyzed).

(b) Analysis of proportion of proliferating pool shows no difference in BrdU and pHisH3

labeled cells in EphB1-/- mice compared to WT (2-way ANOVA, Bonferroni post tests

indicate no significant differences, n = 4-5 per group analyzed).
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EphB1 regulates the position of proliferating cells in the DG

As shown in Fig 2.4a, we observed BrdU-labeled cells outside of the SGZ in the

EphB1-/- background, suggesting a disruption of the progenitor niche. To ensure this

represented a mislocalization of proliferating cells, we examined the DG of EphB1-/- mice

for expression of Ki67. This is a native nuclear protein that has been shown to be

expressed in proliferating cells (Eisch and Mandyam, 2007; Gerdes et al., 1991). IF

studies showed that Ki67 positive cells were located outside of the SGZ and could be

observed in the granule arm in EphB1-/- mice (arrows, Fig 2.6a). To quantify the

mislocalization of proliferating cells, we switched back to a 2-hour BrdU-labeling period

and determined if proliferating cells were located in the SGZ or in other areas of the DG.

We found that over 75% of the BrdU-positive cells in WT mice were located in the SGZ.

This number significantly decreased to below 50% in the EphB1-/- mutant mice, while the

remainder of the BrdU-positive cells were located in the granular layer, the hilus and the

molecular layer. All of these areas showed a significant increase in BrdU-positive cells in

the EphB1-/- mutants compared to WT (Fig 2.6b). This data shows that loss of EphB1

leads to a disruption of the proliferative niche in the DG.
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Fig 2.6: Loss of EphB1 leads to mislocalization of proliferating cells in the DG

(a) Confocal IF images of DG of adult WT and EphB1-/- mice immunoreacted for Ki67

(green), DCX (red) and NeuN (blue). Ki67-positive proliferating cells were observed

outside of the SGZ in the EphB1-/- background (arrows).

(b) Quantification of the proportion of BrdU-positive proliferating cells located in the

SGZ, GL, hilus and ML in adult WT and EphB1-/- mice. The proportion of proliferating

cells located in the SGZ was significantly lower in the EphB1-/- mice (unpaired t-test, P <

0.001).
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Loss of EphB1 expression disrupts polarity of progenitor cells

In WT animals, the DCX-positive progenitors reside in the SGZ and extend a

single dendritic process from the cell body that passes through the granule neuron layer.

Upon contact with the molecular layer, the dendrite split into multiple branches. In the

EphB1-/- mutant mice, DCX-positive cells were observed throughout the granule layer, no

longer confined to the SGZ (Fig 2.7a). DCX-positive processes were also observed

invading the hilus, indicating the polarity of the progenitors was disrupted due to the loss

of EphB1. 

As well as affecting the direction of the processes from the DCX-positive

progenitors, EphB1 expression also affected the morphology of these processes. In

EphB1-/- mutants, a number of the processes appeared to split before reaching the

molecular layer. To quantify this, images of DCX-positive cells in the granule layer

containing a z-plane of 30 µm were generated and 4 single plane zones were defined, one

in the granular layer and three in the molecular layer (illustrated in Fig 2.7b). Processes

that intersected these zones were quantified, and the number of DCX-positive cells in the

SGZ were counted to give a value of number of dendritic processes / number of DCX

cells for each of the defined zones. In the EphB1-/- mutants, the number of

processes/DCX-positive cell did not significantly increase in the three molecular layer

zones compared to WT, indicating the total number of branches/cell did not increase.

However, there was a significant increase in the number of processes/DCX-positive cell

in the granule layer, confirming the observation that the dendritic process branched early

due to the loss of EphB1 when compared to WT DCX-positive cells (Fig 2.7c).
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Fig 2.7: Loss of EphB1 leads to disrupted polarity of progenitor cells

(a) Confocal IF images of DG of adult WT and EphB1-/- mice immunoreacted for DCX

(red). DCX-positive cells were observed in the granular layer in EphB1-/- mice (arrows).

The processes of the DCX-positive cells appeared disorganized, as they split while in the
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granular layer (arrowheads), or were not targeted towards the molecular layer (small

arrowheads). DCX-positive processes were observed invading the hilus (asterisk).

(b) Illustration of the zones defined for analysis of the processes of DCX-positive

progenitor cell.

(c) Processes intersecting the defined zones were quantified and normalized for the

number of DCX-positive cells in the SGZ. A significantly higher level of dendrites per

cell was observed in the granular layer, but not in the molecular layer. (unpaired t-test, *P

< 0.0005, n = 240-270 cells per genotype).
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 Ephrin-B3 regulates position and polarity of progenitor cells in the SGZ

As discussed in the introduction, Eph/ephrin signaling is a two-way street

involving receptors and ligands, and so we sought to examine the adult DG for potential

ligand partners for EphB1. To address this, we performed X-gal staining on the

hippocampus of ephrin-B3lacZ/lacZ homozygous mutant mice. The ephrin-B3-β-gal protein

is expressed on the cell surface, and accurately replicates the expression pattern of

ephrin-B3 (Yokoyama et al, 2001). X-gal stains revealed a high level of expression of the

reporter protein in the hilus, and in the inner molecular layer (IML) (Fig 2.8a). There was

a slightly lower level of expression in the outer molecular layer (OML). This expression

pattern was confirmed via IF studies targeting β-gal and DCX (Fig 2.8b). The DCX-

positive progenitors in the SGZ sit on the border of the high level of ephrin-B3

expression, and extend their dendrites away from the hilus towards the molecular layer.

At the point of contact with the high level of ephrin-B3 expression in the IML, the

dendrites split into multiple branches.

To study the effects of ephrin-B3 signaling in the hippocampus, we examined the

DG of ephrin-B3-/- protein-null mutant mice. While the volume of the DG did not appear

affected, IF studies examining nestin-eGFP and DCX expression revealed that progenitor

cells were ectopically localized outside the SGZ (Fig 2.8c), similar to the phenotype

observed in EphB1-/- mutants. We also observed a number of DCX-positive processes

invading the hilus from the SGZ (Fig 2.8d), showing the polarity of progenitors was

disrupted due to the loss of ephrin-B3 expression in the DG.  This ectopic localization

and disrupted polarity of progenitor cells was not observed in the ephrin-B3lacZ/lacZ mutant
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mice (Fig 2.2b), indicating that reverse-signaling through ephrin-B3 is not responsible for

these phenotypes.
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Fig 2.8: Ephrin-B3 displays ligand-like properties for EphB1 in the adult DG

(a) X-gal stain of coronal hippocampal section from an adult ephrin-B3lacZ/lacZ mouse.

Ephrin-B3 is expressed at high levels in the DG.

(b) Confocal IF images of DG of adult ephrin-B3lacZ/lacZ mice immunoreacted for DCX

(red) and β-gal (blue). Ephrin-B3 is expressed in close proximity to the DCX-positive

progenitors.

(c) Confocal IF images of the DG from ephrin-B3-/- adult mice carrying a nestin-eGFP

transgene immunoreacted for GFP (green), DCX (red), and NeuN (blue). Mislocalized

GFP-positive progenitor cells were observed in the granule layer.
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(d) Confocal IF images of the DG from WT and ephrin-B3-/- adult mice carrying a nestin-

eGFP transgene immunoreacted for GFP (green), DCX (red), and NeuN (blue). Processes

from DCX-positive cells were observed in the hilus of ephrin-B3-/- mice (asterisk).
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Discussion

In this chapter, we sought to answer whether Eph/ephrin signaling may be

involved with neurogenesis in the hippocampus, and the answer was a resounding ‘yes’.

We showed that EphB1 is expressed on both type I and type II progenitor cells in the

SGZ, and genetic deletion of EphB1 in the mouse lead to a 50% decrease in the number

of early-stage progenitor cells in the DG. However, there was a matching significant

increase in the number of late-stage progenitor cells, and BrdU-labeling of cells

demonstrated a significant increase in proliferating cells in the DG. Our analysis of

BrdU-positive cells after a 28-day washout period showed similar numbers of new

granule neurons were produced in the EphB1-/- mice compared to WT. Our initial

experiments suggest that this increase in proliferation did not involve a change in cell-

cycle dynamics. We also demonstrated that deletion of EphB1 resulted in a faulty

organization of the dentate neurogenic niche, as DCX-positive progenitors and

proliferating cells were observed throughout the dentate, rather than confined to the SGZ.

The dendritic processes of these progenitor cells also showed signs of disorganization,

splitting early or displaying disrupted polarity. Finally we showed that ephrin-B3 can

function as a ligand for EphB1, as deletion of ephrin-B3 recapitulated the abnormal

position and polarity effects in progenitor cells observed in EphB1-/- mice.
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Chapter 3: EphB2 tyrosine kinase-dependant forward signaling controls

migration of neuronal progenitors that populate and form a distinct region

of the dentate niche

Catchpole, T. and Henkemeyer, M. (2010). EphB2 tyrosine kinase-dependant forward
signaling controls migration of neuronal progenitors that populate and form a distinct
region of the dentate niche. Submitted.

Summary

Here, I show that the EphB2 receptor tyrosine kinase is critical for normal

formation of a specific region of the DG known as the lateral suprapyramidal blade

(LSB) during late embryonic and early postnatal development. Analysis of intracellular

truncation and single amino acid point mutations demonstrates that the tyrosine kinase

catalytic activity of EphB2 is essential for LSB formation. This activity is consistent with

specific expression of EphB2 in the neural progenitor cells that migrate in a medial

direction from the dentate notch of the lateral ventricles to populate and form the DG

near the midline of the brain. I further show that ephrin-B1 functions as the sole ligand to

activate EphB2 forward signaling in these migrating neural progenitors to contribute to

the formation of this vitally important structure.

Background

A common issue faced when studying Eph-ephrin signaling is that of redundancy.

Often the receptors are expressed in the same cell, and due to the high degree of
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similarity between the receptors, elimination of one receptor may not have consequences

due to the ability of another receptor to substitute for the functional response. Phenotypes

resulting from disruptions in Eph/ephrin signaling are often more severe when two or

more receptors are eliminated (Henkemeyer et al., 2003; Holmberg et al., 2006; Orioli et

al., 1996; Xu and Henkemeyer, 2009). EphB2 is expressed in the dentate granular layer,

according to mRNA expression studies (Liebl et al., 2003), and elimination of EphB2

alongside EphB1 may enhance any phenotype observed in the DG. This lead me to

investigate the role of EphB2 in neurogenesis in the hippocampus, which the following

chapter will discuss.

My study of EphB2 revealed a role in the formation of the DG, which I will

introduce here. An early study based on the labeling of proliferating cells in the

embryonic DG of rats revealed that there were two production sites of granule neurons,

one located at the ventricle and another at the early DG itself (Altman and Bayer, 1990a;

Altman and Bayer, 1990b). The first site to produce dentate granule cells is an area of

neuroepithelium located next to the ventricle, termed the dentate notch or primary matrix.

The granule cells are apparent at E15-16. Within a day, the dentate notch is surrounded

by proliferating granule cells in an area termed the secondary matrix. At E19, the dentate

cells migrate along a radial glial scaffold to the site of DG formation. This migratory

stream consists of both granule cells and proliferating progenitors. A tertiary matrix of

proliferation is established at the site of DG development, and is responsible for the

majority of granule cells produced. After birth, radial glial cells present in the hilus form

a radial glial scaffold that assists with the organization of the developing dentate (Forster

et al., 2002).  By P21, the proliferative cells are restricted to the SGZ, and the granule
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arms are fully formed. A number of signaling pathways have been associated with

various stages of DG development, which I will discuss in chapter 5.

Results

EphB2 signaling determines DG volume in association with EphB1

To confirm that EphB2 is expressed in the DG , we performed RT-PCR on GFP-

positive and GFP-negative populations of cells sorted from microdissected DGs from P14

nestin-eGFP transgenic mice. The GFP-positive progenitor population contained

transcripts for EphB2 (Fig 3.1a). The GFP-negative population, containing mainly

granule neurons and astrocytes, contained transcripts for ephrin-B3. To determine the

effects of eliminating EphB signaling in progenitor cells in the DG, I examined nissl

stains of hippocampal slices of adult EphB1-/-; EphB2-/- protein-null compound mutants.

The DG in the compound mutants appeared much smaller than that of both WT and

EphB1-/- mutant mice (Fig 3.1b). Quantification of the total dentate volume in the

compound-null mutants showed a highly significant decrease in volume vs the WT and

the EphB1-/- mutants (Fig 3.1c).

I crossed the nestin-eGFP transgene into the EphB1-/-; EphB2-/- background, and

immunofluorescence targeting GFP showed a large reduction in numbers of GFP-positive

progenitor cells (Fig 3.1d). Quantification of the GFP-positive cells showed a further

50% reduction in number in the EphB1-/-; EphB2-/- compound-null mutants compared
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with the EphB1-/- mutants (Fig 3.1e). This exacerbation of the phenotype observed in

EphB1-/- mutants due to the additional loss of EphB2 suggests that these receptors may

share common overlapping functions in the DG. Another possibility is that EphB1 and

EphB2 have independent but complimentary activities in DG regulation.
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Figure 3.1: Deletion of EphB1 and EphB2 leads to a drastically reduced dentate.

(a) RT-PCR for EphB2 and ephrin-B3 transcripts from sorted GFP-positive and GFP-

negative cell populations from microdissected DGs of P14 mice. Transcripts for EphB2

were detected in GFP-positive progenitor cells.
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(b) Nissl stains of adult DGs from WT, EphB1-/- and EphB1-/-; EphB2-/- mutant mice. The

morphology of the DG was significantly disrupted when both EphB1 and EphB2 was

eliminated.

(c) Quantification of the total dentate volume showed a significant decrease in overall

volume in the EphB1-/-; EphB2-/- mutant compared to WT and EphB1-/- mutant mice (1-

way ANOVA, **P < 0.01, n = 3-4 per group analyzed).

(d) Confocal IF images of the DG from WT, EphB1-/-, and EphB1-/-; EphB2-/- adult mice

carrying a nestin-eGFP transgene immunoreacted for GFP (green), DCX (red), and NeuN

(blue). Fewer GFP-positive progenitor cells were observed in the compound mutant.

(e) Total numbers of GFP-positive progenitor cells in the DG were significantly reduced

in the EphB1-/-; EphB2-/- mutants compared to the WT and EphB1-/- mutant mice (1-way

ANOVA, **P < 0.01, n = 3-4 per group analyzed).
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EphB2 forward signaling defines a subcompartment of the DG

To investigate whether EphB2 has overlapping functions with EphB1 within the

DG, or has unique roles separate from EphB1, I examined the DG of adult EphB2-/- single

mutant mice in nissl stains of coronal vibratome sections and observed a fully-penetrant

reduction compared to WT littermates in the volume of the lateral portion of the upper

granule layer of the DG, an area known as the LSB  (Fig 3.2a, asterisk). This reduction in

the LSB is specific for the loss of EphB2 expression and was not observed in other Eph

single mutants analyzed, including EphB1-/-, EphB3-/-, EphB6-/- or EphA4-/- mice (data not

shown).

I also analyzed the EphB2lacZ C-terminal truncation mutation to determine if the

reduced LSB is due to loss of forward signaling. The EphB2lacZ allele produces a protein

in which the majority of the intracellular segment of EphB2 is replaced by an in-frame

fusion to β-gal, allowing it to be expressed on the cell surface and able to bind ephrins on

adjacent cells to stimulate reverse signaling (Henkemeyer et al., 1996). However, as the

EphB2-βgal fusion protein lacks the tyrosine kinase catalytic domain and PDZ binding

motif, it is unable to transduce forward signals that require these intracellular sequences.

Examination of the DG in adult EphB2lacZ/lacZ mice showed a similar fully-penetrant

reduction in numbers of granule cell neurons specifically in the LSB (Fig 3.2a, asterisk).

This demonstrates that the EphB2 intracellular domain is vital for normal appearance of

mature granule cell neurons in the LSB.

To quantify this defect, I first measured the total volume of the DG in the EphB2

mutant mice using stereological analysis. While there was a trend towards a slightly

smaller DG in the EphB2-/- and EphB2lacZ/lacZ mutants, there was no significant difference
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in total DG volume compared to WT (Fig 3.2b). As loss of EphB2 appeared to

specifically affect the LSB while leaving the remainder of the DG relatively intact, I

stereologically measured the volume of 4 separate areas within the DG, the LSB (bin 1),

the medial suprapyramidal blade (MSB, bin 2), the medial infrapyramidal blade (MIB,

bin 3), and the lateral infrapyramidal blade (LIB, bin 4), as illustrated in Fig 3.2c.

Stereologic volume determination revealed that the LSB in the EphB2-/- and EphB2lacZ/lacZ

mutants demonstrated a 40% reduction in volume compared to WT (Fig 3.2d). The other

areas of the DG showed no significant alteration in volume compared to WT in both

EphB2-/- and EphB2lacZ/lacZ mutants, demonstrating that loss of EphB2 expression only

perturbs the volume of the LSB (Fig 3.2d). As another way to represent this volumetric

data, the proportion of total DG volume that the LSB occupies was calculated with the

value for WT mice being 25%. Using this method the proportion of LSB volume in

EphB2-/- and EphB2lacZ/lacZ mutants were both determined to be less than 20% of the total

DG volume (Fig 3.2e).
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Figure 3.2: Loss of the EphB2 receptor leads to a reduced lateral suprapyramidal

blade of the dentate gyrus.

(a) Nissl stains of coronal vibratome sections bisecting the hippocampus in WT, EphB2-/-

protein-null, and EphB2lacZ/lacZ C-terminal truncation mutant adult mice (∗ = reduced

LSB, scale bar = 200µm).

(b) Quantification of the total dentate volume showed no significant change in overall

volume in the EphB2-/- and EphB2lacZ/lacZ mutants compared to WT (1-way ANOVA,

Dunnett’s multiple comparison test, n = 3-4 per group analyzed).

(c) The DG was subdivided into four bins for quantification purposes; lateral

suprapyramidal blade (LSB, area 1), medial suprapyramidal blade (MSB, area 2), medial

infrapyramidal blade (MIB, area 3), and lateral infrapyramidal blade (LIB, area 4).

(d) Stereological quantification of the volumes within the four bins demonstrated a

significant reduction in the LSB of the DG in EphB2-/- and EphB2lacZ/lacZ mutants (2-way
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ANOVA, Bonferroni post tests indicated significant difference in LSB, **P < 0.01, n =3-

4 per group analyzed).

(e) The LSB showed a significant reduction in proportion of total dentate volume in

EphB2-/- and EphB2lacZ/lacZ mutants compared to WT (1-way ANOVA, Dunnett’s multiple

comparison test, **P < 0.01, n = 3-4 per group analyzed).
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To examine for deficits in the stem/progenitor niche of the DG, the EphB2

mutants were crossed to a nestin-eGFP transgenic mouse, labeling the early-stage

progenitor cells in the SGZ. The rapidly-amplifying progenitors derived from the nestin-

positive cells can be identified by DCX expression. Using immunofluorescence (IF) to

detect both markers, in WT mice the entire SGZ was well populated with both GFP-

positive early progenitors and DCX-positive late-stage progenitors, while the

corresponding cells in the EphB2-/- and EphB2lacZ/lacZ mice appeared obviously reduced

(Fig 3.3a). Quantification of GFP-positive progenitors in the DG showed a 35% reduction

in the total numbers of early-stage progenitor cells in the EphB2-/- and EphB2lacZ/lacZ

mutant lines (Fig 3.3b). Quantification of total GFP-positive cells in each of the four

defined bins showed that a statistically significant loss of progenitors occurred in each of

the four areas in EphB2 mutants (Fig 3.3c). This loss was especially pronounced in the

LSB as the EphB2-/- and EphB2lacZ/lacZ mutants had only 36% and 19%, respectively, of

the GFP-positive cells in bin 1 compared to the WT mice (Fig 3.3c). By calculating the

proportion of total GFP-positive cells that are located in the LSB, it was determined that

the EphB2-/- and EphB2lacZ/lacZ mutants contained only 14% and 8%, respectively, of the

total complement of early-stage neural precursors (Fig 3.3d). This data demonstrates that

EphB2 forward signaling is important for normal numbers of progenitor cells throughout

the dentate niche, and that it is most critical for the presence of progenitors and mature

granule cell neurons in the LSB.

Genetic deletion of EphB1 also resulted in an overall decrease in progenitor cell

numbers throughout the DG, similar to the data presented for loss of EphB2, although

without selective preference for the LSB (Chapter 2). To determine if EphB2 shared other
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roles with EphB1, I examined the EphB2 mutant DGs for another phenotype observed in

the EphB1-/- mouse. Targeted deletion of EphB1 led to disruption of the organization of

the SGZ niche, as ectopic DCX-positive cells were observed throughout the granular

layer of the DG. The polarity and branching of the processes of the DCX-positive cells

were also often abnormal (Fig 2.7). Analysis of DCX-positive progenitors in EphB2

mutants showed that the cells exhibited normal polarity and were confined to the SGZ, as

they did not appear in the granular arm (Fig 3.3e). EphB1 and EphB2 thus appear to have

distinct roles in the organization of the dentate SGZ.
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Fig 3.3: Loss of EphB2 leads to a severe reduction in progenitor cells in the LSB.

(a) Confocal IF images of the DG from WT, EphB2-/-, and EphB2lacZ/lacZ adult mice

carrying a nestin-eGFP transgene immunoreacted for GFP (green), DCX (red), and NeuN

(blue). The mutants showed reduced numbers of early- and late-stage progenitors in the

LSB (Scale bar = 200µm, 100µm in expanded view).
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(b) Total numbers of GFP-positive progenitor cells in the DG were significantly reduced

in EphB2-/- and EphB2lacZ/lacZ mutants (1-way ANOVA, Dunnett’s multiple comparison

test, **P < 0.01, n = 3-4 per group analyzed).

(c) Total numbers of GFP-positive progenitors were significantly reduced in all 4 areas

(LSB, MSB, MIB and LIB) of the DG in EphB2-/- and EphB2lacZ/lacZ mutants compared to

WT (2-way ANOVA, Bonferroni post tests indicated significant differences in all areas

except the LIB of the EphB2-/- mice, **P < 0.01, ***P < 0.001, n =3-4 per group

analyzed).

(d) The proportion of the total GFP-positive progenitor population located in the LSB

was significantly reduced in EphB2-/- and EphB2lacZ/lacZ mutants (1-way ANOVA,

Dunnett’s multiple comparison test, **P < 0.01, n = 3-4 per group analyzed).

(e) Confocal IF images of the DG of Wild-Type, EphB2-/- and EphB2lacZ/lacZ mice stained

for DCX (red) and NeuN (blue). Loss of EphB2 forward signaling did not result in DCX-

positive cells distributed throughout the dentate granule layer.
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Tyrosine kinase activity of EphB2 is vital for correct formation of the LSB

The intracellular segment of EphB2 contains a number of domains that may

participate in forward signaling, most notably a tyrosine kinase catalytic domain of

approximately 250 amino acids and a PDZ domain binding motif at the extreme C-

terminal tail. To determine if either of these domains contributes to the formation of the

LSB, the DG was examined in a number of EphB2 point mutant mice where catalytic

activity and PDZ binding were targeted (Fig 3.4a, Genander et al., 2009). EphB2ΔVEV

deletes the last three amino acids of EphB2, eliminating the C-terminal PDZ-binding

motif, EphB2K661R replaces the conserved lysine at position 661 in the tyrosine kinase

domain with an arginine and renders the protein catalytically inactive, and EphB2KVEV

targets both the catalytic domain and PDZ binding motif of EphB2. Nissl stains of adult

brains from the various mutants showed that while the EphB2ΔVEV mutant appeared fairly

normal, both the EphB2K661R and EphB2KVEV mutants showed an obvious reduction in the

DG which, like that observed for the protein-null and C-terminal truncation, was

particularly apparent in the LSB (Fig 3.4b). Stereological measurements confirmed a

significant reduction in total DG volume in the kinase-defective mutants, while the DG in

the EphB2ΔVEV mutant line did not demonstrate a significant reduction in volume

compared to WT (Fig 3.4c). The total volumes of the DG in the kinase-defective mutants

were comparable to the EphB2-/- and EphB2lacZ/lacZ mutant lines. Focusing on the LSB,

stereological analysis confirmed a significant reduction of total dentate volume in this

region of the DG in the EphB2K661R/K661R and EphB2KVEV/KVEV mutants, but not in the

EphB2ΔVEV/ΔVEV mutants, which were similar to WT (Fig 3.4d). Together these results

indicate that the tyrosine kinase catalytic activity of EphB2 is essential for normal
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appearance of the LSB, while the ability of this receptor to couple to PDZ domain-

containing proteins is dispensable.

To determine if EphB2 kinase activity and/or PDZ interactions are important for

the neural progenitor population of the LSB, the nestin-eGFP transgene was crossed with

the EphB2 signaling mutants. Immunofluorescence showed that the LSB in the

EphB2ΔVEV/ΔVEV mutant was populated with both early- and late-stage progenitors.

However EphB2K661R/K661R and EphB2 KVEV/KVEV mutants showed a drastic reduction in

GFP-positive and DCX-positive cells in the LSB, similar to the EphB2 protein-null and

C-terminal truncated mutants (Fig 3.4e). Quantification of GFP-positive cells in the

EphB2 point mutants revealed a significant loss on total GFP-positive cell numbers in

both the PDZ-binding deficient and tyrosine kinase catalytically inactive EphB2 mutant

lines (Fig 3.4f). Interestingly, when I quantified the proportion of GFP-positive

progenitors found in the LSB, the EphB2ΔVEV/ΔVEV mice showed no significant change in

ratios, while the tyrosine kinase catalytically inert lines demonstrated a highly significant

50% reduction compared to WT (Fig 3.4g). This data demonstrates that the tyrosine

kinase activity of EphB2 is essential for a normal neurogenic cell population in the

regionalized zone of the LSB, while the PDZ-binding activity of EphB2 is important for

the maintenance of the progenitor cell population throughout the DG.
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Figure 3.4: Loss of EphB2 tyrosine kinase catalytic activity leads to a reduced

dentate LSB.

(a) Illustration of the effect on EphB2 forward signaling in the ΔVEV, K661R, and

KVEV point mutant mice.

(b) Nissl stains of adult DGs from WT, EphB2ΔVEV/ΔVEV, EphB2K661R/K661R, and

EphB2KVEV/KVEV mice (∗ = reduced LSB, Scale bar = 200µm).

(c) Stereological quantification of the total dentate volume showed a significant reduction

in mutants where catalytic activity of EphB2 is eliminated (1-way ANOVA, Dunnett’s

multiple comparison test, *P < 0.05, **P < 0.01, n = 3 per group analyzed).

(d) The LSB showed a significant reduction in proportion of total dentate volume in

mutants where catalytic activity of EphB2 is eliminated (1-way ANOVA, Dunnett’s

multiple comparison test, **P < 0.01, n = 3 per group analyzed).

(e) Confocal IF images of the DG from WT, EphB2ΔVEV/ΔVEV, EphB2K661R/K661R, and

EphB2KVEV/KVEV adult mice carrying a nestin-eGFP transgene immunoreacted for GFP

(green), DCX (red), and NeuN (blue). Loss of EphB2 catalytic activity resulted in

reduced numbers of progenitor cells in the LSB (Scale bar = 200µm, 100µm in expanded

view).

(f) Quantification of total GFP-positive progenitors in the DG showed a significant

reduction in EphB2ΔVEV/ΔVEV, EphB2K661R/K661R, and EphB2KVEV/KVEV mice compared to

WT (1-way ANOVA, Dunnett’s multiple comparison test, *P < 0.05, **P < 0.01, n = 3

per group analyzed).
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(g) The proportion of the total GFP-positive progenitor population located in the LSB

were significantly reduced in the mutants where catalytic activity of EphB2 is eliminated

(1-way ANOVA, Dunnett’s multiple comparison test, **P < 0.01, n = 3 per group

analyzed).
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EphB2 forward signaling in embryonic/postnatal development of the DG

Formation of the DG starts during late embryogenesis and continues throughout

the first few weeks of life, as dentate precursors migrate from a ventricular proliferative

zone to the tertiary matrix, the site of DG development (Altman and Bayer, 1990a;

Altman and Bayer, 1990b). The data above shows that loss of EphB2 tyrosine kinase

signaling has a large impact on adult DG morphology, particularly affecting the LSB.

This led me to investigate whether EphB2 signaling has a role in early development of

the DG. To analyze the effects of EphB2 signaling on proliferating cells within the

tertiary matrix, pregnant female mice carrying late-gestation embryos (E18) were injected

with BrdU, and then following a 2 hour labeling period the developing DG were

examined. In WT embryos, BrdU-positive cells were observed within both the upper and

lower halves of the tertiary matrix, the sites of the suprapyramidal and infrapyramidal

blades of the DG respectively. In contrast, BrdU-positive cells in EphB2-/- and

EphB2lacZ/lacZ mutants were observed in the lower half of the tertiary matrix, but were

absent from the upper half (Fig 3.5a). Quantification of the BrdU-positive cells showed a

significant reduction in the number of proliferating cells in the upper half of the tertiary

matrix in EphB2-/- and EphB2lacZ/lacZ mutants when compared to WT, while the lower half

of the tertiary matrix was unaffected (Fig 3.5b). This indicates that EphB2 forward

signaling is necessary for proliferating cells to populate the developing suprapyramidal

blade of the DG.
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Figure 3.5: Loss of EphB2 disrupts embryonic development of the DG.

(a) Confocal IF images of the early DG from WT, EphB2-/-, and EphB2lacZ/lacZ embryonic

brains collected at E18 and immunoreacted/stained for BrdU (red) and Nissl (green).
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Loss of EphB2 forward signaling resulted in a lack of proliferating cells in the dorsal

compartment (*) of the tertiary matrix (Scale bar = 100µm).

(b) Quantification of BrdU-positive cells in the developing DG demonstrated a

significant reduction in proliferating cells in the dorsal compartment of the tertiary matrix

in EphB2-/- and EphB2lacZ/lacZ mutants (2-way ANOVA, Bonferroni post tests, *P < 0.05,

n = 3 per group analyzed).
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I next determined if the lack of proliferating cells in the developing

suprapyramidal blade coincides with a lack of neural precursors by labeling for the

nestin-eGFP transgene and another marker of neural progenitors, Sox2. IF of embryos

collected at E18 showed a large population of GFP and/or Sox2 positive cells in both

halves of the tertiary matrix, including the site of the developing LSB in WT animals

(Fig. 3.6). In contrast, EphB2-/- and EphB2lacZ/lacZ embryos had very few if any GFP or

Sox2-positive cells in the upper tertiary matrix where the developing suprapyramidal

blade forms, while the lower tertiary matrix was well populated with GFP/Sox2 labeled

progenitors (Fig. 3.6). Interesting, while a recent study suggested that stimulation of

EphB2 forward signaling in Schwann cell cultures led to increased expression/stability of

Sox2 (Parrinello et al., 2010), I observed no obvious change in Sox2 IF intensity in the

remaining neural progenitors of the EphB2-/- and EphB2lacZ/lacZ mutant brains analyzed

here. Nevertheless, the data shows that EphB2 forward signaling is necessary for neural

progenitors to populate the developing LSB in the embryonic brain.
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Fig 3.6: Loss of EphB2 disrupts the progenitor cell population of the embryonic DG.

Confocal IF images of the early DG from WT, EphB2-/-, and EphB2lacZ/lacZ embryonic

brains containing the nestin-eGFP transgene collected at E18 and immunoreacted for

GFP (green) and Sox2 (red). Loss of EphB2 led to a reduction in GFP-positive and Sox2-

positive progenitor cells in the dorsal compartment (*) of the tertiary matrix (scale bar =

100µm).
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EphB2 is expressed on neural progenitors in the embryonic DG

Previously we demonstrated that EphB2 is expressed on postnatal and adult

nestin-eGFP-positive and DCX-positive progenitor cells within the SGZ of the dentate

gyrus (Fig 3.1a). I examined the late-stage embryonic hippocampus to determine if

EphB2 was also expressed on the earliest progenitor cells that originally populate the DG.

IF at E18 showed that EphB2 is expressed on the progenitor cells migrating from the

dentate notch (asterisk ∗) near the lateral ventricle to the tertiary matrix (Fig 3.7a). There

is a high level of expression of EphB2 on cells labeled with the nestin-eGFP transgene as

indicated by the overlap of IF signal (yellow), as well as cells forming the CA3 pyramidal

layer (red). Interestingly, EphB2 is not expressed on GFP-positive stem/progenitor cells

lining the ventricle that give rise to cortical neurons. This indicates that EphB2 is

specifically expressed only on the progenitor cells that will populate the tertiary matrix as

they leave the dentate notch next to the ventricles and begin migrating in a medial

direction towards the future site of DG development. To confirm the specificity of the

EphB2 antibody, tissue samples of EphB2-/- mutants were similarly analyzed and showed

no binding in the GFP-positive progenitors (Fig 3.7b).

To address the question of which ephrin ligand may be interacting with EphB2

expressed on the migrating progenitor cells, I investigated the expression patterns of the

ephrin-B molecules. IF for ephrin-B1 at E18 revealed intense expression in a GFAP-

positive ridge that lies immediately below the migrating nestin-GFP/EphB2 positive

dentate progenitors and stretches from the lateral ventricle underneath the dentate notch

to the developing tertiary matrix (Fig 3.7c). Interestingly, while ephrin-B1 is not

expressed on the nestin-GFP positive dentate progenitors, it is co-expressed with nestin-
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GFP in the cortical proliferative zone in the lateral ventricles. Confirming the specificity

of the antibody, IF for ephrin-B1 showed no signal in the GFAP-positive ridge in ephrin-

B1-/Y mutant brain tissue (Fig 3.7d).
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Figure 3.7: Expression of EphB2 and ephrin-B1 in the developing embryonic DG.

(a) Confocal IF images of a WT hippocampus containing the nestin-eGFP transgene

collected at E18 and immunoreacted with EphB2 (red), GFP (green), and GFAP (blue)

antibodies. EphB2 is co-expressed with GFP/GFAP (yellow/white cells) on neural

progenitors migrating in a medial direction from the lateral ventricle near the dentate

notch (*) to the tertiary matrix where the DG forms (scale bar = 200µm, 50µm in

expanded view).
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(b) Confocal IF images of an EphB2-/- hippocampus containing the nestin-eGFP

transgene collected at E18 and immunoreacted with EphB2 (red), GFP (green), and

GFAP (blue) antibodies. Signal for EphB2 is not observed in the mutant demonstrating

specificity of the anti-EphB2 antibody (Scale bar = 50µm).

(c) Confocal IF images of a WT hippocampus containing the nestin-eGFP transgene

collected at E18 and immunoreacted with ephrin-B1 (red), GFP (green), and GFAP (blue)

antibodies. Ephrin-B1 is expressed in a GFAP-positive ridge directly under the migrating

progenitor cells (∗ = dentate notch, scale bar = 200µm, 50µm in expanded view).

(d) Confocal IF images of an ephrin-B1-/Y hippocampus containing the nestin-eGFP

transgene collected at E18 and immunoreacted with ephrin-B1 (red), GFP (green), and

GFAP (blue) antibodies. Signal for ephrin-B1 is not observed in the GFAP-positive ridge

under the migrating GFP/GFAP-positive progenitor cells demonstrating specificity of the

anti-ephrin-B1 antibody (Scale bar = 50µm).
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To confirm this expression pattern for ephrin-B1, I used a Reverse Tetracycline

Transactivator (rtTA)–Tetracycline Responsive Element (TRE) system developed by

Chris Dravis, a post-doc in the Henkemeyer lab. An ephrin-B1-rtTA transgene, where

rtTA is expressed under the control of the ephrin-B1 promoter, and a TRE-H2-GFP

reporter gene was crossed into the mouse (illustrated in Fig 3.8a). Administration of

doxycycline to pregnant females led to nuclear GFP expression in cells that express

ephrin-B1 in the embryonic brain. I observed a number of GFP expressing cells around

the developing dentate and in the GFAP-positive ridge under the migration stream of

dentate progenitor cells (Fig 3.8b). A high number of GFP-expressing cells were also

observed in the proliferative zone located next to the ventricle.

I also investigated the embryonic expression of ephrin-B2 and ephrin-B3 using β-

gal reporter mutant lines created in the Henkemeyer lab (Dravis et al., 2004; Yokoyama

et al., 2001).  Ephrin-B2 showed a very interesting expression pattern at E18, as it was

highly expressed in the molecular layer above the developing DG and in the same area

below the pathway of migrating progenitor cells that ephrin-B1 demonstrated a high level

of expression (arrows, Fig 3.8c). The likelihood of ephrin-B2 also activating EphB2 on

dentate neural progenitors is high. Unfortunately, ephrin-B2 knockout animals die before

embryonic stage 11.5 due to vascular defects, complicating further investigation of its

role in dentate formation (Adams et al., 1999; Wang et al., 1998). The ephrin-B3 reporter

molecule was not expressed in the hippocampus at this stage, ruling out its involvement

in early DG formation.
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Figure 3.8: Expression of ephrin ligands in the developing embryonic DG.

(a) Illustration of the ephrin-B1-rtTA:TRE-GFP system. Addition of Doxycycline allows

rtTA to bind to TRE and allows for GFP expression.

(b) Confocal IF images of a WT hippocampus containing the ephrin-B1-rtTA and TRE-

GFP transgenes collected at E18 and immunoreacted with GFP (green), EphB2 (red) and

GFAP (blue) antibodies.

(c) X-gal stain of coronal hippocampal sections from E18 ephrin-B2lacZ/+ and ephrin-

B3lacZ/+ mice. Ephrin-B2 is expressed at high levels in the embryonic hippocampus, while

ephrin-B3 is not expressed.
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Ephrin-B1 is also required for a normal LSB

To determine if ephrin-B1 was acting as a signaling partner with EphB2 in the

formation of the DG, I examined whether elimination of ephrin-B1 expression would

produce similar phenotypes to that observed in the EphB2 mutant mice. To address this, I

analyzed an ephrin-B1 knockout mouse obtained by crossing a floxed conditional allele

(Davy et al., 2004) with a transgene that expresses Cre recombinase in the germline to

delete the loxP-flanked sequences and generate a protein null allele. Since this gene is X-

linked, the ephrin-B1+/- females were then crossed to WT males to generate ephrin-B1-/Y

and ephrin-B1+/Y hemizygous males for analysis. Nissl stains of resulting adults revealed

a greatly reduced LSB in the mutant (Fig 3.9a). Stereological measurements of serial

sections indicated a small, but statistically significant reduction in total volume (Fig 3.9b)

and a highly significant reduction in the LSB (Fig 3.9c). The LSB occupies only 16% of

the total DG volume in the ephrin-B1-/Y mice, a much smaller percentage than the 25%

measured in the WT mice. To examine the effects of loss of ephrin-B1 on the

stem/progenitor cell population of the DG, ephrin-B1-/Y mice containing the nestin-eGFP

transgene were generated and analyzed for both GFP and DCX expressing cells. Like the

EphB2 mutant mice, there is almost a complete loss of both early-and late stage

progenitors in the LSB of ephrin-B1-/Y mice, while the remainder of the DG contained an

obvious complement of neural progenitors (Fig 3.9d). Quantification of the total number

of GFP-positive cells in ephrin-B1-/Y DG revealed a trend towards fewer early-stage

progenitors compared to wild-type, although this difference was not statistically

significant (Fig 3.9e). However, the reduction in GFP-positive cells was principally
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located in the LSB as the ephrin-B1-/Y mutants showed a highly significantly reduction

(8%) compared to the WT littermates (24%) (Fig 3.9f).
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Figure 3.9: Loss of ephrin-B1 also leads to a reduced dentate LSB.

(a) Nissl stains of adult WT and ephrin-B1-/Y protein-null mutants showed a thinning of

the LSB in the DG of mice lacking expression of ephrin-B1 in the germline (Scale bar =

200µm).

(b) Stereological quantification of the total volume of the DG in adult mice demonstrated

a significant reduction in the ephrin-B1-/Y mutants compared to WT (unpaired t-test, *P <

0.05, n = 4 per group analyzed).
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(c) The volume of the LSB occupied a smaller percentage of the total DG volume in

ephrin-B1-/Y mutants compared to WT (unpaired t-test, ***P < 0.001, n = 4 per group

analyzed).

(d) Confocal IF images of the DG from WT and ephrin-B1-/Y adult mice containing the

nestin-eGFP transgene and immunoreacted for GFP (green), DCX (red), and NeuN

(blue). The mutant showed reduced numbers of progenitors in the LSB (Scale bar =

200µm, 100µm in expanded view).

(e) Quantification of total GFP-positive progenitors in the DG from WT and ephrin-B1-/Y

mice (unpaired t-test, n = 4 per group analyzed).

(f) The proportion of the total GFP-positive progenitor population located in the LSB was

significantly reduced in the ephrin-B1-/Y mutants (unpaired t-test, ***P < 0.001, n = 4 per

group analyzed).
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To investigate the developmental effect of loss of ephrin-B1 expression, a 2 hour

pulse of BrdU was conducted in utero at E18. The data showed that while the upper

tertiary matrix of WT embryos contained a number of BrdU-positive cells, very few

proliferating cells were observed in this compartment in the ephrin-B1-/Y embryos (Fig

3.10a). Quantification of BrdU-positive cells showed a significant decrease in

proliferating cells in the dorsal half of the tertiary matrix in ephrin-B1-/Y mutants, while

the numbers of proliferating cells in the ventral half were not significantly affected (Fig

3.10b). Likewise, analysis of nestin-eGFP and Sox2 positive cells at E18 showed reduced

numbers of neural progenitors in the developing suprapyramidal blade of ephrin-B1-/Y

embryos (asterisks, Fig 3.10c, d). As with the EphB2 mutants, no obvious change in Sox2

IF intensity was noted in the remaining neural progenitors of ephrin-B1-/Y mutant brains.

Interestingly, the GFAP-positive ridge underneath the tertiary matrix that normally

expressed ephrin-B1 appeared to be disrupted in the mutants, and there was a lack of

GFAP reactivity in the dorsal half of the developing DG (Fig 3.10c). The phenotype

observed in the DG of mice lacking ephrin-B1 is very similar to mice lacking EphB2

kinase-dependant forward-signaling, demonstrating that an ephrin-B1:EphB2 signaling

partnership is vital for the correct formation of the DG.
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Fig 3.10: Loss of ephrin-B1 disrupts the embryonic development of the dentate

(a) Confocal IF images of the early DG from WT and ephrin-B1-/Y brains collected at

E18 and immunoreacted/stained for BrdU (red) and Nissl (green). Loss of ephrin-B1

resulted in reduced numbers of proliferating cells in the dorsal compartment (*) of the

tertiary matrix (Scale bar =100µm).

(b) Quantification of BrdU-positive cells in the developing DG demonstrated a

significant reduction in proliferating cells in the dorsal half of the tertiary matrix in

ephrin-B1-/Y mice (2-way ANOVA, Bonferroni post tests, *P < 0.05, n = 3 per group

analyzed).

(c) Confocal IF images of the DG from WT and ephrin-B1-/Y brains collected at E18

containing the nestin-eGFP transgene and immunoreacted for GFP (green), GFAP (red),

and NeuN (blue). Loss of ephrin-B1 resulted in a failure of GFP/GFAP-positive

progenitor cells to populate the dorsal compartment (*) of the tertiary matrix (Scale bar =

100µm).

(d) Confocal IF images of the early DG from WT and ephrin-B1-/Y brains collected at

E18 containing the nestin-eGFP transgene and immunoreacted for GFP (green) and Sox2

(red). Loss of ephrin-B1 also resulted in a failure of Sox2-positive progenitor cells to

populate the dorsal compartment (*) of the tertiary matrix (scale bar = 100µm).
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Ephrin-B1 expression in GFAP-positive cells regulates formation of the DG

As shown in Figure 3.7, EphB2 is expressed in late embryonic development

within the nestin-GFP positive dentate progenitors as they migrate in a medial direction

from the dentate notch of the lateral ventricle to form the tertiary matrix near the midline

of the brain. In contrast, ephrin-B1 is not expressed in the migrating dentate progenitors,

but intense expression is detected in a GFAP positive ridge directly underneath the

migrating EphB2/nestin-positive cells. The expression pattern suggests ephrin-B1 is

acting like a ligand to bind EphB2 and activate forward signaling in migrating progenitor

cells. To confirm this, I crossed conditional ephrin-B1loxP/loxP female mice with GFAP-cre

(Zhuo et al., 2001) transgenic males to eliminate ephrin-B1 expression in GFAP-positive

cells while leaving it intact in other populations in male offspring. As a control, ephrin-

B1loxP/loxP females were also crossed to Synapsin-cre (Zhu et al., 2001) transgenic males

to delete ephrin-B1 in mature neurons. A reduced LSB was observed in the GFAP-

cre;ephrin-B1loxP combination, while the Synapsin-cre;ephrin-B1loxP brains appeared

similar to the ephrin-B1loxP/Y controls that did not receive a Cre driver (Fig 3.11a).

Stereological analysis of total volume of the dentate in these mice revealed a significant

loss in the GFAP-cre;ephrin-B1loxP/Y DG compared to controls (Fig 3.11b). Furthermore,

the LSB was particularly affected in the GFAP-cre;ephrin-B1loxP combination,

demonstrating an equivalent reduction in proportion of total dentate volume to the ephrin-

B1 protein-null mutants (Fig 3.11c). To determine the localization of cre activity during

DG development in these mice, I crossed in a Rosa-YFP transgene, in which a stop codon

surrounded by loxP sites is placed before YFP. In cells expressing cre, the stop codon is

excised, leading to expression of YFP. Examination of the hippocampus at E18 showed a
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high level of expression of cre in the GFAP-cre line, including at the developing DG and

in the area below the path of migration of DG neural progenitors (Fig 3.11d). As

expected, expression of cre in the Synapsin-cre line at E18 was much lower (Fig 3.11d).

This data demonstrates that ephrin-B1 expressed in GFAP-positive cells is required to

instruct correct formation of the LSB.

The GFAP-cre line not only expresses cre in glial cells, but also expresses cre in

early neural progenitors that co-express nestin and GFAP. To determine if loss of ephrin-

B1 expression in neural progenitor cells was leading to defects in the formation of the

DG, I crossed a nestin-creERT2 transgene into the ephrin-B1loxP background. Upon

addition of tamoxifen (TMX), the cre becomes active and excises ephrin-B1 from nestin-

expressing cells (Lagace et al., 2007). I injected pregnant females carrying embryos at

stage E14 with TMX, and examined the DG at P28. The morphology of the DG showed

no obvious phenotype (Fig 3.11e). To check for a redundancy effect, I also crossed the

nestin-creERT2 transgene and ephrin-B1loxP allele into an ephrin-B3-/- background, and

exposed the embryos to TMX at E14. Again, I observed no malformation of the LSB at

P28, demonstrating that ephrin-B1 or ephrin-B3 expression in nestin-expressing cells is

not necessary for correct formation of the LSB. To ensure that I was getting

recombination in the hippocampus, I crossed in the Rosa-YFP transgene into the above

backgrounds, and examined the P28 DG for YFP expression. In all backgrounds, a

number of YFP/NeuN double positive cells were observed (Fig 3.11f), confirming that

recombination in nestin-expressing cells did occur. However, the levels of recombination

in the mature neurons were not high, suggesting a higher dose of TMX may be needed.
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Figure 3.11: Conditional Cre drivers confirm the activity of ephrin-B1 in GFAP

expressing cells.

(a) Nissl stains of adult DG from ephrin-B1lox/Y, GFAP-cre; ephrin-B1lox/Y, and Synapsin-

cre; ephrin-B1lox/Y mice. Thinning of the LSB (*) was observed only in the GFAP-cre;

ephrin-B1lox/Y mice (Scale bar = 200µm).

(b) Quantification of the total volume of the dentate revealed a significant reduction only

in the GFAP-cre; ephrin-B1lox/Y mice that was similar to the germline protein-nulls (1-

way ANOVA, Dunnett’s multiple comparison test, *P < 0.05, **P < 0.01, n = 3-4 per

group analyzed).

(c) The LSB showed a significant reduction in proportion of total dentate volume only in

the GFAP-cre; ephrin-B1lox/Y mice that was similar to the germline protein-nulls (1-way

ANOVA, Dunnett’s multiple comparison test, **P < 0.01, n = 3-4 per group analyzed).

(d) Confocal IF images of E18 DG from GFAP-cre; ephrin-B1lox/Y; Rosa-YFP and SYN-

cre; ephrin-B1lox/Y; Rosa-YFP immunoreacted for GFP (green), GFAP (red), and NeuN

(blue).

(e) Nissl stains of P28 DG from nestin-creERT2, nestin-creERT2; ephrin-B1lox/Y and

nestin-creERT2; ephrin-B1lox/Y; ephrin-B3-/- mutant mice exposed to tamoxifen at E14.

(f) Confocal IF images of P28 DG from nestin-creERT2; Rosa-YFP, nestin-creERT2;

ephrin-B1lox/Y; Rosa-YFP and nestin-creERT2; ephrin-B1lox/Y; ephrin-B3-/-; Rosa-YFP

mutant mice exposed to tamoxifen at E14, and immunoreacted to GFP (green), DCX

(red) and NeuN (blue).
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Discussion

In this chapter, I showed that EphB2 is also a major determinant of neurogenesis

alongside EphB1. Deletion of both EphB1 and EphB2 concurrently in the mouse lead to

significant decreases in granule neurons and progenitor cells in the DG. When I looked at

the effects of deleting EphB2 alone, a very interesting phenotype was observed. While

most of the granule neurons in the DG were unaffected by the deletion of EphB2, the

population of neurons in the lateral tip of the upper blade of the DG was drastically

reduced. Loss of EphB2 expression also resulted in an absence of early- and late-stage

progenitor cells in the area. I showed that the tyrosine kinase activity of EphB2 is

responsible for reduced LSB via analysis of signaling mutations. Analysis of the

developing DG in embryonic sections showed that the reduced LSB was a developmental

phenotype, as proliferating cells and progenitor cells failed to populate the upper half of

the tertiary matrix. Interestingly, numbers of proliferating cells and progenitor cells in the

lower half of the developing DG appeared unaffected. Expression studies showed that

EphB2 is expressed in progenitor cells as they migrate from the ventricular zone to the

developing DG. These same studies presented a potential ligand for EphB2, as ephrin-B1

was expressed at high levels in a band immediately under the migrating progenitor cells. I

showed that deletion of ephrin-B1 resulted in a reduced LSB, similar to the phenotype

observed upon deletion of EphB2. This data demonstrates that an EphB2-ephrin-B1

signaling partnership is vital for the correct formation of the DG.
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Chapter 4: Functions of Ephs and ephrins in stem cell populations

beyond the hippocampus

Genander, M., Halford, M. M., Xu, N. J., Eriksson, M., Yu, Z., Qiu, Z., Martling, A.,
Greicius, G., Thakar, S., Catchpole, T., Chumley, M.J., Zdunek, S., Wang, C., Holm, T.,
Goff, S.P., Pettersson, S., Pestell, R.G., Henkemeyer, M., and Frisen, J. (2009).
Dissociation of EphB2 signaling pathways mediating progenitor cell proliferation and
tumor suppression. Cell 139, 679-692

Nomura, T., Goritz, C., Catchpole, T., Henkemeyer, M., and Frisen, J. (2010). EphB
signaling controls lineage plasticity of adult neural stem cell niche cells. Cell Stem Cell 7,
730-743

Summary

In this chapter I will briefly discuss experiments performed in collaboration with

the laboratory of Dr Jonas Frisen in Stockholm, Sweden. These investigations focused on

functions of Ephs and ephrins in stem cell populations outside of the hippocampus,

namely the small intestine and the SVZ.

Background

As discussed previously, EphB signaling had been shown to control proliferation

and cell migration in the crypts of lieberkühn in the small intestine (Batlle et al., 2002;

Holmberg et al., 2006). Analysis of mice with null mutations for EphB2 and EphB3

demonstrated a 50% reduction in proliferation levels in the crypt. They also showed that

elimination of EphB2 and EphB3 expression resulted in mislocalization of proliferating

cells within this stem cell niche (Holmberg et al., 2006).

As well as the intestinal crypts, the Frisen lab were interested in Eph-ephrin

activity in the SVZ. Previously it was demonstrated that disruption of Eph-ephrin
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signaling  in the SVZ resulted in increased proliferation and altered migration in the stem

cell compartment (Conover et al., 2000). This ventricular niche consists of two main cell

types, ependymal cells and astrocytes (Doetsch et al., 1997). The astrocytic cells were

shown to contain the stem cells, while the ependymal cells were thought to play a support

role (Doetsch et al., 1999). A study had shown that after damage to the ependymal layer,

either through aging or a damaging agent, ependymal cells were capable of being

replaced, possibly by new cells arriving from an astrocytic origin (Luo et al., 2008). The

Frisen lab sought to determine the molecular basis of this fate switch between astrocytes

and ependymal cells.

Results

Kinase activity of EphB2 regulates proliferation in the intestinal crypt

In the study of the intestinal crypt, the group was interested in investigating the

downstream pathways regulated by EphB signaling that contribute to migration and

proliferation of intestinal stem cells. They performed a global analysis of downstream

signals by analyzing the transcriptome after inhibition of EphB signaling via addition of

an ephrin-B2-Fc antagonist, and found alterations in 739 transcripts. Analysis of the

altered transcripts found that they clustered into two major groups, those involved in cell

cycle and those involved with cell localization and cytoskeletal organization (Genander et

al., 2009).

To try to understand which aspects of EphB forward signaling was contributing to

these functions, I prepared samples of intestinal tissue from mice with the EphB2 forward



107

signaling point mutations introduced in Fig 3.4. These samples were analyzed for defects

in cell proliferation and cell migration. The kinase-defective mutants had a very similar

reduction in proliferation levels compared to the null forms of EphB2 (Fig 4.1a), while

the PDZ-binding deficient form of EphB2 had no negative effect on proliferation. A

particularly interesting result arose in the analysis of cell migration in the crypt, where it

was shown that the elimination of both the kinase activity and the PDZ-binding ability of

EphB2 had no additional negative effects on cell position (Fig 4.1b). Both of the

intracellular null versions of EphB2 (EphB2- and EphB2lacZ) did demonstrate defects in

cell position, suggesting that a separate aspect of EphB2 forward signal controls cell

position in the intestinal crypt. With this data, the authors went on to show that EphB2

signals through PI3K to mediate cell position, and the kinase activity of EphB2 controls

cyclinD1 levels to regulate cell proliferation in the crypt.
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Fig 4.1: Kinase activity of EphB2 regulates proliferation, but not cell position in the

intestinal crypt

(a) Quantification of cell proliferation in the intestinal crypt. The kinase-dead forms of

EphB2 have a similar negative effect on cell proliferation as the null forms of EphB2,

while PDZ-binding in EphB2 is dispensable. (Student’s t test, **P < 0.05, **P < 0.01, n =

3-8 in each group. Proliferation index represents number of proliferating cells in each

group normalised to WT controls. Broken lines are levels for WT and compound-null

mice)

(b) Quantification of cell position defects, via measurement of the distance of Paneth

cells to the crypt base relative to wild-type mice. Both kinase activity and PDZ-binding in

EphB2 are dispensable for cell positioning (Student’s t test, **P < 0.05, **P < 0.01, n =

3-8 in each group. Broken lines are levels for WT and EphB2+/+; EphB3-/-mice)
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EphB2 forward signaling regulates cell fate in the SVZ

The group interested in the SVZ had theorized that Eph-ephrin signaling maybe

involved in fate switching between ependymal and astrocytic cells, as the report on

disruption of Eph signaling in the SVZ had shown increased numbers of astrocytes in the

ventricle after infusion of an EphB2-Fc reagent into the ventricle (Conover et al., 2000).

The Frisen laboratory found through lineage tracing studies that ependymal cells lost

after injury could be replaced with cells expressing ependymal markers that are derived

from astrocytes. They also discovered that a bidirectional fate switch could occur

between these two cell types, as ependymal cells could acquire astrocytic properties after

injury (Nomura et al., 2010).

To investigate the role of Eph-ephrin signaling in this process, the authors

injected unclustered EphB2-Fc reagents into the ventricle, and showed that this inhibition

of Eph-ephrin signaling lead to conversions of ependymal cells to astrocytes and vice

versa. EphB2 was shown to be expressed on ependymal cells in the ventricle wall

(Nomura et al., 2010). I prepared samples of the brain of mice carrying EphB2 null

mutations, EphB2 – and EphB2lacZ. Analysis of the S100β-positive ependymal layer

showed ependymal cells expressing markers of astrocytes in both the EphB2-/- and

EphB2lacZ/lacZ mutants (arrows, Fig 4.2). Analysis of reverse-signaling mutations in

ephrin-B2 showed no ependymal cells expressing astrocytic markers. This indicates that

the forward-signaling activity of the EphB2 receptor represses cell-fate switching in the

SVZ. The authors go on to show that injury in the SVZ leads to reductions in EphB2

protein levels, demonstrating how injury could lead to lineage conversions between

astrocytes and ependymal cells.
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Fig 4.2 EphB2 forward signaling represses cell fate switching in the SVZ

Confocal IF images of the ependymal layer of the SVZ from WT, EphB2-/-, EphB2lacZ/lacZ

and ephrin-B2 lacZ/6YFdV adult mice carrying a nestin-eGFP transgene immunoreacted for

GFAP (green), S100β (red), and DAPI (blue). Elimination of EphB2 forward signaling

leads to expression of glial markers in ependymal cells.



111

Discussion

The studies presented in this chapter provide examples of how Eph and ephrin

signaling is a common feature of stem cell niches throughout the body, and is not

restricted to the hippocampus. The results obtained in the intestinal crypt provides a nice

example of how EphB signaling can activate multiple signaling pathways to regulate

different aspects of the stem cell.  The study of the SVZ is novel in that it demonstrates

the first example of EphB signaling regulating cell fate in the stem cell niche. It would be

interesting to determine if EphBs signaling also regulates cell fate at other stem cell

niches through the body.
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Chapter 5: Conclusions and future directions

In this dissertation, I sought to uncover whether Eph-ephrin signaling functions in

the dentate gyrus, a structure shown to contribute new neurons to the adult brain and an

area of intense interest. Although these signaling molecules had been linked to other stem

cell populations in the body (Batlle et al., 2002; Holmberg et al., 2005), no investigation

had been conducted on potential roles in the progenitor population in the hippocampus.

Using the wide variety of genetic tools available in the Henkemeyer lab, I have shown

that the B subclass of Ephs and ephrins contribute to many aspects of the DG, from the

formation of this structure in embryonic development to the regulation of the progenitor

pool in the adult animal. I will now discuss these findings in detail, and their potential

implications for further research.

The role of EphB1

Though expression of mRNA for EphB1 had been established in the DG (Liebl et

al., 2003), expression of the protein and its location in the DG had not been proven. Due

to the lack of a reliable antibody for EphB1, we used a reporter allele containing a β-gal

insertion to show that EphB1 is expressed in the developing DG and on late-stage

progenitor cells in the adult SGZ. Through labeling the early stage progenitor cells with a

nestin-eGFP transgene, we were able to sort differing populations of progenitor cells

from the DG and proved that EphB1 is expressed throughout several stages of the

progenitor cell.
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Global deletion of EphB1 throughout the mouse resulted in a drastic decrease in

GFP-positive progenitors, as the pool in the adult SGZ was decreased by close to 50%.

This defect was observed as early as P7, showing that the DG had far fewer neural

progenitors available during its formation. And yet our data showed that the volume of

the adult DG had not changed in the EphB1-/- mutants compared to WT, suggesting the

number of granule neural cells was unaltered. How could this be?

Our first clue came from the analysis of DCX-positive progenitors in the EphB1-/-

adult DG, showing that the number of these late-stage progenitors actually increased

compared to WT levels. Labeling of proliferating cells via BrdU injections showed

increased levels of proliferation in the DG of EphB1-/- mutants. By labeling cells with

BrdU and then following their development over a 28-day period, we showed that the

number of neurons produced remained constant when EphB1 was deleted. We appeared

to be observing a homeostatic mechanism where the DG responded to the reduced

number of neural progenitors by increasing the rate of proliferation of the progenitor

cells. It remains to be determined exactly how deletion of EphB1 is causing increased

proliferation in progenitor cells. My initial experiments investigating cell cycle dynamics

of the progenitors suggested that the rate of the cell cycle did not alter in EphB1-/-

mutants. However, this experiment focused on just one aspect of the cell cycle, and did

not address aspects such as cell cycle reentry. An interesting follow-up experiment could

involve the use of MCM-2, a protein expressed in the cell cycle and rapidly broken down

upon cell cycle exit (Labib et al., 2001). Labeling cells with BrdU and then determining if

labeled cells coexpress MCM-2 or not could provide an indication as to whether the loss

of EphB1 was affecting how many cells were able to exit the cell cycle.
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Our data also showed that EphB1 deletion in the mouse had strong effects on the

organization of the SGZ, as the position of proliferating cells was disrupted, as well as

the polarity of the progenitor cells. This phenotype is similar to that observed in the

intestinal stem cell niche, which also saw changes in proliferation and localization of

cells when EphB receptors were deleted (Batlle et al., 2002; Holmberg et al., 2006). In

the crypt the EphB receptors and ephrin-B ligands set up boundaries of expression that

restrict intermingling of cells. In the SGZ, we found that ephrin-B3 was expressed at high

levels in the hilus and at the molecular layer, providing a boundary of expression around

the SGZ. This ligand appears to be exerting a repulsive effect on the EphB1-expressing

branches, as the dendrites of these cells were directed away from the hilus and displayed

branching when they contacted the molecular layer. Deletion of ephrin-B3 led to aberrant

dendrite direction and mislocalization of progenitor cells.

To conclude, my data shows that EphB1 regulates proliferation of progenitor cells

in the SGZ, and that an EphB1-ephrin-B3 signaling partnership regulates the position and

polarity of progenitor cells within the DG.

One issue with the interpretation of these results is determining whether an

observed phenotype is due to EphB1 activity in the adult neural progenitor, or to a side-

effect of altered development of the DG caused by the global deletion of EphB1 in the

animal. For example, the increased proliferation rates in  progenitor cells in EphB1-/-

mutants could be a result of a disrupted neurogenic niche caused in the development of

the DG. The nestin-creERT2 mouse introduced in Figure 3.11 provides an excellent tool to

address this issue. A conditional EphB1 allele could be deleted in the adult mouse after
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development of the DG has proceeded under normal conditions. I could then examine the

direct effects of EphB1 on cell proliferation and migration in the adult neural progenitors.

The role of EphB2

Having established several novel roles for EphB1 in the neurogenic niche of the

hippocampus, I sought to determine whether EphB2 also had a part to play. EphB2

mRNA was detected in the dentate (Liebl et al., 2003), and we confirmed the presence of

EphB2 mRNA in GFP-positive progenitor cells in the DG. Elimination of both EphB1

and EphB2 concurrently in the mouse had a remarkable effect on the structure of the DG,

leading to a large decrease in overall volume due to a reduction in granule cell neurons.

The number of GFP-positive progenitors also drastically decreased in the adult DG. This

result raised two possibilities, the first being that EphB1 and EphB2 have identical roles

in the progenitor cells, and deletion of both eliminates any redundancy effects between

the two receptors. The other, perhaps more intriguing possibility is that EphB2 has

separate roles than EphB1.

To address this, I examined the DG of adult EphB2 single mutants, and found a

fascinating result. Unlike the EphB1 mutants, the number of granule cell neurons was

reduced due to the loss of EphB2 expression. However, this loss of mature cells was

highly focused in a single area of the DG, namely the LSB. The reduction in granule cells

in this area was accompanied by a complete absence of both GFP-positive and DCX-

positive progenitors. This result shows that EphB2 does have separate roles in the DG



116

than EphB1. This is further confirmed by the observation that EphB2 mutants do not

display mislocalization or aberrant polarity of progenitor cells in the SGZ.

I analyzed a number of EphB2 point signaling mutants that targeted different

aspects of EphB forward signaling, and demonstrated that the tyrosine kinase catalytic

activity of EphB2 is vital for correct LSB formation, while the PDZ-binding activity at

the C-terminal contributes to the numbers of GFP-positive progenitors. One complication

in these results is that the kinase-signaling deficient forms of EphB2 resulted in a

statistically significant decrease in total volume compared to WT, while the null forms of

EphB2 did not, when we would expect to see similar outcomes for both the null and

kinase-dead forms of the EphB2 protein (See Figs 3.2b and 3.4c). However, the total

volumes obtained for the null and kinase-dead mutants are actually quite close. Variation

in the WT controls may account for the significant decrease in volume observed in the

kinase dead EphB2 mutants, as each group was compared to littermate controls, and

differing values were obtained for the WT total dentate volume for each experiment.

 To determine how this specific reduction in the LSB occurred, I examined the

embryonic development of the DG at E18. Examination of markers of progenitor cells

and proliferation showed that while a number of progenitor cells occupy the lower half of

the tertiary matrix, they fail to populate the upper half. To try and determine how EphB2

was affecting the development of the DG at this timepoint, I examined the E18

hippocampus for EphB2 and potential ligand expression. These studies showed that

EphB2 was expressed on neural progenitor cells as they migrated from the secondary

matrix near the ventricle to the tertiary matrix. Ephrin-B1 presented itself as the likely

ligand for EphB2, as it was expressed at high levels in a GFAP-positive ridge leading
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from the ventricle to the tertiary matrix, located immediately under the EphB2-expressing

migrating progenitor cells.

To confirm the ligand activity of ephrin-B1, I examined the DG of ephrin-B1 null

mutants, and found it accurately replicated the phenotype observed in EphB2 mutants.

The LSB of the adult DG was depleted of both mature granule cells and progenitor cells,

and the developing DG at E18 lacked progenitor cells in the upper half of the tertiary

matrix. I confirmed the necessity of ephrin-B1 expression in GFAP-positive cells by

using various conditional cre lines to eliminate ephrin-B1 expression in separate cell

populations. I was able to confirm ligand-like activity for ephrin-B1 by analyzing a

number of ephrin-B1 reverse signaling mutants (Bush and Soriano, 2009) in which

aspects of reverse signaling had been targeted. None of these mutants demonstrated a

reduced LSB (data not shown), demonstrating that ephrin-B1 is necessary to activate

forward signaling in EphB2-expressing neural progenitor cells.

To sum up this section, my data shows that ephrin-B1:EphB2 signaling plays an

integral role in the migration of progenitor cells from the ventricular secondary matrix to

the tertiary matrix. Ephrin-B1 is expressed at a high concentration in the ventricular zone

where both cortical and DG neuron precursors arise (Fig 3.7c, 3.8b). Previously, it was

demonstrated that ephrin-B1 expressed in progenitor cells in the cortical ventricular zone

is involved with the maintenance of the progenitor pool in cortical neurogenesis (Qiu et

al., 2008). However, this function was linked to ephrin-B1 reverse signaling, and the

analysis of the ephrin-B1 signaling mutants demonstrated that this did not play a role in

the reduced LSB. As the DG neuron progenitors leave the secondary matrix and migrate

in a medial direction towards the tertiary matrix, ephrin-B1 expression is lost and EphB2
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expression is observed. These EphB2 positive cells migrate along an ephrin-B1/GFAP

positive ridge to the tertiary matrix. DG granule layer development occurs in a gradient

beginning at the crest and expanding in a lateral direction over time (Altman and Bayer,

1990a). Our analysis of EphB2 and ephrin-B1 mutant mice shows the majority of the DG

is able to form correctly, with the exception of the lateral-most portion of the

suprapyramidal blade, suggesting that Eph-ephrin signaling is vital in the later time-

points of DG progenitor migration.

One interesting aspect of Eph-ephrin signaling controlling medial migration of

neural progenitors is that it represents another example of how these molecules direct

developmental events at the embryonic midline. My data shows that ephrin-B1 and

EphB2 are involved in medial migration of neural progenitor cells from the lateral

ventricles towards the midline of the brain. Previously it was demonstrated that ephrin-

B2 and EphB2 signaling is vital for midline movement and adhesion of the urethral

endoderm primitive hindgut/cloaca in mice, and that these molecules are expressed in

cells that migrate to and adhere at the embryonic midline (Dravis et al., 2004). Similar

midline cell migration roles for EphB2 are known to be utilized in palate formation

(Dravis et al., 2004; Orioli et al., 1996; Risley et al., 2009) . Likewise, numerous

examples of Eph-ephrin signaling in midline axon guidance decisions have been reported.

For instance, ligand-like activity of ephrin-B3 expressed at the spinal cord midline acts as

a repellant to keep contralateral corticospinal axons expressing EphA4 from recrossing

the spinal cord midline (Kullander et al., 2001; Yokoyama et al., 2001), and ephrin-B2

expressed at the optic chiasm acts as a ligand to mediate the repulsion of ventral-temporal

retinal ganglion cell axons expressing EphB1 to bring about the ipsilateral projection
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necessary for binocular vision (Williams et al., 2003). Reverse signaling is also utilized

for repulsive axon guidance decisions at the midline as EphB2 expressed in the ventral

aspect of the embryonic forebrain acts like a ligand to mediate pathfinding of anterior

commissure axons expressing ephrin-B2 to connect the two temporal lobes (Cowan et al.,

2004; Henkemeyer et al., 1996). My findings provide additional evidence that indicate

Eph-ephrin bidirectional signaling is a common feature that participates in the formation

of midline structures throughout the developing embryo.

The role of ephrins

My data has shown that both ephrin-B1 and ephrin-B3 are important for aspects

of normal DG function. Ephrin-B1 interacts with EphB2 to contribute to the formation of

the DG, while ephrin-B3 interacts with EphB1 to control progenitor cell position and

polarity within the adult SGZ. This is not the complete picture though. While ephrin-B3-/-

mutants did recapitulate some aspects of the phenotype observed in EphB1 mutants, I did

not observe significant changes in proliferation or progenitor cell number in ephrin-B3-/-

mutants (data not shown), suggesting another ephrin bind to and activate EphB1 to

control proliferation.

Ephrin-B2 is a likely candidate to interact with EphB1 in the adult. As mentioned

before, ephrin-B2 null mutants die at an early embryonic stage, making study of this

molecule difficult (Adams et al., 1999).  However, ephrin-B2 is expressed in the vascular

system (Wang et al., 1998), and studies have shown that neurogenic cells within the niche

are closely associated with the vasculature (Goldberg and Hirschi, 2009; Palmer et al.,

2000). Ephrin-B2 is also expressed at high levels with the developing embryonic
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hippocampus and in a similar pattern to ephrin-B1, suggesting it may also activate EphB2

signaling in migrating progenitor cells. Ideally the way to address these issues would be

to obtain a conditional allele for ephrin-B2 (Gerety and Anderson, 2002), which would

allow us to bypass the developmental requirement for ephrin-B2 and then use cre lines to

eliminate ephrin-B2 in specific cell populations or timepoints.

Future directions

The data discussed in this dissertation has provided evidence that the B subclass

of Ephs and ephrins are intimately involved in the formation of the DG and the regulation

of neurogenesis within the DG niche. A number of potential avenues for further

exploration are suggested by this work.

Why is there a difference between EphB1 and EphB2 signaling in the DG?

This study has revealed a particularly interesting aspect of Eph-ephrin signaling in

the hippocampus, as EphB1 and EphB2 appear to have overlapping and separate roles in

the DG. Both EphB1 and EphB2 control progenitor number in the SGZ, and I show that

this activity is linked to the PDZ-binding ability of EphB2. However, only loss of the

tyrosine kinase activity of EphB2 affected the number of mature granule cell neurons, a

phenotype not observed in the EphB1-/- mutant mice.  EphB2 plays a major role in

development of the DG as the formation of the LSB is disrupted in the embryonic brain.

EphB1 does not appear important in the early development of the DG, as genetic deletion

of EphB1 does not affect the DG volume. Interestingly, both EphB1 and EphB2 are
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expressed on migrating neural progenitors as they migrate to the site of DG development.

While I have shown that EphB1 and EphB2 are expressed in the embryonic DG neural

progenitors, I have not established levels of expression at the cell membrane. EphB2

could be expressed at a much higher level than EphB1, making it more influential in the

early development of the DG than EphB1. Alternatively, EphB1 and EphB2 may

transduce somewhat different forward signals to bring about their distinct effects on the

migration and proliferation of dentate precursors. This latter possibility has foundations

in other studies that show the intracellular domains of EphB1 and EphB2 have very

different abilities to mediate the ipsilateral routing of retinal ganglion cell axons despite a

high degree of sequence identity between the two receptors (Petros et al., 2009).

Determining the downstream signals of both EphB1 and EphB2 could illuminate the

differences in phenotypes observed between the mutant mice.

What are the downstream signaling targets of EphB receptors in the DG?

While this was not a focus in the experiments presented in this dissertation, some

interesting possibilities of  downstream targets were raised. A report recently showed that

EphB2 forward signaling in schwann cells controlled Sox2 levels to direct cell sorting

and migration (Parrinello et al., 2010). In the embryonic brain, deletion of Sox 2 had been

shown to cause a decrease in size of the DG, and deletion of Sox2 in the adult lead to a

loss of neurogenic cells in the SGZ (Favaro et al., 2009). However, our staining of EphB2

null neural progenitors in the embryonic brain did not show a change in Sox2 levels

compared to WT (Fig 3.6), suggesting another signaling mechanism is responsible for the

formation of the LSB.
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Cdc42 is an interesting potential target for EphB1 signaling. Deletion of this Rho-

GTPase in neural progenitors lead to disrupted polarity (Cappello et al., 2006), a

phenotype we observed in the EphB1 null mutants (Fig 2.7). EphB receptors had been

shown to activate Cdc42 though associating with intersectin (Irie and Yamaguchi, 2002).

Analysis of Cdc42 levels in neural progenitor cells in the EphB1-/- mutant has not been

investigated, and would be an worthwhile experiment.

The analysis of the forward-signaling point mutations in the EphB2 receptor gives

us some indication of the types of downstream signaling targets. My analysis of the

EphB2 point mutants showed that the tyrosine kinase catalytic activity of the receptor

was responsible for LSB formation, while the PDZ-binding ability in the C-terminus was

responsible for progenitor cell number. This information should allow us to narrow down

the list of potential downstream targets. Creating a similar set of targeted point mutations

in the EphB1 receptor would be very useful, and it would be interesting to determine if

the reduced progenitor pool observed in EphB1-/- mutants was also due to the PDZ-

binding ability of the receptor. This particular experiment may be extremely challenging,

as EphB1 has proven to be very difficult to manipulate at both a genetic and a molecular

level (G. Chenaux and  M. Henkemeyer, unpublished observations).

A more exciting approach to this issue is to undertake a global analysis of gene

expression in the neural progenitor cells. This dissertation shows that both EphB1 and

EphB2 are expressed in neural progenitors in the DG, and deletion of these two

molecules affects many aspects of the progenitor pool. Thanks to the nestin-eGFP

transgene, this progenitor population is easy to isolate from the hippocampus. We are

currently setting up a collaboration with Dr Nenad Sestan, who is using whole-genome
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exon microarrays to analyze the transcriptome of separate areas within the brain (Johnson

et al., 2009). By preparing RNA samples from hippocampal neural progenitors of WT,

EphB1-/- and EphB2-/- mutant mice, we will be able to determine exactly how

transcription is affected by the loss of EphB receptor signaling in neural progenitors, and

this will provide many different avenues for further exploration.

Does Eph-ephrin signaling interact with other signaling pathways in the formation

of the DG?

Ephs and ephrins are not the only molecules to be linked to the formation

of the DG. Loss of Draxin, a protein linked to repulsive axon guidance functions, was

shown to cause a decrease in size of the entire DG (Zhang et al., 2010). Mice lacking the

chemokine receptor CXCR4 and the ligand SDF-1 had fewer granule neurons in the DG.

These molecules were shown to be involved in the migration of progenitor cells from the

ventricle to the site of DG development (Bagri et al., 2002; Lu et al., 2002). Other

molecules have been shown to specifically affect the radial glial scaffold. Mice deficient

in Reelin fail to form the radial glia necessary for DG formation (Forster et al., 2002).

However, none of these mutant lines showed defects specifically in the LSB, unlike the

phenotype presented in the EphB2-/- mutant mice.

One group of signaling molecules that may bear further investigation is the Wnt

family. Wnts and Ephs/ephrins have been linked in other areas of the body. Wnt signaling

in the intestinal crypt controlled the expression of EphB receptors, regulating cell

localization (Batlle et al., 2002). Wnt signaling has also been linked with Eph-ephrin

signaling in the formation of retinotropic maps in the visual system (Schmitt et al., 2006).
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In the development of the DG, the Wnt signaling pathway determines the correct

formation of the radial glial scaffold, and disruption of Wnt signaling greatly reduced the

number of granule neurons throughout the DG (Galceran et al., 2000; Zhou et al., 2004).

My analysis of ephrin-B1 knockout mutant DGs at E18 shows that the glial scaffold

around the developing ventral blade is disrupted. (Fig 3.10c), suggesting there may be

some overlap between the Wnt and the Eph-ephrin signaling pathway. However, unlike

the Wnt signaling mutants, the majority of the DG is still able to form correctly in the

EphB2 and ephrin-B1 mutants with only the LSB affected. It is possible that Ephs and

ephrins are downstream targets of Wnt signaling in the DG, and it would be interesting to

observe the effect on EphB expression levels when Wnt signaling is disrupted.

What is the functional significance of disruption of Eph-ephrin signaling in the DG?

The fact that such a specific part of the DG is affected in EphB2 and ephrin-B1

mutants while the remainder of the structure remains relatively normal could have

specific effects on hippocampal function. A number of studies have shown a separation

of function between the dorsal and the ventral DG. The dorsal DG has been linked to

spatial learning and memory (Hunsaker and Kesner, 2008), while the ventral DG has

been linked to behaviour correlated with anxiety (Eadie et al., 2009). The phenotype of

the EphB2 mutant mice provides a clear delineation between the dorsal and ventral

halves of the DG, with one strongly affected and the other not. The structure of the adult

DG in EphB2 and ephrin-B1 mutants suggests that these mice should have spatial

information processing deficits, and yet anxiety behavior should remain relatively

unaffected, and if proven could be of great value to the behavioral field. To pursue this, I
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have provided the laboratory of Dr Mike Chumley with a number of WT and ephrin-B1

mutants, and a variety of behavioural tests are being performed on these mice.
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Methods

Animals

Mice used in this study include WT, EphB1-/-, EphB1lacZ (Williams et al., 2003),

EphB2-/-, EphB2lacZ (Henkemeyer et al, 1996), KCN-cre, GFAP-cre (Zhuo et al, 2001),

Synapsin-cre (Zhu et al, 2001), EphB2K661R, EphB2ΔVEV, EphB2KVEV (Genander et al,

2009), nestin-eGFP (Yu et al., 2005), nestin-creERT2 (Lagace et al., 2007), ephrin-B2lacZ

(Dravis et al., 2004), ephrin-B3-/-, ephrin-B3lacZ (Yokoyama et al., 2001) and ephrinB1loxP

(Davy et al, 2004). These mice were maintained on a CD1 background and housed in the

Animal Resource Center at the University of Texas Southwestern Medical Center at

Dallas. All experiments conducted on animals were conducted according to protocols

approved by the Institutional Animal Care and Use committee.

Immunofluorescence of brain sections

Brain sections were obtained from both adult mice (8-10 weeks old) and

embryonic mice. Adult mice were anesthetized by ketamine/xylazine, and then

transcardially perfused  with 4% Paraformaldenyde (PFA) in PBS. Brains were removed

and fixed overnight in 4% PFA. 40 µm coronal sections were collected on a vibratome

from agarose-embedded brains and placed in a series of 9 wells in PBS with 0.1% sodium

azide. IF was performed on adult sections by incubating free-floating sections with

primary antibodies overnight at 4oC. Donkey secondary antibodies conjugated with Cy2,

Cy3 or Cy5 were incubated with the free-floating sections for 8 hours at RT.
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For embryonic sections, pregnant female mice were sacrificed using CO2,

embryos removed and anesthetized by lowering body temperature on ice. Embryos were

transcardially perfused with 4% PFA in PBS. The heads were removed and fixed in 4%

PFA for 4 hours, then sunk in 30% sucrose in PBS. 14 µm coronal sections were

prepared on a cryostat and dried overnight on slides. For IF, primary antibodies were

placed on slides overnight at 4oC. Secondary antibodies were placed on slides for 3 hours

at RT.

BrdU was injected intraperitoneally into pregnant females at stage E18 at a

concentration of 200 mg/kg. 2 hours post-injection, the female was sacrificed using CO2

administration, and the embryos removed and transcardially perfused with 4% PFA.

Cryostat sections were dried on slides, post-fixed in 1% PFA in PBS for 10 mins at RT,

placed in 2N HCl in PBS for 30 mins at 37oC, then placed in 0.1M Borax pH 8.5 for 10

mins at RT. The sections were then exposed to primary and secondary antibodies. For

adult animals, BrdU was injected IP at a dose of 50 mg/kg. After the appropriate labeling

period, the animals were sacrificed via CO2, the brain removed and sectioned using a

vibratome. The sections were then treated with HCl and Borax as described for the

embryonic sections, and used for IF studies.

Primary antibodies used in this study were rabbit anti-GFP (1:500, Invitrogen),

guinea-pig anti-GFAP (1:500, Advanced Immunochemical Inc.), goat anti-DCX (1:500,

Santa Cruz Biotechnology), mouse anti-NeuN (1:1000, Chemicon), rat anti-BrdU (1:500,

Abcam), goat anti-ephrin-B1 (1:500, R&D systems), goat anti-EphB2 (1:500, R&D

systems), goat anti-Sox2 (1:1000, Santa Cruz), rabbit anti-Ki67 (1:500, Neomarkers), rat

anti-βgal (1:500, Millipore), mouse anti-PSA-NCAM (1:500, Millipore) Other staining
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techniques used included nissl stains (Poly Scientific), fluorescent neurotrace (1:1000;

Invitrogen) and fluorescent Toto-3 (Invitrogen). X-gal staining was performed as

previously described (Henkemeyer et al., 1996).

Dox and TMX studies

For activation of the rtTA-TRE system, DOX was provided to pregnant females

in their drinking water for a period of 2-3 days. At stage E18, the female was sacrificed

via CO2 administration and  embryos gathered for IF studies as previously described.

For activation of the nestin-creERT2 transgene at E14, a single dose of

approximately 3 mg of TMX dissolved in a 9:1 mix of sunflower seed oil and 100%

EtOH was administered IP to the pregnant female. The pups were collected at P28 and

processed as described for IF studies and nissl staining.

Volume estimation

Stereologic volume estimates were acquired by analyzing every ninth section cut

on a vibratome at 40 µm spanning the hippocampus from bregma -0.82 to -4.04mm,

spanning the length of the DG. Sections were stained with nissl. Measurements were

performed using Stereoinvestigator 9 software (MBF Bioscience) and an Olympus BX51

microscope. Volumes were estimated according to the Cavalieri principle. To define the

lateral and medial suprapyramidal blade bins for each section, the total length of the

suprapyramidal blade from tip to the back point of the crest was measured. This length

was bisected to produce two bins of equivalent length. The same method was used to

define the lateral and medial infrapyramidal blade bins.
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Cell quantification

GFP-positive cells were quantified using the optical fractionator method, where

every ninth section throughout the hippocampus is examined. The DG was subdivided

into 4 bins using the same method as the volume estimation protocol. GFP-positive cells

in the subgranular zone were labeled with DAB, and counted using an Olympus BX51

microscope. As every ninth section was examined, the total number of GFP-positive cells

counted were multiplied by nine to give an estimate of total number of cells per bin. This

method was also used to estimate DCX and BrdU positive cells.

BrdU-labeled cells at E18 were quantified by imaging a 20x field of view in

equivalent coronal sections. The embryonic DG was divided into dorsal and ventral

halves, and BrdU-positive cells quantified in each half.

For some experiments, an alternative quantification method was used, and in

those cases I have included the method in the figure legends.

FACS

Post-natal animals were sacrificed via ketamine/xylazine, the hippocampus

removed and sliced into 500 µm sections using a tissue chopper. The DG was

microdissected from the surrounding tissue and digested in the papain dissociation

system (Worthington Biochemical). The digested tissues were resuspended in DMEM/F-

12 and immunolabeled with mouse anti-PSA-NCAM with a cy5 secondary antibody,

washed and resuspended in PBS. The cells were then sorted via a Mo-Flo or a FACSaria.

RT-PCR was performed on sorted populations  by isolating total RNA with a
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Masterpure RNA purification kit (EPICENTRE Biotechnologies). First-strand cDNA

synthesis was performed with Monsterscript first-strand cDNA synthesis kit

(EPICENTRE Biotechnologies). Primers used in the study were

EphB1-forward (5-AAGCCCCCTACCTCAAAGTG-3),

EphB1-reverse (5 -CACCATCCACTCCATCTCCG-3),

EphB2-forward (5 -TAGTCTTCCTCATCGCTGTG-3),

EphB2-reverse (5 -ATGATGGATGCCTCACTCAG-3),

ephrin-B3-forward (5 -CCCCAAACCTTCTTCTCACA-3),

ephrin-B3-reverse (5 -ACTCGCAGAAGCACCTTCAT-3),

GAPDH-forward (5 -GACCCCTTCATTGACCTCAACTACATG-3),

GAPDH-reverse (5 -GTCCACCACCCTGTTGCTGTAGCC-3),

GFP-forward (5 -TACGGAAAGCTGACCCTGAAGT- 3)

and GFP-reverse (5 -CGTCCTTGAAGAAGATGGTGCG- 3).

Statistical analysis

Data illustrated in graphs represent the mean of repeated observations. Error bars

represent the SEM of those observations. All statistical analysis was performed with

Prism 4 (GraphPad Software, Inc.).
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