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ABSTRACT 

This dissertation investigates possible roles of the Eph family receptor tyrosine 

kinases and their ligand ephrins in the developing primary olfactory pathway in the moth 

Manduca sexta. The Manduca homologs of the Eph receptor (MsEph) and ephrin ligand 

(MsEphrin) are most closely related to Drosopbila Eph and ephrin, respectively, and 

biochemical assays establishes MsEphrin as a functional ligand for MsEph. In situ 

labeling with Fc-fiision probes in which IgG Fc was linked to the extracellular domain of 

MsEph and MsEphrin reveals that both Eph receptors and ephrins are expressed on 

olfactory receptor cell (ORC) axons during their ingrowth to the primary brain center, the 

antennal lobe (AL). Eph receptors and ephrins are differentially distributed among 

identifiable glomeruli such that glomeruli with high receptor staining show little ligand 

staining and vice versa, indicating a complementary Eph/ephrin expression on subsets of 

ORC axons innervating particular set of glomeruli. Their expression appears upregulated 

once ORC axons reach the region where axon sorting occurs. In contrast, neither Eph 

receptors nor ephrins are detectable in intrinsic components of the AL. In vitro, MsEph 

and MsEphrin proteins, when present homogeneously in the substratum, inhibit neurite 

outgrowth from olfactory epithelial explants. Moreover, in patterned substrata, neuritcs 

growing on the standard substratum avoid extending onto the substratum containing 

MsEphrin proteins, with behaviors characterized by turning or stopping at the border. 

These in vitro observations indicate that MsEphrin can act as an inhibitory/repulsive cue 

for ORC axons. Based on these in situ and in vitro results, 1 hypothesize that Eph-ephrin 
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signaling mediates segregation of Eph-positive axons from ephrin-positive axons through 

repulsive inter-axonal interactions. Simultaneous labeling of ALs for Eph/ephrin and 

fasciclin 11, a homophilic cell adhesion molecule, reveals that fasciclin-positive glomeruli 

are distributed in a partially overlapping pattern with Eph- or ephrin-positive glomeruli. 

Thus, Eph receptors and ephrins, together with fasciclin II and other adhesive/repulsive 

cues, might constitute a combinatorial molecular system in which sorting of ORC axons 

is determined by the balance of adhesive and repulsive forces. 
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CHAPTER 1 

INTRODUCTION 

1.1 Overview 

The proper functioning of the nervous system depends on its precise and complex 

spatial organization. To create this organization during development, two problems need 

to be resolved: first, arranging the cells in the correct location, and second, establishing 

the correct neuronal connections. The first question involves initial migration of cells to 

the correct domains and restriction of their movement after reaching there. The second 

question involves growth of neuronal processes, axons and dendrites, toward the target 

and once reaching a target area, recognition and selection of the correct target. The 

guidance of migrating cells or neuronal growth cones to specific destinations underlies 

the establishment or remodeling of a spatial pattern. Migrating neurons and extending 

axonal growth cones explore complex environmental cues and interpret them in the 

cellular machinery, leading to changes in cellular behavior. Over the past years, 

tremendous progress has been made using diverse approaches to identify and characterize 

such guidance cues (reviewed by Tessier-Lavigne and Goodman, 1996; Goodman, 1996; 

Branda and Stern, 1999; Montell, 1999; Mueller, 1999). The guidance mechanisms in 

which these cues operate fall into four general categories: contact attraction, 

chemoattraction, contact repulsion, and chemorepulsion (Tcssier-Lavigne and Goodman, 

1996). There is not a one-to-one match between molecules and mechanisms since some 



guidance molccules are not exclusively attractive or repulsive, but rather bifunctional, 

and some families of guidance cues have both secreted and transmembrane members. 

Eph-family receptor tyrosine kinases and their ephrin ligands have emerged as 

key players in regulating the movement of cells and growth cones. As ephrin ligands are 

plasma membrane-associated proteins, this receptor-ligand system confcrs direct cell 

contact mediated guidance. Eph receptors and ephrins are used in many regions and at 

multiple stages during nervous system development as cell contact-mediated guidance 

signals, generally as repulsive cues, preventing cells or axons from entering inappropriate 

regions. In many neural regions, Eph receptors and ephrins have been implicated in the 

establishment of topographic projections, the formation of axon tracts, the migration of 

neural crest cells, and the establishment of compartmental patterns. 

The mode of organizing neuronal connections varies depending on neuronal 

pathways, ranging from a graded, continuous mapping to a more complex, discontinuous 

pattern. The axonal projection of the retinal ganglion cell (RGC) to the tectum in chick 

and the superior colliculus (SC) in mammals represents the graded continuous mode. In 

this system, the spatial relationship in the peripheral, two-dimensional sheet of RGCs is 

faithfully preserved in the two-dimensional representation in the brain target by spatially 

ordered strictly topographic projection or mapping of the retinal axons. The 

chemoaffinity hypothesis (Sperry, 1963) proposes that the specificity of axonal 

connections is detemiined by molecular tags on projecting axons and their target cells 

and further that these molecular tags might establish topographic mapping through their 

distribution in complementary gradients in sensory and target structures. Since then, 



experimental and theoretical studies have provided supporting evidence for this 

hypothesis. Recently, members of the Eph family RTKs and ephrin ligands have been 

implicated in the mapping of RGC axons in their brain target (reviewed by Flanagan and 

Vanderhaeghen, 1998; O'Leary and Wilkinson, 1999; Holder and Klein, 1999; 

Wilkinson, 2001). 

In contrast, the primary olfactory nerve pathway is organized in a different 

manner. The olfactory sensory map is formed by the convergence of the axonal 

projections of a specific set of functionally similar olfactory receptor cells (ORCs) onto 

specific set of glomeruli (Ressler et al., 1994; Vassar et al., 1994; Mombaerts et a I., 

1996; Vosshall et al., 2000; Gao et al., 2000). As these ORCs are randomly distributed 

in one of the zones in the olfactory epithelium, this axonal mapping presents a complex 

guidance problem; these axons must shed spatial neighbor relationships, rebuild new 

function-oriented associations, and select correct glomerular targets. Although recent 

cloning of the odorant receptor family has led to a better understanding of axonal 

targeting in the olfactory system, the molecular mechanisms that underlie olfactory map 

formation are less well characterized than those in the visual map formation. Eph 

receptors and ephrin ligands are suspected to play roles in development of the rodent 

olfactory system, as many members in these families arc expressed by developing 

neurons and glia of the primary olfactory pathway in dynamic spatio-temporal patterns 

(St. John et al, 2000, 2002; St. John and Key, 2001). However, the actual functions of 

these Eph receptors and ephrin ligands in this system are not known partly because of the 
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prominent complexity of both the ORG axon mapping and the Eph/ephrin expression 

patterns. 

Our window to study olfactory development is through the insect model 

organism, Manduca sexta. Manduca offers several experimental advantages such as easy 

accessibility to cellular components. The investigation of the olfactory pathway 

development in Manduca, especially at the cellular level, has a rich history, and numbers 

of cellular interactions crucial for normal development have been elegantly demonstrated 

(reviewed by Oland and Tolbert, 1996; for more recent work, see 1.6). This chapter 

provides (1) a literature review on Eph receptors and ephrin ligands summarizing their 

molecular characteristics, signaling mechanisms, and proposed roles in neural 

development, and (2) a review of primary olfactory pathway development, focusing on 

Manduca but also including vertebrates. These reviews will be followed by a research 

outline describing the specific aims and summary of findings in this project. 

1.2 Molecular properties and signaling pathways of Eph receptors and ephrins 

1.2.1 Molecular properties 

The Eph family receptor tyrosine kinases (RTKs) fonn the largest subfamily of 

RTKs in vertebrates with 15 different members that are subdivided into two groups: 

EphA and EphB (Eph nomenclature committee, 1997). EphA receptors predominantly 

bind GPI-anchored ephrin-A ligands that are tethered to the plasma membrane via a 

glycosyl phosphatidyl inositol (GPI) anchor, while EphB receptors and EphA4 

preferentially interact with ephrin-B ligands that are single transmembrane proteins (Gale 



et al., 1996). To date, 6 ephrin-As and 3 ephrin-Bs have been identified. 

Invertebrates express fewer family members. C. elegans has one Eph and 4 GPl-

anchored ephrins (George et al., 1998; Wang et al., 1999; Chin-Sang et al., 1999), 

whereas only one Eph (D-Eph) and one ephrin (Dephrin) have been identified in 

Drosophila melanogaster (Scully et al., 1999; Adams et al., 2000; Bossing and Brand, 

2002). The presence of Eph and ephrins in invertebrate species may indicate that the 

family is ancient and dates back at least to the origin of metazoans. Considering the large 

numbers of vertebrate Eph and ephrins, a major expansion may have occurred with the 

evolution of vertebrates. 

All Eph receptors conform to the characteristic topology of RTKs and consist of a 

glycosylated extracellular region, a single membrane-spanning segment and a 

cytoplasmic region. The ligand-binding site has been localized to an extended loop 

within an N-terminal globular domain (Labrador et al., 1997; Himanen et al., 1998; 

Lackmann et al., 1998). This ligand-binding region is followed by a cysteine-rich 

domain and two fibronectin type III repeats near the transmembrane segment. The 

cytoplasmic domain consists of a conserved juxtamembrane sequence, a conserved 

tyrosine kinase domain, a sterile alpha motif (SAM), and a PDZ (postsynaptic density 

protein, discs large, zona occludens)-binding motif at the carboxy terminus. Eph 

receptors form a particularly closely related subfamily of RTKs with sequence identities 

of 65-90% in the kinase domain and 30-70% in the extracellular domain among 

vertebrate Ephs. All ephrin ligands share a conserved core sequence of approximately 

125 amino acids, including 4 invariant cysteine residues. This core domain is thought to 



correspond to a receptor-binding domain. The vertebrate ephrin ligands have overall 

sequence identities of 30-70%. 

The interaction of Eph receptors with ephrin ligands demonstrates several unique 

properties. (1) There is a considerable promiscuity in interacting partners. Each receptor 

in a subclass can interact with all ligands in the corresponding subclass, and vice versa 

(Gale et al., 1996). (2) Although a founding member of the Eph family was first 

identified in a tumor cell line, erythropoietin producing hepatocellular carcinoma (hence 

the name Eph) (Hirai et al., 1987), subsequent experiments showed a lack of mitogenic 

responses typical of other RTK families (Lhotak and Pawson, 1993). (3) Maximal-

strength activation of Eph receptors occurs upon binding to membrane-bound ephrin 

ligands. Soluble forms of ephrins can bind to Eph receptors, but do not trigger activation 

unless they are artificially clustered (Davis et al., 1994). This rcceptor-ligand system 

thus mediates contact-dependent signalling and is present in clusters at sites of cell-cell 

contact in vivo. (4) Upon ligand binding, receptor phosphorylation rapidly increases 

above background and continues to climb slowly over time, peaking within an hour of 

treatment. This slower time course of activation than other RTKs is likely a consequence 

of the requirement for multimeric aggregation of receptors (Gale and Yancopoulos, 

1997). 
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1.2.2 Signal transduction pathways triggered by Eph receptor activation 

(forward signaling) 

Ephrin binding causes Eph receptor autophosphoryiation and increased kinase 

activity (Davis et al., 1994), initiating a cascade of signals that eventually affect cell 

behavior. The activation of Ephs by ephrins leads to phosphorylation of ten or more 

specific tyrosine residues on Eph proteins (Kalo and Pasquale, 1999), several of which 

arc involved in the regulation of the kinase catalytic activity (Choi and Park 1999; Binns 

et al., 2000). At least four phosphotyrosines are docking sites for proteins that contain an 

SH2 (src homology region 2) domain (Holland et al., 1997), and in particular two 

conserved juxtamcmbranc phosphotyrosine residues bind many different SH2-domain-

containing proteins (Ellis et al., 1996; Holland et al., 1997; Zisch et al., 1998; Hock et 

al., 1998). Such SH2 domain proteins include the cytoplasmic tyrosine kinases Fyn, Src, 

Nek and Crk (Ellis et al., 1996; Hock et al., 1998a; Zisch et a I., 1998; Holland et al., 

1997; Stein et al., 1998; Choi and Park, 1999), the RasGAP (Hock et al., 1998a; Holland 

et al., 1997), the low-molecular-weight phosphotyroine phosphatase (Stein et al., 1998), 

the p85 subunit of phosphatidyl-inositol-3 kinase (Pandey et al., 1994), and the adaptor 

proteins Grb2, Orb 10, and SLAP (Src-like adaptor protein) (Holland et al, 1997, Pandey 

et al., 1995, Stein et al., 1996). Since a number of these molecules are components of 

pathways regulating the depolymcrization of the actin cytoskeleton that is involved in cell 

repulsion, identifying these immediate targets provides insight into the signaling 

pathways responsible for the cytoskeletal and cell adhesion changes that underlie the 

biological activities of Eph receptors. For example, repulsive signals steering axons 
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away from incorrect targets are likely mediated by spatially oriented changes in the 

assembly of structural proteins in the advancing neuronal growth cone and by polarized 

modulation of cell-matrix adhesion. Indeed, Eph receptor activation was shown to 

disrupt cytoskeletal organization in the growth cones of cultured neurons (Meima et ai, 

1997a,b). 

While a number of proteins that bind to the cytoplasmic domains of the Eph 

receptors have been identified, evidence for a direct linkage between Eph/ephrin proteins 

and intracellular signaling pathways regulating motility has just begun to emerge ( Wahl 

et ai, 2000; Shamah et ah, 2001). Small GTPases of the Rho family - primarily Rac, 

Cdc42, and RhoA - are important regulators of actin organization in neuronal growth 

cones (Luo et ai, 1997; Dickson, 2001; Luo, 2002). A current model proposes that 

attractive cues act through Cdc42 and Rac while repulsive cues activate RhoA (Kozma et 

al., 1997). By creating asymmetries in the activities of Rho GTPases within a growth 

cone, guidance cues could instruct the growth cone to change directions. These GTPases 

are regulated by guanine nucleotide exchange factors (GEFs) that activate Rho and by 

GTPase-activating proteins (GAPs) that inhibit Rho. Wahl et al. (2000) have 

demonstrated that ephrin-A5-mediated RGC growth cone collapse requires activation of 

RhoA and its downstream effector Rho kinase. Shamah et al. (2001) have identified a 

GEF, Ephexin (Eph-interacting exchange factor), and have shown that cphrin-A 

stimulation of EphA receptors modulates the activity of Ephexin leading to activation of 

RhoA as well as inhibition of Cdc42 and Racl, which in turn changes cellular 

morphology. 
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A further interaction motif, present at the carboxy-terminus of Eph receptors 

and B-cIass ephrins, is a binding motif for proteins that contain a PDZ domain. Some of 

the PDZ domain proteins that bind to Eph receptors and ephrin-Bs have been identified 

(Hock et al., 1998b; Bruckner et ah, 1999; Torres et ah, 1998; Buchert et al, 1999). 

These PDZ-containing proteins are involved in assembling macromolecular complexes 

that allow interactions between components of signal transduction pathways by recruiting 

other kinases and by localizing Eph receptors and ephrin-B proteins in membrane raft 

microdomains. In addition, certain PDZ-domain proteins may be involved in localizing 

Eph receptor and ephrin complexes to specific sites within the cell such as synapses 

(Torres et al., 1998). 

1.2.3 Signaling though ephrins (reverse signaling) 

Increasing evidence suggests that, in certain instances, interactions between Eph 

receptors and ephrin ligands can potentially trigger bidirectional signal transduction and 

cellular responses. Cytoplasmic tails of ephrin-B ligands show high sequence 

conservation, with five invariant tyrosine residues (Holland et al., 1996) and a PDZ 

binding motif at the carboxy terminus (Lin et al., 1999). In cell lines, upon binding to 

Eph receptors, these tyrosine residues become phosphorylated (Bruckner et al., 1997; 

Holland et al., 1996). In mouse embryos, ephrin-B ligands are indeed tyrosine 

phosphorylated at different stages, suggesting the physiological relevance of this 

modification (Bruckner et al., 1997; Holland et al., 1996; Kalo et al., 2001). These 

phosphorylation events are shown to be catalyzed by Src family kinases, which are 



rapidly recruited to the ephrin-B-containing membrane raft domains upon EphB 

engagement and transiently activated (Palmer et al, 2002). Two types of molecular 

partners have been identified that can bind ephrin-B cytoplasmic tails. One class is PDZ-

domain containing proteins, which bind to the PDZ-domain binding motif of the C-

terminus. Many PDZ-domain proteins have been shown to associate with ephrin-Bs, 

including GRIPl, GR1P2, Pickl, mPAR-3, PDZ-RGS3, Syntenin, and PTP-BL 

phosphatase (Torres et al., 1998; Lin et al., 1999; Bruckner et al., 1999; Grootjans et al., 

2000; Lu et al., 2002; Palmer et al., 2002). Another class of molecular partner is SH2-

domain containing proteins that bind directly to the phosphorylated tyrosine residues in 

ephrin-Bs. Grb4, an adaptor protein composed of one SH2 and three SH3 domains is 

recruited to the signaling centers that contain clusters of tyrosine-phosphorylated ephrin-

Bs (Cowan and Henkemeyer, 2001). In response to B-ephrin reverse signaling, cells are 

shown to increase focal adhesion kinase activity, lose adhesive foci, round up, and 

disassemble actin stress fibers (Cowan and Henkemeyer, 2001). Reverse signaling 

through ephrin-Bs has been implicated in repulsive axon guidance (Henkemeyer et 

a/.,1996; Birgbauer et al., 2000,2001), hindbrain segmentation (Mellitzer et al, 1999; 

Xu et al., 1999), and retinotectal mapping along the dorsal-ventral axis (Mann et al., 

2002). For example, mice lacking EphB2 show guidance defects in fibers that form the 

anterior commissure, in which fibers express ephrin-B rather than EphB2, whereas 

EphB2 is expressed in cells surrounding this fiber tract. This defect is rescued in mice 

expressing kinase-dead EphB2, in which the catalytic domain is replaced with beta-

galactosidase (Henkemeyer et al, 1996). These observations suggest that the EphB2-



expressing cells can guide the migration of ephrin-B expressing axons by possibly 

relaying a signal into the axons through the ligand. 

Ephrin-A ligands may also transduce reverse signals possibly through associated 

transmembrane proteins, by analogy with other GPI-anchorcd proteins (Robertson and 

Mason, 1997). Genetic evidence is provided by C. elegans. A kinase-dead mutation in 

the VAB-1 Eph receptor of C. elegans produces a weaker phcnotype than null mutations 

or mutations that alter the extracellular ligand binding domain (George et al, 1998). C. 

elegans ephrins are all GPl-anchored, and these ephrin mutations increase the phenotypic 

effect of the VAB-1 kinase-dead mutant but do not increase that of VAB-1 null mutant 

(Wang et al., 1999; Chin-Sang et al., 1999). These findings suggest that the extracellular 

domain of VAB-1 may act as a ligand that is required for correct signaling in ephrin-

expressing cells. 

Reverse signaling through ephrin-A ligands may mediate attractive/adhesive 

cellular responses. In the mouse vomeronasal projection, differential expression of 

ephrin-A5 on axons and of EphA6 in the accessory olfactory bulb (AOB) appears to 

regulate the topographic targeting such that axons with high ligand level project to 

regions of the AOB with high receptor level (Knoll et al., 2001). Consistent with this, in 

a stripe assay, vomeronasal axons prefer to grow on EphA-containing lanes than the 

control lanes, suggesting an attractive interaction. In addition, ephrin-A5 mutant mice 

exhibit abnormal topographic targeting of these axons. In vitro studies have shown that 

the activation of ephrin-As leads to an increase in the adhesion of the ephrin-A-

expressing cells and in the number of focal adhesion points, which requires pi-integrin 



and src family kinases (Davy et al., 1999; Davy and Robbins, 2000; Huai and 

Drescher, 2001). While the in vivo significance of these results remains to be evaluated, 

collectively in vivo and in vitro observations point to the adhesive function of ephrin-A 

signaling. 

1.3 Roles for Eph/ephrin in neural development 

1.3.1 Eph receptors and ephrins in topographic map formation 

One of the most extensively studied areas for roles of Eph/ephrin is the formation 

of topographic maps. Gene expression, in vitro and in vivo functional experiments, and 

genetic studies have provided evidence for the importance of Eph/ephrin in many regions 

of the nervous sytem, including projections from retina to tectum/superior coUiculus 

(Cheng et al., 1995; Drescher et al., 1995; Nakamoto et al., 1996; Monschau et al., 1997; 

Brennan et al., 1997; Diitting et al., 1999; Feldheim et al., 2000; Frisen et al., 1998; 

Hornberger et al., 1999), retina to lateral geniculate (Feldheim et al., 1998), hippocampus 

to septum (Gao et al., 1996), thalamus to cortex (Gao et al., 1998; Vandcrhaegen et al., 

2000) and spinal motoneuron to muscle (Feng et al., 2000). Of these, the best 

characterized is the retinotectal projection. In the retinotectal map, axons from the 

temporal retina project to the anterior tectum, whereas axons from increasingly nasal 

parts of the retina project to increasingly posterior parts of the tectum. Ephrin-A2 and 

ephrin-A5 are each expressed in high-posterior to low-anterior gradients in the tectum, 

and EphAB is expressed in a high-temporal to low-nasal gradient in retinal ganglion cells 

(RGCs). These expression patterns led to the hypothesis that mapping RGC axons along 
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the anterior-posterior axis on the tectum involves a graded sensitivity of axons to 

gradients of ephrin-As present in the tectum. According to this hypothesis, temporal 

axons are sensitive to ephrin due to high EphA3 expression, and repulsion occurs at 

anterior tectum, while nasal axons are less sensitive and can migrate further into the 

posterior tectum. Studies using in vitro assays such as the membrane stripe assay and the 

growth cone collapse assay have provided support for this hypothesis. The growth cones 

expressing EphA3 collapsed when exposed to an activating (clustered) form of ephrin-

As. In the stripe assay in which temporal and nasal axons were presented with alternative 

stripes of cphrin-containing and control lanes, temporal axons preferred to grow on lanes 

devoid of ephrin whereas nasal axons grow equally well on both lanes. Observations in 

genetic studies generally support the hypothesis. Although single knockouts of ephrin-

A2 or ephrin-A5 show only mild topographic projection errors in RGC axons, in double 

ephrin-A2/ephrin-A5 null mice, the topographic map is severely disorganized (Frisen et 

ah, 1998; Feldheim et ah, 2000; Brown et al., 2000). 

The actual expression patterns of many Eph receptors and ephrins, however, are 

much more complicated. RGC axons express EphA4 and EphA5 uniformly (Connor et 

al, 1998; Monschau et al., 1997) and express ephrin-A2 plus ephrin-A5 in a high-nasal 

to low-temporal gradient (Marcus et al., 1996; Brennan et al., 1997). The overlapping 

expression of the receptor and the ligand leads to a persistent phosphorylation of EphA4 

in nasal RGC axons. Ectopic expression of ephrin-A2 or ephrin-A5 in temporal axons 

makes them resistant to the repulsive effects of ephrin-As in the stripe assay and leads to 

topographic targeting errors of both nasal and temporal axons in vivo (Dutting et al.. 



1999; Hornberger et al, 1999). Furthermore, removal of ephrin-A proteins from 

nasal axons by phospholipase treatment converts these normally insensitive axons into 

ones that are sensitive to repulsion by ephrin-As in the stripe assay (Horberger et al., 

1999). Taken together, these findings suggest that the differential response of RGC 

axons to ephrin-A-induced repulsion is achieved by a graded expression of Eph receptors 

as well as a uniform Eph receptor distribution with graded ephrin expression that leads to 

a graded sensitivity. 

1.3.2 Regional patterning of the neural tube 

Contact-mediated repulsive function executed by Eph-ephrin signaling is also 

used earlier in development. During early stages of nervous system development, 

regional identity along the anterior-posterior axis is established by distinct expression of 

transcription factors. These regional differences underlie the generation of precise 

patterns of distinct neural cell types. It is important to maintain these specific domains 

despite cell division and possible intermingling. One of the mechanisms to prevent cells 

from intermingling across the interface is thought to involve repulsive interactions 

between Eph receptors and ephrins expressed in a complementary fashion (Xu et al., 

1995, 1999; Mellitzer et al., 1999). Interference with the Eph-ephrin signaling by 

injection of the RNA encoding a dominant negative form of an Eph receptor led to 

abnormal boundary formation where groups of cells from rhombomeres 3 and 5 were 

found ectopically in the territory of adjacent rhombomeres (Xu et al., 1995). Following 

mosaic activation of Eph receptors or ephrin-Bs, each transduces signals that can drive 



cell sorting within hindbrain segments (Xu et a I., 1998). Furthermore, bidirectional 

activation of Eph receptors and ephrins at the interface of cell populations is necessary to 

prevent cell intermingling, whereas unidirectional activation of either component is 

insufficient (Mellitzer et al, 1999). These experiments implicate Eph/ephrin in the 

formation or maintenance of developmental boundaries through bi-directional signaling 

at the interface. Based on similar complementary expression patterns of Eph receptors 

and ephrins during early developmental stages, similar roles in tissue patterning have 

been suggested in the cerebellum (Rogers et al., 1999; Karam et al., 2000) and the 

striatum (Janis et al., 1999). 

During early cerebral cortical development in primates and mice, different 

combinations of Eph receptors and ephrins are expressed in a manner specific to 

prospective cortical areas and layers (Donoghue and Rakic, 1999; Sestan et al., 2000; 

Yun et al., 2003). These observations indicate molecular distinctions among cortical 

regions early in corticogenesis, and suggest that a combinatorial Eph/ephrin code defines 

compartments before the formation of thalamic afferent innervation. 

1.3.3 Neural tract formation 

Eph receptors and ephrins have also been implicated in axon pathway selection in 

the central nervous system. The main evidence for such functions has come from 

targeted gene disruption of Eph receptors. Disruption of the EphB2 gene results in a 

partial loss of the anterior commissure (Henkemeyer et al., 1996). Disruption of EphB3 

causes abnormal connections between the two cortical hemispheres, affecting formation 



of the corpus callosum (Orioli et al., 1996). In addition, double homozygotes with 

disruptions of EphB2 and EphB3 show synergistic midline defects in both the anterior 

commissure and corpus callosum (Orioli et al., 1996). 

Disruption of the ephrin-B3 gene results in a defective corticospinal tract in which 

axons freely cross the midline in the spinal cord (Kullander et al., 2001; Yokoyama et al., 

2001). Ephrin-B3 expression is concentrated in the spinal cord midline but absent at the 

decussation, while corticospinal axons express EphA4 that can interact with ephrin-B3. 

These observations suggest that ephrin-B3 acts as a midline repulsive cue preventing 

EphA4-expressing cortico-spinal axons from re-crossing, thus regulating the 

establishment of the contra-lateral innervation pattern. The midline repulsion by ephrin-

B ligands has also been shown at the optic chiasm and the spinal cord floor plate 

(Nakagawa et al., 2000; Imondi et al., 2000; Brittis et al., 2002). In the optic chiasm, 

ephrin-B ligands expressed at the chiasm prevent Eph-positive, temporal retinal axons 

from crossing yet allow Eph-negative nasal axons to cross the midline (Nakagawa et al., 

2000). In the spinal cord, ephrin-B ligands expressed at the lateral floor plate boundaries 

prevent recrossing of commissural axon segments that specifically express EphB 

receptors after crossing the midline (Imondi et al., 2000; Brittis et al., 2002). 

Eph-ephrin signaling has also been implicated in the development of 

thalamocortical projections (Gao et al., 1998; Mann et al., 2002; Takemoto et al., 2002; 

Uziel et al., 2002). For example, in the developing rat brain, EphA4 is expressed in the 

lateral thalamic nuclei that project to the visual and somatosensory cortex, but not in the 

medial thalamic nuclei that project to the limbic cortex. On the other hand, cphrin-B3, a 
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possible ligand for EphA4, is expressed strongly in the limbic cortex (Takemoto et 

al., 2002). In vitro, ephrin-B3 inhibits axonal outgrowth of lateral thalamic explants but 

not medial thalamic explants, suggesting that cphrin-B3 contributes to regional 

specificity by suppressing axonal growth of lateral thalamic neurons (Takemoto et al., 

2002). Ephrin-A5 is expressed in the somatosensory cortex at a embryonic time period 

when thalamic fibers invade the cortex, while one of its receptors, EphA5, is expressed in 

the medial thalamic nuclei (limbic) (Gao et al., 1998; Vanderhacghen t al., 2000). In 

ephrin-A5 knockout mice, a portion of limbic thalamic neurons abnormally projects 

axons to the somatosensory cortical territories (Uziel et al., 2002). Mann et al. (2002) 

has demonstrated possible involvement of ephrin-A5 in target layer recognition and 

terminal arborization by thalamic axons. Thalamic axons express EphA receptors and 

terminate in the cortical layer 4 that expresses ephrin-A5; in vitro, ephrin-A5 proteins 

elicit a branch-promoting activity on thalamic axons (Mann et al., 2002). 

1.3.4 Neural crest migration and motor axon pathflnding 

Neural crest cells follow defined pathways and reach specific targets as they 

migrate out from the neural tube. These cells migrating from the hindbrain and the spinal 

cord follow segment-specific pathways. In the spinal cord region, the ephrin-B ligand is 

expressed in the posterior half of somites and acts as a repulsive cue for trunk neural crest 

cells that express EpliB receptors (Krull et al., 1997; Wang and Anderson, 1997). In the 

cranial region, Eph receptor expression in third-arch neural crest cells and ephrin 
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expression in sccond-arcii neural crest cells have been proposed to underlie a 

segregation of the migratory stream (Robinson et al., 1997; Smith et al., 1997). 

Several Eph receptors and ephrin ligands are expressed in motor neurons, somites, 

limb mesoderm, and muscles, with spatially and temporally regulated patterns (Kilpatrick 

et al, 1996; Ohta et al., 1996; Wang and Anderson, 1997; Araujo et al., 1998; Iwamasa 

et al., 1999; Koblar et al., 2000; Helmbacher et al., 1999; Kiiry et al., 2000; Feng et al., 

2000; Eberhart et al., 2000, 2002; Lai et al., 2001; Wang et al., 2001), suggesting their 

roles in motor axon pathfmding and muscle target recognition. For example, in the 

embryonic rat, EphB2 is expressed by spinal motor neuron axons and ephrin-B 1 by the 

caudal half sclerotome: Ephrin-B 1 elicits growth cone collapse of motor axons, consistent 

with the normal outgrowth pattern in which motor axons avoid the caudal half sclerotome 

(Wang and Anderson, 1997). In chick embryos, EphA4 is expressed by the lateral subset 

of lateral motor column (LMC) neurons that project dorsally in the limb, while ephrin-A 

ligands are expressed in ventral limb mesoderm. Ectopic expression of EphA4 in medial 

LMC neurons, which normally project to the ventral limb, causes misrouting of these 

axons to the dorsal nerve trunk (Eberhart et al, 2002). Five ephrin-As are expressed by 

developing muscles in mice, and rostrally and caudally derived motor axons differ in 

sensitivity to outgrowth inhibition by ephrin-As (Feng et al, 2000). In double mutant 

mice lacking ephrin-A2 and ephrin-A5, topographic mapping of motor axons onto 

muscles is impaired (Feng et al, 2000), suggesting that muscle-derived ephrins mediate 

positionally selective neuromuscular synapse formation. These studies indicate that the 
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Eph-ephrin signaling is utilized to guide motor neuron axons at multiple stages of 

their trajectories. 

1.3.5 Other functions 

Ephrin-A5 and one of its cognate receptors, EphA7, have been found to function 

in early neural tube closure (Holmberg et a I., 2000). A small proportion of cphrin-A5(-/-) 

mutant mice have neural tube defects due to the failure of the neural fold to fuse at the 

dorsal midline. EphrinAS and EphA7 are coexpressed at the edges of the neural folds, 

and the presence of a splice variant encoding truncated EphA7 led to the hypothesis that 

this isoform may act in a dominant negative fashion to block the repulsive response. 

Indeed, in cell co-culture experiments, EphA7-expressing cells avoid ephrin-A5-positive 

cells whereas cells coexpressing full length and truncated EphA7 grow preferentially on 

ephrin-A5-positive cells, suggesting that the potential repulsion is turned into adhesion. 

An adhesive/attractive function has been also proposed in the developing vomeronasal 

system, as described in 1.2.3 (Knoll et ai, 2001). 

A role for Eph-ephrin signaling in synapse formation has been suggested by 

Dalva et al. (2000). The NRl subunit ofNMDA receptors specifically associates with 

EphB2 that is present at the postsynaptic membrane. In hippocampal neuron culture, 

long term activation of EphB2 leads to increase in NMDA receptor clusters and 

presynaptic release sites. Conversely, blockade of EphB2 signaling by overexpression of 

a dominant negative form suppresses the number of postsynaptic specializations (Dalva 

et al., 2000). Several Eph receptors and ephrins are expressed also in the adult brain 



(Taylor et al., 1995; Mieschcr et al., 1997; Gao et al., 1008; Gerlai et al., 1999; 

Conovar et al., 2000; Grunwald et al., 2001; Henderson et al., 2001). Although precisc 

functions of Eph/ephrin in adult brain arc not known, since Eph reccptors are localized to 

postsynaptic sites, they might be involved in synaptic functions including remodeling and 

plasticity (Torres et al, 1998; Buchert et al., 1999). Infusion of a reagent that blocks 

EphA4 signaling into the adult mouse hippocampus leads to impairment in behavioral 

memory tasks, and the blockade of EphA4 signaling in hippocampal slice preparations 

impairs maintenance of long term potentiation (LTP) (Gerlai et al., 1999). EphB2 

expression is upregulated following glutamatergic stimulation in dendrites of dentate 

granule neurons of the hippocampus in vivo (Henderson et al., 2001). Activation of post-

synaptically localized EphB2 in cultured cortical neurons, through activation of Src 

family kinases, potentiates NMDA receptor-dependent calcium influx, which leads to 

enhanced gene expression (Takasu et al., 2002). In mice lacking EphB2, although 

hippocampal synapse morphology is normal, synaptically localized NRl density is 

reduced and protein synthesis-dependent LTP is impaired (Grunwald et al., 2001; 

Henderson et al., 2001). Moreover, activation of EphB2 has been implicated in dendritic 

spine morphogenesis (Ethel 1 et al., 2001; Penzes et al., 2003). Dendritic EphB2 

mediates phosphorylation and clustering syndecan-2 at presumptive spines (Ethell et a I., 

2001) as well as translocation of Rho-GEF kalirin to synapses and activation of Rac 1 

and its effector PAK (Penzes et al., 2003). These results suggest that EphA4 and EphB2 

play important roles in synaptic functions and plasticity in the mature brain. 



Eph/ephrin in the adult brain might also be involved in the regulation of stem 

cells. In the adult brain subventricular zone (SVZ), EphBl-3 and EphA4 as well as 

ephrin-B2/3 arc expressed in SVZ astrocytes, which function as stem cells in this 

germinal zone (Conover et al., 2000). Disruption of Eph/ephrin signaling by 

intraventricular infusion of the soluble form of EphB2 or ephrinB2 into the adult mouse 

brain results in disorganized migration patterns and increased proliferation in these SVZ 

astrocytes (Conover et al., 2000). 

1.4 Eph receptors and ephrins in invertebrates 

One Eph receptor (VAB-1) and 4 ephrins (EFN-1 to EFN-4) have been found in 

C. elegans (George et al., 1998; Ching-Sang et al, 1999; Wang et al., 1999), while in 

Drosophila melanogaster, a single Eph (D-Eph) and a single ephrin (Dephrin) have been 

identified (Scully et al, 1999; Adams et al, 2000; Dearborn et al, 2002; Bossing and 

Brand, 2002). Both VAB-1 and D-Eph show equal sequence similarity to EphA and 

EphB subclasses, suggesting that they might represent a prototypical Eph receptor from 

which the two vertebrate subclasses evolved. VAB-1 is expressed in neuroblasts during 

late gastrulation and localized to the axons of many neurons throughout the nervous 

system in late embiyogenesis and throughout larval and adult development (George et al, 

1998). Genetic analyses demonstrate that null mutations of the VAB-1 disrupt the 

movement and organization of neuroblasts that express this rcceptor, and also prevent the 

closure of the adjacent ventral epidermis (George et al, 1998). In addition to its role in 

neuroblast organization, VAB-1 acts in parallel with the robo and netrin repulsion 



systems in axon guidance (Zallen et a I., 1999). All 4 ephrins in C. elegans are GPI-

anchored and thus structurally similar to vertebrate ephrin-As. But their sequences 

within the conserved core are more similar to B class ephrins (37%-40% identical) than A 

class ephrins (26%-30% identical), suggesting they might resemble a common ancestor 

of the two vertebrate subclasses. Mutation and expression analyses of C. elegans ephrins 

suggest that they have partially overlapping functions in multiple regions during 

development ( Wang et al., 1999; Chin-Sang et al, 1999). Several of these ephrins are 

expressed in neurons adjacent to those expressing VAB-1, and in ephrin-null animals, the 

cells that normally express ephrins are disorganized. Ephrin-null mutations show 

epidermal phenotypes identical to the VAB-I null mutation and to mutations that 

introduce an amino acid change in the ligand-binding domain of VAB-1, whereas the 

kinase-dead mutation of VAB-I results in a milder phenotype. These results suggest that 

C. elegans Eph-ephrin interactions convey forward as well as reverse signaling. 

Initial genetic analyses of Drosophila Eph (D-Eph), which used overexpression 

and ectopic expression of normal D-Eph as well as the kinase-deficient form, did not 

reveal visible phenotypes (Scully et al., 1999). Like C. elegans Eph, D-Eph is expressed 

mostly in the nervous system. Its expression commences in a large subset of neurons in 

the embryo at the time when neurons begin elongating axons and continues in the larval 

CNS and imaginal discs. It is also expressed in pupal and adult stages. D-Eph protein is 

highly targeted to axons and growth cones of developing neurons. Misexpression and 

overexpression of full length D-Eph or kinase-deficient D-Eph, however, did not grossly 

affect axon pathfmding in embryonic ventral nerve cord and in pupal visual system. 
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There could be several reasons for the lack of phenotype in these experiments. First, 

if the ligand for D-Eph is not present on those cells that interact with neurons in which D-

Eph is misexpressed, misexpressed D-Eph does not initiate any signaling. Second, if the 

level of D-Eph is not critical in neurons that normally express D-Eph, overexpression 

may not have effects. Third, D-Eph might have different roles from pathfinding, which 

would have been overlooked in their limited set of analyses. Fourth, if D-Eph has kinase-

independent functions, dominant negative interference with kinase-inactive form of D-

Eph would not be effective. Mutations in D-Eph have not yet been identified. A recent 

study focusing on visual system development has revealed a role for D-Eph in 

topographic map formation in the visual system (Dearborn et ai, 2002). D-Eph is 

expressed on the photoreceptor axons in a uniform pattern as well as by medulla cortical 

neurons in a dorsal-ventral gradient. Disruption of this graded pattern of D-Eph activity 

by RNAi, or by ectopic expression of wild type or dominant-negative transgenes causes 

abnormal medulla cortical axon topography. In addition, the eye-specific expression of 

the dominant-negative D-Eph results in abnormal midline fasciculation of photoreceptor 

axons. 

Dephrin, a Drosophila ephrin homolog, is a transmembrane ephrin with a unique 

N-terminus and an ephrin-B-like cytoplasmic tail (Bossing and Brand, 2002). The N-

terminus (aa 1-202) is essential for membrane localization and is cleaved off from the 

mature protein. In the embryonic CNS, Dephrin is widely expressed on cell bodies of 

neurons and other cell types, but absent from axons, with the highest level of expression 

along the outer border of the longitudinal axon tract; the expression pattern of Dephrin 



complements that of D-Eph. Loss of Dephrin or D-Eph by RNAi causes the aberrant 

exit of interneuronal axons from the CNS, while ectopic expression of Dephrin halts 

axonal growth, suggesting that the longitudinal tracts in the Drosophila CNS are molded 

by a repulsive outer border of Dephrin expression (Bossing and Brand, 2002). Given the 

ubiquitous expression of these genes in other neural regions, further investigation will 

provide more information on functions of the D-Eph/Dephrin signaling in Drosophila 

neural development. 

In the recently completed Anopheles gamhiae genome sequence, a single Eph-

related gene was found by BLAST search, while the ephrin-like genes cannot be 

identified using the same search criteria (M. Kaneko, unpublished data). The deduced 

amino acid sequence of this Anopheles Eph is overall 74% identical, and its putative 

ligand-binding domain is 90% identical to D-Eph (M. Kaneko, unpublished data). 

1.5 Development of the primary olfactory pathway 

1.5.1 Organization of the primary olfactory nerve pathway 

Odor information present in the environment is important for the survival of 

animals; it profoundly influences feeding, mating, and social behaviors, as well as 

learning and memory associated with these behaviors. Many animal species, including 

mammals and insects, can detect a vast array of different odor molecules with a large 

variety in chemical structure that may be present in small quantities in the environment, 

and can discriminate a fraction, yet still a large number, of these molecules. This 

remarkable sensitivity and discriminatory capability derive from a series of infonnation-



processing steps that occur in neural structures through which olfactory sensory 

information flows. Olfactory systems in vertebrates and insects share common structural 

and functional characteristics. The initial event in odor detection is the specific 

interaction of odorant molecules with odorant receptors expressed in olfactory reccptor 

cells (ORCs). ORCs are housed in the characteristic olfactory organs of vertebrates 

(sensory epithelium within a nasal cavity) and insects (sensory epithelium on appendages 

such as antennae), which are complex structures adapted to collect odor molecules and 

guide them to ORCs. ORG axons project to the first order olfactory ccnter, the olfactory 

bulb (OB) in vertebrate and the antennal lobe (AL) in insects. In both the AL and the 

OB, the neuropil is organized into discrete structural units called glomeruli. Glomeruli 

are formed by the ORG axon terminals, dendrites of both the output neurons and local 

interneurons, processes of centrifugal neurons and synapses among them, with a glial 

envelope surrounding each glomerulus. From this primary center, output neurons convey 

olfactory information to higher order processing centers such as the primary olfactory 

cortex in vertebrates as well as the mushroom body and the lateral protocerebrum in 

insects. 

There is a striking conservation in the overall organization of the primary 

olfactory center across phyla. This suggests that glomeruli represent functional and 

anatomical units for olfactory information coding. A variety of studies using anatomical, 

electrophysiological and activity-labeling experiments have provided support for this idea 

(reviewed by Mori and Yoshihara, 1995; Buck, 1996; Hildebrand and Shepherd, 1997; 

Mori ct al., 1999; Kauer and White, 2001). For example, it has been shown that each 
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odorant typically elicits activity in a discrete set of glomeruli in activity labeling 

experiments using 2-deoxyglucose (Stewart et ah, 1979; Jourdan et al., 1990), c-fos 

expression (Guthrie et al., 1993), calcium-sensitive dyes (Faber et al, 1999) or optical 

imaging of intrinsic signals (Rubin and Katz, 1999; Uchida et al., 2000). These 

observations have led to the hypothesis of 'chemotopic organization', in which different 

odors are mapped onto different glomeruli. The discovery of the odorant receptor (OR) 

gene family (Buck and Axel, 1991) has provided a molecular basis for this "chemotopic" 

hypothesis. In mice, up to 1000 genes are believed to encode odorant receptor proteins 

(OR), and each ORG is believed to express only one or two ORs (Buck and Axel, 1991). 

ORCs expressing specific ORs are distributed within one of four zones of the olfactory 

epithelium, and their axons project and converge onto one or a few glomeruli in 

stereotypic locations in the OB (Vassar et al., 1994; Rcssler et al., 1994, Mombaerts et 

al., 1996; Wang et al., 1998). Insects have a comparable pattern. In Drosophila 

melanogaster, there are approximately 1500 ORGs, and individual ORGs are likely to 

express a single receptor gene out of about 60 Drosophila odorant receptor (DOR) genes 

(Glyne et al, 1999;Vosshall et al., 1999). ORGs expressing a given DOR gene project 

axons to one or two spatially invariant glomeruli in the AL (Vosshall et al., 2000; Gao et 

al., 2000). In males of the moth M. sexta, sex-pheromone-specific ORGs are distributed 

along most of the length of the antenna and project their axons into a sexually dimorphic, 

male specific macro glomerular complex (MGG) in the AL (Ghristensen et al., 1995; 

Rossler et al., 1999b). These findings suggest that the information that is widely 



40 

distributed in the sensory sheet is transformed in the OB/AL into a highly organized 

and spatially stereotyped information map. 

1.5.2 Development of the primary olfactory pathway in vertebrates 

The organizational schema of the primary olfactory nerve pathway poses an 

interesting but complex problem in axon guidance. How do neurons expressing a given 

OR select their target glomerulus to project to in the OB/AL? The map of the olfactory 

system differs significantly in character from the orderly representation inherent in 

retinotopic, tonotopic and somatotopic sensory maps. In these sensory systems, the 

peripheral receptor sheet is represented in the CNS such that neighbor relations in the 

periphery are preserved in the CNS. The orderly array of neurons in the periphery and 

their targets in the CNS provides insight into how the topographic map of projections 

may be established. In these sensory systems, peripheral receptor cells and their target 

cells may acquire a distinct identity that is determined by their relative positions in the 

two-dimensional sheets. This identity in turn may be translated into the differential 

expression of the molecular tag or differential sensitivity to the guidance molecules. The 

chemoaffinity hypothesis, presented by Sperry based on series of studies on retinotectal 

development (Sperry, 1963), proposes that the specificity of axonal connections within a 

map is determined by molecular tags on projecting axons and their target cells. Further, 

he suggested that these molecular tags might establish topography through their 

distribution in complementary gradients that mark corresponding points in both sensory 

and target structures. This model has been a driving force in the effort to identify such 



guidance cues and, as discussed in 1.3.1, Eph receptors and ephrins have been 

implicated as one such tag that can be distributed in gradients. In the olfactory system, 

however, sensory neurons' identities are not determined by their position in a receptor 

sheet, but rather by the nature of the OR that they express. The tight linkage between the 

choice of OR and the site of axonal convergence has led to a model in which the ORs 

play an instructive role in target selection by ORC axons (Wang et ai, 1998). In mice 

with deletions or non-sense mutations in the P2 OR gene, axons of ORCs that normally 

express the P2 OR do not invade the OB, but instead wander across the surface of the 

OB. These axons are found in an appropriate dorsal-ventral (D-V) position but have 

extended posteriorly past the P2 glomeruli. When the coding region of the P2 gene was 

replaced with that of several other ORs (donor OR), the position of donor 0R^P2 

glomerulus is distinct from either the wild-type donor OR or P2 glomeruli. Yet it 

maintains an antero-posterior (A-P) position aligned with the wild-type donor OR, 

suggesting that ORs have an instructive role in A-P positionig but not D-V targeting 

(Wang et al, 1998). If the ORs act as guidance receptors, what is the nature of the 

ligands? It is possible, but unlikely, that each of 1000 ORs binds to a specific ligand, 

having 1000 distinct ligands expressed in the OB. A more likely alternative is that a few 

guidance ligands are distributed in the OB and a differential response of axons expressing 

a given OR is achieved by differential affinity of the OR to the ligand and/or a graded 

distribution of the ligand. No studies, however, have shown OR proteins to exist at the 

growth cone of ORC axons. Nor have putative OR ligands acting as guidance cues in the 

OB been identified. 



Another characteristic behavior of ORC axons is the axon sorting in the nerve 

fiber layer (NFL) of the OB, which may play an important role in subsequent targeting to 

specific glomerular targets. This characteristic axon sorting also occurs in Manduca at 

the antennal nerve sorting zone. Subpopulations of ORC axons are intermixed within the 

olfactory nerve. Upon entering the outer NFL, these axons defasciculatc and sort out to 

form molecularly distinct fascicles such as those expressing cell surface carbohydrates 

(Key and Akerson, 1993; Riddle et al., 1993; St. John and Key, 2001b) and specific OR 

genes (Potter et al., 2001; Treloar et al., 2002). The latter studies have provided a 

powerful method to examine axonal trajectories of a single class of ORCs by the use of 

the tau-GFP axonal marker linked to a particular OR gene, in combination with two 

photon microscopy (Potter et al., 2001) and electron microscopy (Treloar et al., 2002). 

In these studies, while GFP-positive, thus expressing a particular OR gene, axons were 

directly apposed to GFP-negative axons in the outer NFL, the majority of GFP-positive 

axons fasciculate with each other in the inner NFL before coursing into the glomerulus. 

Although the molecular mechanisms underlying this ORC axon sorting in the 

NFL is not yet well understood, one class of molecules that may be involved includes a 

variety of glycoconjugates (reviewed by Plendl and Sinovvartz, 1998). A wide variety of 

glycoproteins, glycolipids, and proteoglycans has been shown to be expressed in the 

primary olfactory nerve pathway, in distinct spatial patterns. For example, the plant 

lectin, Dolichos biflorus agglutinin, binds to a subset of ORC axons that project to a 

specific subset of glomeruli (Key and Akeson, 1993). A novel carbohydrate, NOC-3, is 

present on the 180-kD isoform ofN-CAM, and this glycoform of N-CAM is expressed 



only by a restricted subpopulation of ORCs (St. John and Key, 2001). The 

importance of these carbohydrates in axon sorting and targeting has been demonstrated 

by analyses of mice lacking the 180-kD isoform of N-CAM (Treloar et al., 1997) and 

galectin-1 (Puche et al., 1996). In N-CAM-180 deficient mice, many ORC axons fail to 

exit the NFL, which leads to aberrant glomerulus formation, suggesting that polysialie 

acid normally attached to this isoform is necessary for proper axonal sorting and targeting 

(Treloar et al., 1997). Galectin-1 is an endogenously expressed lectin present in all 

ORCs, and in galectin-1 mutant mice, a subpopulation of ORC axons that would 

normally enter the caudal area of the bulb fails to do so (Puche et al., 1996). 

Several cheniorepulsive molecules and their receptors have also been implicated 

in ORC axon guidance, including Semaphorin 3A and its receptor neuropilin-2 

(Kobayashi et al., 1997; Pasterkamp et al., 1998; Schwarting et al., 2000; Renzi et al., 

2000; Williams-Hogarth et al, 2000; Waltz et al., 2002) as well as Slit and its receptor 

Robo 1 (Ba-Charvet et al., 1999; Yuan et al., 1999). Sema3A is expressed by 

ensheathing cells in the nerve layer of a region of the OB and elicit repulsive responses in 

a subset of ORC axons expressing neuropilin-1 in vivo (Kobayashi et al., 1997). In 

Sema3A null mice, these neuropilin-1 positive axons fail to avoid the region of OB where 

Sema3A normally is present, and terminate in topographically inappropriate glomeruli. 

(Schwarting et al., 2000). In addition, blocking the neuropilin function by cither 

expressing a dominant-negative form (Renzi et al., 2000) or targeted gene disruption 

(Waltz et al., 2002) causes ORC axon misrouting in the OB. 



It is likely that axon sorting and targeting are modulated by combinations of 

these adhesive and repulsive interactions between many different guidance cues and their 

receptors. These interactions can take place between axons as well as between axons and 

the local environment. The source of local-environment-derived cues may be the 

ensheathing glia, which are ideally located in the outer NFL to assume such roles 

(Valverde et al, 1992). Ensheathing glial cells are derived from the immature cells in the 

migratory mass that originate in the olfactory placode and accompany ORC axons. ORC 

axons in the NFL are seen to course through the 'virtual forest' of cellular processes of 

ensheathing glia both at light- and electron-microscopic level (Valverde et al., 1992). In 

contrast, principal projection neurons in the OB (mitral/tufted cells) whose dendrites are 

synaptic targets of ORN axons are not likely to provide such targeting cues, because 

ORC axons still target their appropriate glomeruli in an OB that lacks mitral/tufted cells 

(Bulfone et al, 1998). An analogous observation has been made in Manduca, in which 

removal of projection neurons did not prevent the formation of a normal-looking 

glomerular array (Oland and Tolbert, 1998). 

1.5.3 Eph receptors and ephrin ligands in the developing primary olfactory 

pathway 

Earlier studies have detected transcripts of EphAS in the mitral and granule cell 

layers of the OB as well as the ephrin proteins in ORC axons in adult mouse and rat 

(Maisonpierre et al., 1993; Zhang et al., 1996). The expression of EphAS and ephrin-A3 

is found as early as E13 and persists into adulthood. In adult mice, a high level of EphAS 
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is expressed in mitral cells, whereas ephrin-A3 transcripts are detected in a 

subpopulation of ORCs. The ephrin proteins, detected by the EphA5-AP (alkaline 

phosphatase) fusion probe, are present on ORC axons in the olfactory nerve and in a 

subset of glomeruli (Zhang et al., 1996). Thus, Zhang et al. suggest that EphA5 and 

ephrin-A3 might act to specify different types of synaptic connections between ORCs and 

OB neurons such that EphA5-positive OB neuron dendrites avoid ephrin-A3-positive 

glomeruli. Others also reported expression of members of Eph receptors and ephrins in 

the primary olfactory pathway of adult zebrafish (Celik, 1998) and chick embryo (Knoll 

et al., 1998). 

Detailed examinations of the expression of Eph receptors and ephrins in the rat 

primary olfactory pathway have been reported recently (St. John et al, 2000, 2002; St. 

John and Key, 2001a). As is the case for the visual system, the primary olfactory 

pathway expresses multiple receptors and ligands, several of which are co-localized on 

ORC axons. EphAS and its ligands (detected by the EphA5-Fc probe) are both expressed 

by ORC neurons without graded or complimentary patterns during embryonic 

development. This expression pattern dramatically changes postnatally such that ORCs 

express the ligands and the mitral cells express EphAS (St. John et al, 2000). EphB2, 

ephrin-B 1, and ephrin-B2 are all expressed in ORC axons each with distinct expression 

patterns, whereas ephrin-B2 is expressed in olfactory enshcathing cells. EphB2, ephrin-

B1 and ephrin-B2 are also expressed in the mitral cells with a shift in the subcellular 

localization from perikarya in embryos to the dendritic arborizations post-natally (St. 

John and Key, 2001). EphA4 is expressed on ORC axons only during late embryogenesis 
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and expressed in mitral cell perikarya in the postembryonic period, while EphA7 is 

present in perikarya of both ORCs and mitral cells. Ephrin-A5 and ephrin-A2 are both 

expressed on ORC axons, the former switching the pattern from uniform expression in 

embryos to mosaic expression postnatally (St. John et ai, 2002). 

While the functions of these dynamically expressed Eph receptors and ephrin 

ligands are not known, one clue comes from a set of in vitro experiments using explants 

of embryonic rat olfactory epithelium (St. John et ah, 2000). In these explant cultures, 

EphA is expressed in ORC axons and ensheathing cells, whereas ligands are expressed in 

ORC axons and the basal layer of fibroblastic cells. Interfering with rcceptor-ligand 

interactions by EphA5-Fc proteins or function blocking antibodies to EphA5 results in a 

reduction in axon growth (St. John et ai, 2000). Based on these results, St. John et al. 

propose a model in which local repulsion, elicited by interactions between co-expressed 

receptor and ligand in ORC axons, counteracts adhesive forces to provide optimal 

conditions for axon outgrowth during embryonic development. It is, however, not known 

whether the receptor-ligand interaction in this context evokes a repulsive response. As 

discussed in 1.2 and 1.3, Eph-ephrin interactions can induce adhesion as well as repulsion 

depending on the context. Moreover, the role of the ligands and receptors, expressed in 

ORC axons and mitral dendrites, respectively, cannot be examined in this kind of explant 

culture. The highly dynamic spatial and temporal changes in the expression patterns of 

these receptors and ligands, in combination with the complex connection between ORC 

axons and their target glomeruli, presents a formidable challenge to understand their in 

vivo functions. 
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1.6 Manduca sexta as a model system for the study of olfactory pathway 

development 

The olfactory system of the moth Manduca sexta has been a useful model system 

in which to study olfactory functions (electrophysiology and behavior) as well as 

development of its adult form. This model system, like other insect species, has a 

primary olfactory pathway that is relatively simpler than, yet structurally and functionally 

comparable to, that of vertebrates. In addition, the adult form of the olfactory pathway is 

constructed during metamorphosis. This provides an easily accessible and manipulable 

olfactory epithelium, long primary olfactory nerves, and neurons and glial cells in the 

primary olfactory center, the antennal lobe (AL). Taking advantage of these features, 

researchers have documented detailed cellular and tissue level developmental processes 

and revealed cellular interactions critical for glomerulus formation, which are 

summarized in the following section (for review, Oland and Tolbert, 1996). 

1.6.1 Normal processes 

The adult olfactory pathway emerges during metamorphosis. The metamorphic 

period of M sexta has been divided into 18 stages, each stage lasting 1 to 4 days (Tolbert 

et ah, 1983). ORCs are derived from the antennal imaginal discs present in larvae (Sanes 

and Hildebrand, 1976a). Before the birth of receptor neurons, two small pupal nerves are 

found in the lumen of the antenna. The exact function of these nerves is not known, but 

observations within the developing antenna suggested that they might serve as physical 



guides for the ingrowing axons of ORC (Sanes and Hildebrand, 1975, 1976a; Oland 

et a I., 1998). ORCs begin to differentiate and to extend axons by the end of stage 2 

(Sanes and Hildebrand, 1976b). Axons of ORCs join the pupal nerve and grow along it 

into the brain. Before the arrival of sensory axons, the AL consists of the processes and 

cell bodies of intrinsic AL neurons (projection neurons and local intemeurons) and glial 

cells. Intrinsic AL neurons reside in the perimeter of the lobe and send processes into the 

center of the lobe, forming the central neuropil that is surrounded by a layer of glial cells. 

ORC axons begin reaching the lobe at late stage 3 and course around the sphere through 

the layer of glial cells (neuropil-associated glia). ORC axons then penetrate this glial 

layer and form relatively simple arbors just underneath it. These arbors have been called 

protoglomeruli because these nascent glomerulus-like structures serve as a template for 

mature glomeruli (Oland et al., 1990). Protoglomeruli are joined immediately after their 

formation (late stage 5) by the dendritic branches of uniglomerular projection neurons, 

and one stage later by those of local intemeurons (Malun et al, 1994; Rossler et al., 

1998). Although synapses are already present in central neuropil of the AL before ORC 

arrival, presumably representing synapses between AL neurons, those in the developing 

glomeruli first appear at stage 6, and their number as well as maturity increase through 

stage 12 (Tolbert et al., 1983; Tolbert, 1989; Oland et al., 1990). The number of ORC 

axons entering the AL increases through the end of axon ingrowth at stage 9. Glial cells 

also undergo dramatic changes. Before ORC axons reach the lobe, glial cells in the lobe 

form a few-cell-body thick layer enwrapping the sphere of the neuropil. The arrival of 

the ORC axons in the AL coincides with the onset of changcs in these glial cells. They 
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extend processes between the newly forming protoglomeruli, and a subpopulation of 

glial cells migrates toward the center of the neuropil, together forming the border around 

each future glomerulus (Oland and Tolbert, 1987). This glial border becomes thicker and 

more elaborate as the glomerulus matures, and, in the adult, it forms a nearly complete 

envelope around each glomerulus (Tolbert and Hildebrand, 1981). By the end of the first 

half of metamorphosis, the basic components of the glomerular units are in place. 

1.6.2 Experimental data demonstrating essential cellular interactions for AL 

development 

Cellular interactions between ORC axons, AL neurons, and glial cells have been 

shown to be essential for AL development. Ingrowth of ORC axons is absolutely 

necessary for formation of glomeruli (Hildebrand et al., 1979; Oland and Tolbert, 1987). 

When deafferented before the glomerular structure stabilizes (stage 7), neither the 

dendrites of AL neurons nor glial cells show any glomerular organization (Tolbert and 

Sirianni, 1990). In these animals, local intemeurons do not grow a characteristic tufted 

dendritic arbor and the glial cells do not change morphology and do not migrate into the 

neuropil (Oland and Tolbert, 1987; Oland et al., 1990). Instructive roles for ORC axons 

in glomerulus formation have been shown by experiments using transsexual grafts of 

antennal tissue. Antennae of male Manduca house a subset of ORCs tuned to 

components of female sex-pheromone blend, and these male specific ORCs target their 

axons exclusively to a specific set of relatively large glomeruli (MGC) in the AL. When 
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a male antennal primordium was grafted onto a developing female, the AL developed 

an MGC in which male-specific ORC axons segregated normally (Schneiderman et ai, 

1982; Rossler et al., 1998). Strikingly this morphological change was behaviorally 

relevant, as these gynandomorphic females, unlike normal females, were able to detect 

and fly upwind toward female sex pheromone (Schneiderman et al., 1986). The ability of 

ORC axons to trigger the change in AL neuron morphology was also examined by 

comparing the outgrowth of cultured neurons dissociated from normal and deantennated 

ALs. AL neurons in culture showed greater outgrowth when they had a history of in vivo 

exposure to ORC axons, as compared with those without this experience (Oland and 

Hayashi, 1993). 

Glial cells are necessary for establishing a normal glomerular array in the AL. 

Partial removal of glial cells during development by irradiation resulted in an aglomerular 

AL (Oland et al., 1988; Baumann et al., 1996). In these animals, ORC axons formed 

protoglomeruli normally but later, glomerular architecture disintegrated (Baumann et al., 

1996), suggesting that glial borders are necessary to maintain glomerular structure. The 

cellular interactions critical for olfactory glomerular development seem to be common 

across species; a requirement for afferent innervation (reviewed by Brunjes and Frazier, 

1986) and the importance of glial cells (Bailey et al., 1999; Treloar et al., 1999) have 

been shown in vertebrates. Glial cells might also play important roles in ORC axon 

guidance/sorting. In Manduca, ORC axons undergo massive reorganization in a glia-rich 

region at the entrance to the AL, called the antennal nerve sorting zone (SZ) (Oland et al., 

1998; Rossler et al., 1999). In the AN portion distal to the SZ, ORC axons run parallel to 



each other. At the SZ, they defasciculate, change trajectories, and crisscross each 

other. At the exit of this region, ORC axons are observed to have established fascicles 

that project to specific sets of glomeruli (Rossler et ah, 1999; Higgins et ah, 2002). The 

abrupt transition from glia-poor to glia-rich nerve, sudden change in axon behavior, and 

the close association of axons with glial processes (Oland et al., 1998) have suggested 

that the glial cells in the SZ are important for the proper sorting of ORC axons. Indeed, 

in glia-deficient animals, some of the ORC axons project aberrantly (Rossler et al., 

1999). As discussed in 1.5.2, ensheathing glial cells present in the nerve fiber layer of the 

vertebrate OB and the SZ glia in Manduca might have analogous functions (Valverde, 

1999). 

1.7 Aim of the study 

While the molecular mechanisms underlying the cellular interactions important 

for the AL formation of Manduca are not well understood, it would be a fruitful approach 

to combine and integrate rich information at the cellular level with new exploration at the 

molecular level. Given that the Eph receptors and ephrins are involved in a variety of 

developmental processes in numerous neural regions, I decided to investigate possible 

roles of the Manduca homologs of Eph receptors and ephrins in the development of the 

primary olfactory pathway. The first set of aims is to identify these Manduca homologs, 

to determine whether they truly belong to the Eph and ephrin families, and to reveal their 

temporal and spatial expression patterns at the mRNA level. The results of these 

examinations are presented in Chapter 2. The second aim is to determine where and 
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when Manduca Eph receptors and ephrin ligands are expressed at the protein level. 

For this purpose, the Fc-fusion affinity probes in which the extracellular domain of the 

Eph or ephrin is linked to IgG Fc are utilized to detect the cell-surface Eph and ephrin 

proteins, respectively. This method reveals that both receptors and ligands are expressed 

on ORC axons. Therefore, the distribution pattern of receptor-positive axons is compared 

with that of ligand-positive axons. The results of in situ protein localization are described 

in Chapter 3. The final goal is to characterize functional properties of the Eph-ephrin 

signaling in Manduca ORC axons using in vitro assays. Two assays are used: neurite 

outgrowth assays and substratum choice assays. The former assay demonstrates that 

ephrin ligands inhibit neurite outgrowth from olfactory epithelial explants; the latter 

reveal that ephrin ligands elicit repulsive responses in explant neurites. These results are 

depicted in Chapter 4. Finally, based on experimental observations, a working 

hypothesis on the in vivo function of Eph-ephrin interactions are formulated and 

presented in Chapter 5. 

Collectively, studies presented in this dissertation comprise a comprehensive 

examination of possible roles for Eph-ephrin signaling in the development of the 

Manduca primary olfactory pathway, especially of ORC axons, encompassing molecular 

and biochemical analyses, examination of in situ spatio-temporal expression patterns, and 

functional assays using primary neuronal cultures. Finally, this dissertation proposes a 

novel function of Eph-ephrin interactions between axons, in which differentially 

expressed Eph receptors and ephrins might regulate axonal sorting through repulsive 

Eph-ephrin signaling. 
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CHAPTER 2 

MOLECULAR CHARACTERIZATION OF AN EPH RECEPTOR AND 

EPHRIN LIGAND IN MANDUCA SEXTA 

2.1 Introduction 

Primary olfactory receptor cells (ORCs) expressing a specific odorant receptor 

(OR) protein project axons that converge onto one or a few glomeruli in the primary 

olfactory center (Ressler et ah, 1994; Vassar et al., 1994; Mombaerts et a I., 1996; 

Vosshall et al., 2000; Gao et al., 2000). As the ORCs expressing a particular OR are 

distributed in a mosaic pattern within a certain epithelial zone, these axons must face 

highly complex targeting problems during development. The molecular mechanisms 

underlying growth, sorting, and guidance to target glomeruli of olfactory axons are not 

well understood. 

One class of guidance molecules that have extensive roles in axon pathfmding and 

the establishment of topographic maps is the Eph family of receptor tyrosine kinases 

(RTKs). The Eph family in vertebrate species is comprised of at least 15 members, 

which are divided into two subgroups; EphA receptors that bind 

glycosylphosphatidylinositol (GPI)-linkcd ephrin-A ligands, and EphB receptors that 

bind transmembrane ephrin-B ligands (Gale et al., 1996). Like Eph receptors, the ephrin 

family contains multiple members—6 ephrin-As and 3 ephrin-Bs. The Eph receptors 

typically mediate repulsive responses of growth cones that are triggered by binding their 

cognate ephrin ligand. This repulsive function has been best characterized within the 



visual system where complementary gradients of EphA receptors on retinal ganglion 

cells and of ephrin-A ligands within their target tissue (the tectum in chick and superior 

colliculus (SC) in mouse) are responsible for the formation of topographical connections 

(reviewed by Flanagan and Vandcrhaeghen, 1998; O'Leary and Wilkinson, 1999; Holder 

and Klein, 1999; Wilkinson, 2001). Ephrin-A ligands expressed in an anterior-posterior 

(A-P) gradient in the tectum/SC provide repulsive positional cues so that retinal axons 

expressing EphA receptors in a nasal-temporal gradient map smoothly along the A-P axis 

in these targets. In addition to their role in the topographic map formation, Eph receptors 

and ephrins have been implicated in many developmental processes including neural tract 

formation in the cortico-spinal tract (Dottori et ah, 1998; Yokoyama et al., 2001; 

Kullander et al., 2001; Coonan et al., 2001) and anterior commissure (Henkemeyer et al., 

1996); axon guidance for spinal motoneurons (Helmbacher et al., 2000; Feng et al., 2000; 

Eberhart et al., 2002), spinal commissure neurons (Imondi et al., 2000; 2001), and 

thalamocortical projections (Uziel et al., 2002; Mann et a I., 2002); neural crest migration 

(Wang and Anderson, 1997; Krull et al., 1997; Santiago and Erickson, 2002); and 

hindbrain segmentation (Xu et al., 1995, 1999; Mellitzer et al., 1999). 

Considering their important and numerous developmental roles, Eph receptors 

and ephrins are attractive candidates to study in olfactory development. In fact, it has 

been recently demonstrated that many Eph receptors and ephrins are expressed in the rat 

primary olfactory pathway, including ORCs and mitral cells, with dynamic and tightly 

regulated spatio-temporal patterns during embryonic and postembryonic development 

(St. John et al., 2000, 2002; St. John and Key, 2001). However, partly due to the highly 
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intricate expression patterns and the complexity of the topographic map between the 

sensory epithelium and the olfactory bulb, the precise roles of these molecules have not 

been characterized and will remain a difficult challenge to reveal. 

To study development of the olfactory system, the moth Manduca sexta has 

proven a useful model system. The developing moth olfactory pathway provides several 

advantages. Its structure is relatively simple, yet the basic architecture, such as the 

glomerular array in the primary olfactory center and synaptic organization within it, is 

similar to vertebrate counterparts. In addition, development of the adult form during 

metamorphosis, combined with the relatively large CNS and olfactory epithelium, makes 

it easy to access these components for experimental manipulations. Taking advantage of 

these features, previous studies have discovered many intercellular interactions that are 

critical for normal axon projection and glomerular formation (Gibson et al., 2001; Oland 

et al, 1998; Oland and Tolbert, 1998; Rossler et al., 1999a,b; 2000; Wegerhoff et al., 

2001; for review of earlier work, Oland and Tolbert, 1996). However, molecular 

mechanisms mediating these important cellular interactions are largely unknown, except 

for tenascin-like molecules (Krull et al., 1996a,b), fasciclin II (Mfas II) (Higgins et al., 

2002), and nitric oxide (Gibson and Nighorn, 2000; Gibson et al., 2001). Therefore, with 

the rich information on cellular interactions as the framework, I investigated potential 

roles that Eph receptors and cphrins might play in the developing primary olfactory 

pathway of Manduca sexta. 

This chapter describes the identification of the Manduca homologs of Eph and 

ephrin, characterization of their molecular features, and examination of their mRNA 
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expression patterns. I have isolated an Eph-related gene (named MsEph), which is 

equally similar to vertebrate EphA and EphB subgroups, and an ephrin-likc gene (named 

MsEphrin), which is GPI-anchored to the plasma membrane like vertebrate ephrin-As. 

Assays using recombinant protein expression techniques demonstrate that MsEphrin is a 

functional ligand for MsEph and that MsEph has a tyrosine kinase activity. Expression 

of MsEph and MsEphrin arc upregulated in the olfactory epithelium during the period of 

ORC axon growth and glomerular formation. Taken together, these data suggest that 

MsEph and MsEphrin might also be critically involved in olfactory development of 

Manduca. 

2.2 Materials and Methods 

2.2.1 Animals 

All experiments described in this dissertation were performed on Manduca sexta 

(Lcpidoptera: Sphingidae), a sphinx moth whose larva has the common name, "tobacco 

homworm." Animals were reared on an artificial diet on a long-day photoperiod regimen 

(17 h light/ 7 h dark) at 26 °C in the departmental insect facility, as described previously 

(Sanes and Hildebrand, 1976a). Pupae were staged by the criteria described by Tolbert 

(1983) and Oland and Tolbert (1987). The criteria were based on the morphological 

changes in the structures visible through the cuticle under a dissecting microscope with 

bright illumination. Metamorphic adult development proceeds over 18 stages, each stage 

lasting 1-4 days, beginning at the time of pupation and ending with the emergence of the 

adult moth. Animals were anesthetized on ice before dissection. 
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2.2.2 Cloning and sequence analyses of an Eph-related and an ephrin-like genes 

Generation of stage 5 antennal cDNA library 

To facilitate discovering genes expressed by ORCs during a critical period of 

development, a cDNA library of stage 5 antennae was generated as follows. Total RNA 

was purified using Trizol Reagent (Gibco-Life Technologies, Rockville, MD) from the 

antennal tissue of stage 5 animals (both males and females). Poly(A^)RNA was selected 

twice from 800 j^g of total RNA using oligo(dT)-cellulose chromatography (Gibco-

Lifetechnologies). After quantifying and examining the integrity of the selected RNA, an 

aliquot (5 jag) was subjected to a reverse transcriptase reaction (first strand synthesis), 

DNA polymerase reaction (second strand synthesis), and EcoR I adapter addition using 

the superscript Choice System (Gibco-Life Technologies). The cDNA was then size-

fractionated by a column chromatography. The first three fractions, after a significant 

amount of cDNA started to elute, were pooled (about 300 ng) and ligated into Lambda 

ZAPIl vector arm (predigested with EcoR I and dephosphorylated, Stratagene, La Jolla, 

CA) at 4 °C for 24 hr. The ligation product was then packaged into infectious 

bacteriophage lambda particlues using Gigapack 111 Gold packaging Extract (Stratagene). 

The primary library contained 1x10^ independent clones and the titer of the amplified 

library was 1.6x10"^ plaque-forming unit (pfu)/mL. The ratio of recombinant to non-

recombinant phages was not determined. 
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RT-PCR and library screening 

To identify Eph-related genes, RT-PCR was performed using RNA isolated from 

pupal antennae at stageS. Degenerate oligonucleotide primers were designed against 

amino acid sequences that are conserved in the Eph family RTKs but not found in 

unrelated RTKs, within the catalytic domain: Q/HFDHPN (C AITTY GAY CAY CCN AA 

Y) and MLDCW (CCARCARTCNARCAT). Amplified PCR fragments with the 

expected size of 555 base pairs were purified on a 1.5% agarose gel, subcloned into the 

pSTBlue-1 vector (Novagen, Madison, WI), and sequenced. One of the clones whose 

insert sequence was shown to be closely related to D-Eph by BLAST analyses was 

subsequently used for generating a [a-^^P]dCTP-labeled probe to screen an antennal 

cDNA library (see below). The probe was made with random primers and Klenow DNA 

polymerase and hybridized with filter membranes carrying immobilized DNA from 

plaques (primary screening used about 6x10^ pfu.) Positive plaques were picked up, 

from which phages were recovered and subjected to two additional rounds of screening. 

After the third round of screening, in which all the plaques were positive, the cloned 

insert was in vivo excised as a pBluescript SK(-) phagemid and sequenced. The sequence 

of the coding region was confirmed from both strands. The deduced amino acid 

sequence was analyzed with protein domain/motif search programs online. 

Identification of the ephrin-like gene(s) was performed in the same way as 

described above, except that the initial library screening used a PCR-based method. 

Briefly, RT-PCR was performed with stage 5 antenna cDNA and degenerate 

oligonucleotide primers designed based on an ephrin-like sequence (ce-1480) found in 



Bombyx mori (Bombyx Genome Database, University of Tokyo, Japan); Forward 

primer; 5'-TAYAARGAYTAY TAYTTYAT-3' (corresponding to amino acid sequence, 

YKDYYFI), reverse primer: 5'-TCYTCNGGYTTRCARCA-3' (to amino acid sequence, 

CCKPED). The amplicon of the expected size (approximately 70 bp) was subcloned into 

pSTBIue-l (Novagen) and sequenced. Blast analysis of one of the insert sequences 

showed high similarity to Dephrin. The antennal cDNA library was first screened with a 

PCR-based method as follows. An aliquot of the library, XL-1 Blue cells (Strategene), 

and a bacterial medium were mixed and aliquoted into wells of a 96-well ELISA plate. 

After incubating at 37 "C for 5 hrs, the rows and the columns of the plate were pooled, 

and PGR reactions were performed using primers described above to identify the pools 

that contained positive clones. The phage in the positive well was diluted, mixed with 

cells, and aliquoted to a 96-well plate, followed by another round of PGR, in order to 

enrich the positive clones. The phage in the well showing the most intense PGR signal 

was then used for hybridization-based screening with the [a- P]dCTP-labeled probe, as 

described for Eph. Sequence analyses of the predicted MsEphrin protein were performed 

as described for MsEph. 

To construct phylogenetic trees, amino acid sequences for several Eph receptors 

and ephrin ligands were retrieved through the National Genter for Biotechnology 

Infonnation (NGBI) web server and aligned using GlustalW (version 1.8) (Thompson et 

ai, 1994) on the European Bioinformatics Institute on-line service with minimal manual 

adjustments. Phylogenetic relationships were determined on PHYLIP 3.5 (Felsenstein, J. 



60 

1993. PHYLIP (Phylogeny Inference Package) version 3.5c, distributed by the 

author, Department of Genetics, University of Washington, Seattle, WA). 

2.2.3 Genomic Southern blot analyses 

Manduca genomic DNA was isolated from pupal thoracic tissue using DNAzol 

(Gibco-Lifetechnologies). Twenty \xg of DNA was digested with either EcoR I or Xba I 

at 37 "C overnight and separated on 0.8% agarose gel at 20 V overnight. The separated 

DNA was then acid nicked in a gel with 0.25 M HCl for 15 min, washed with 

denaturation buffer (1.5 M NaCl, 0.5 M NaOH) and with neutralization buffer (1.5 M 

NaCl, 0.5 M Tris, pH 7.5), and transferred to a nylon membrane in lOx SSC overnight. 

After cross-linking the DNA to the membrane, blots were hybridized with the [a-

PJdCTP-labeled probe for MsEph or MsEphrin. Two different conditions were used: 

high stringency hybridization in a solution containing 50% formamidc with the final 

wash at 50 °C and low stringency hybridization in 28% formamide-based solution with 

the final wash at 37 °C. Washed blots were exposed to X-ray films at -80 °C overnight. 

2.2.4 Expression of recombinant proteins 

Construction of expression plasmids and establishment of stably expressing cell lines for 

Fc-fusion affinity probes (Eph-Fc and ephrin-Fc) 

The expression plasmids for the Fc-fusion affinity probes in which the 

extracellular domain (ECD) of MsEph or MsEphrin was linked to human IgO Fc were 

constructed as follows. The coding region of MsEph ECD and MsEphrin ECD were 



PCR-amplified using a proof-reading DNA polymerase (Expand High Fidelity PGR 

system, Roche, Basel, Switzerland) with primer pairs that introduced Kpn 1 and Xba I 

restriction sites to the N- and C-termini, respectively. The IgG Fc coding sequence was 

amplified from the REK7/rat EphA5-Fc expression plasmid (kindly provided by 

Genentech) (Winslovv et ah, 1995) with a primer pair that introduced Xba I and Xho I 

sites to N- and C- termini, respectively. Each amplicon was subcloned into pSTBlue-1 

vector (Novagen), and excised out using appropriate restriction enzyme pairs. After 

confirmation of the sequences, excised MsEph-ECD or MsEphrin-ECD, together with a 

Fc fragment, was li gated into a mammalian protein expression vector pCEP4 (Invitrogen) 

between Kpn I and Xho I sites to yield plasmids pCEP4/Eph-Fc and pCEP4/ephrin-Fc. 

To verify the expression constructs, the Fc-fusion affinity probes were transiently 

expressed in COS-7 cells (American Type Culture Collection, Manassas,VA) using 

LipofectAMINE (Gibco-Lifetechnologies) according the manufacturer's protocol. The 

culture supernatant of the transfected cells were electrophoresed and analyzed by 

immunoblotting with horseradish peroxidase (HRP)-conjugated goat anti-human IgG Fc 

(Jackson ImmunoResearch Laboratories, West Grove, PA). 

Clones stably expressing Fc-fusion probes were established in HEK 293-EBNA 

cells (Invitrogen). For each construct, 10 |ig of purified plasmid DNA was used to 

transfect one 10-cm plate of 293-EBNA cells at 80% confluency using 50 |_il of 

LipofectAMINE. Two days after transfection, 250 |.ig/ml of G-418 (Geneticin, 

Invitrogen) and 200 |ag/ml (Invitrogen) of hygromycin B was added to the culture 

medium for the selection purpose; approximately 8 days later, surviving cells were 



dissociated and individually transferred to 96-well culture plates. Several days later, 

wells containing monoclonal colonies were marked, which were expanded 2 weeks later 

into 24-well plates. At this stage, clones were screened for the Fc-fusion probe 

expression by ELISA and the clones showing higher titer were selected for further 

expansion. Stably expressing cells were maintained at 37 °C with 5% C02/95% air and 

in DMEM (Invitrogen) containing 10% fetal bovine serum (FBS), 250 p,g/ml G-418 and 

200 (ig/ml hygromycin B. 

To collect Fc-fusion proteins, culture medium was switched to a serum-free 

medium containing antibiotics, which was subsequently conditioned for 5 to 6 days, 

pooled, and stored frozen at -20 or -80 °C. Approximately 300 to 500 ml of pooled 

conditioned medium was thawed and centrifuged at 4000 rpm for 15 min and applied to a 

protein-A column (HiTrap rProtein A FF, Amersham Pharmacia Biotech, Piscataway, 

NJ) using a peristaltic pump. The column was then washed with 20 mM sodium 

phosphate buffer, and the bound proteins were eluted with 100 niM sodium citrate, pH 

3.5. The eluants were collected in several one-ml fractions and their pH was immediately 

adjusted to 7-8 by adding IM Tris-HCl, pH 9.0. After quantifying the protein 

concentration with spectrophotometry, the fractions showing significant protein 

concentration were buffer-exchanged (usually with PBS) and concentrated at 4 °C using a 

centrifugal filter unit (Biomax-5, Millipore, Bedford, MA) to a final concentration of 1-2 

mg/ml. Finally, concentrated proteins were quantified using the Bradford method and 

analyzed in SDS-PAGE followed by colloidal blue staining or immunoblotting with 

HRP-conjugated goat anti-human IgG Fc to check their purity and integrity. 
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GFP-taggedfull-length MsEph (Eph-GFP) and FLAG epitope-taggedfull-length 

MsEphrin (FLAG-ephrin) 

The expression plasmid for the full-length MsEph tagged C-terminally with green 

fluorescent protein (GFP) was constructed by ligating the cDNAs encoding MsEph 

(complete coding region minus stop codon) and GFP into pCEP4 between Kpn I and Not 

I. The template for GFP cDNA was obtained from Gene Therapy Systems, Inc. 

HEK293-EBNA cells stably expressing Eph-GFP (Eph-GFP/293-EBNA) were cloned as 

described above for Fc-fusion probes. 

The expression plasmid for the full-length MsEphrin tagged N-terminally with the 

FLAG epitope was constructed as follows. The coding region of the mature MsEphrin 

protein excluding the secretion signal peptide was cloned into pSTBlue-1, and verified 

with the nucleotide sequence. The coding region of the signal peptide was separately 

cloned into pSTBlue-1, and subsequently li gated into pCMV-TAGl (Stratagene) between 

Sst I and Baml l I, which resulted in placing the signal peptide N-terminal to the FLAG 

epitope. This signal peptide + FLAG fragment was ligated together with the mature 

ephrin fragment into pCEP4, producing pCEP4/FLAG-ephrin. The FLAG-ephrin protein 

was then transiently expressed in 293-EBNA cells. 

2.2.5 Binding assays 

After serum-starvation overnight, 293-EBNA cells stably expressing Eph-GFP 

(Eph-GFP/293-EBNA) were treated with ephrin-Fc (5 |ig/ml in Hanks Balanced Salt 

Solution (HBSS) with 0.5 mg/ml BSA (HBA)) at room temp, for 60 min, washed 4 times 
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with HBA, and fixed in 4% paraformaldehyde for 30 min. After blocking with PBS 

containing 0.2% Triton X-100, 5% NGS, and 3% BSA, cells were incubated with rabbit 

anti-GFP antibody (Santa Cruz Biotechnologies, Santa Cruz, CA) with 1:200 dilution at 

room temp, for 60 min. The ephrin-Fc and anti-GFP antibody bound to the cells were 

visualized by Cy3-conjugated anti-human IgG Fc and fluorescein-conjugated anti-rabbit 

antibodies (both made in goats), respectively. Negative control experiments included (1) 

treatment of mock-transfected cells with ephrin-Fc and (2) treatment of Eph-GFP/293-

EBNA with Fc. A set of reciprocal experiments was performed by transiently 

transfccting the 293-EBNA cells with pCEP4/FLAG-ephrin and then incubating them 

with Eph-Fc or Fc. 

2.2.6 Phosphotyrosine assays 

Like other classes of RTKs, the initial event in signal transduction after the ephrin 

binding to the Eph receptor is trans-phosphorylation of several of its tyrosine residues 

(Kalo and Pasquale, 1999; Kalo et al, 2001). Consequently, the phosphotyrosine level in 

the Eph receptor proteins has been widely regarded as an indicator of receptor activation. 

Therefore, phosphotyrosine assays were performed to determine whether MsEphrin can 

activate the MsEph protein, thus inducing tyrosine phosphorylation. Eph-GFP/293-

EBNA cells were serum-starved overnight and incubated with clustered or unclustered 

form of ephrin-Fc (30 - 300 ng/ml in OptiMEM I) or Fc (300 ng/ml) at 37 °C for 10 min. 

Clustering was done by incubating the ephrin-Fc or Fc with polyclonal antibody to 

human IgG Fc with a molar ratio of 5:1 at room temp, for 30 min. After the treatment. 
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cells were lysed in a lysis buffer on ice for 30 min. After removing the insoluble 

fraction and determining the protein concentration, cellular lysates containing equal 

amounts of proteins were incubated with anti-GFP antibodies (2 )ig/ml) at 4 °C for 2 hr 

on a rotor. The immune complex was precipitated by incubating with protein A-

sepharose at 4 °C for 2 hr, separated by SDS-PAGE, and probed with monoclonal anti-

phosphotyrosine antibody (PY-20, Transduction Laboratories, Lexington, KY). The 

blots were then reacted with the secondary antibody (HRP-conjugated goat anti-mouse 

IgG), followed by the color development with 4-chloro-1 -naphthol. 

2.2.7 PI-PLC assay 

The expression construct pCEP4/FLAG-ephrin was transfected into HEK293-

EBNA cells using LipofectAMlNE as described. These cells transiently expressing 

FLAG-ephrin were treated with phosphatidylinositol-specific phospholipase C (PI-PLC) 

(Molecular Probes, Eugene, OR) (0.3 units/ml in OptiMEM I) at 4 °C for 30 min. The 

culture supernatant of treated cells was collected and concentrated to one-tenth of the 

original volume using a centrifugal filter unit. Cells were lysed in RIPA 114 buffer 

(Hattori et al., 2000) with the protease inhibitor mix at 4 °C for 2hrs and then centrifuged 

at 14,000 rpm at 4 °C for ISmin. TritonX-114 has provided stronger detergent activity 

than TritonX-100 or NP-40, thus allowing the dissolution of lipid rafts (Hattori et al., 

2000). The concentrated culture supernatant and the cell lysis supernatant were dissolved 

in SDS-PAGE and immunoblotted with anti-FLAG M2 monoclonal antibody (3 jig/ml). 

The blots were then reacted with the secondary antibody (HRP-conjugatcd goat anti-
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mouse IgG), followed by color development with 4-chloro-1 -naphthol. Control 

experiments included the treatment of FLAG-ephrin-expressing cells with vehicle alone 

without PI-PLC as well as PI-PLC treatment of untransfected 293-EBNA cclls. 

2.2.8 Northern blot analyses 

Developmental Northern blot analyses were performed with total RNA samples 

isolated from animals at various metamorphic stages. Total RNA from antennae or 

brains were isolated separately at stages 3,4, 5, 7, 9, 12, and 18. Poly(A)^ RNA was 

isolated from a pool of total RNA from stage 4 and 5, using oligo-d(T) columns (Gibco-

Life Technologies). RNA samples were electrophoresed on 1% agarose-formaldehyde 

gels and transferred onto nylon membranes. The membranes were hybridized with [a-

-J'J 

PjdCTP-labeled probes for 16 hours at 42 °C, washed in a series of increasing 

stringency conditions, and then exposed to X-ray films at -80 °C for approximately 2 

weeks. Two different probes for each MsEph and MsEphrin were tested separately. One 

type of probe was prepared with random oligonucleotide primers and Klenow DNA 

polymerase (Gibco-Life Technologies), covering the entire cDNA fragment of MsEph or 

MsEphrin. The other was the PCR-amplified anti-sense strand corresponding to the 

catalytic domain of MsEph or to the conserved core domain of MsEphrin. To confirm 

equal loading of RNA in each lane, the membranes were later probed for the ribosomal 

binding protein (RBP). All hybridizations were done in a buffer containing 50% 

formamide, 5x standard saline citrate, denatured salmon DNA (100 pg/ml), lOx 

Denhardt's solution, 0.1% SDS, and 10% dextran sulfate. 
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2.2.9 Ribonuclcase (RNase) protection assay 

This assay was performed using the RPA III system (Ambion, Austin, TX) 

according to the manufacturer's protocol. [a-^^P]-UTP-labeled RNA probes were 

prepared to the region corresponding to a part of the catalytic domain of MsEph (approx. 

450 nucleotides) or to a part of the conserved ephrin core domain of MsEphrin (approx. 

180 nucleotides). Riboprobes were synthesized by run-off transcription using T7- or T3-

RNA polymerase with linealized plasmid templates, followed by gel purification. 

Aliquots of total RNA from the stock that had been used for Northern blots were 

hybridized with the probe at 42 °C for 16 hr (20 jig RNA/reaction). Yeast RNA was used 

for two control reactions: one was to verify the probe without RNase treatment and 

another was a negative control with RNase digestion. After hybridization, unprotected 

single-stranded RNA was digested with a mixture of RNase A (2.3 U/ml) and RNase T1 

(94 U/ml). The RNA samples were then resolved in an 8 M urea-5% acrylamide gel and 

visualized by exposing the gel to a X-ray film at -80 °C for 1-2 hr. 

2.2.10 In situ RNA hybridization 

In situ RNA hybridization experiments were performed to identify cells that 

express MsEph and MsEphrin. To prepare the digoxigenin-labeled riboprobes, the 4.3 kb 

MsEph fragment in pBluescript was linearized with EcoR V (for the anti-sense probe) or 

Xba I (for the sense probe) while the 2.5 kb MsEphrin fragment in pBluescript was 

linearized with Sma I (for the anti-sense probe) and EcoR V(for the sense probe). Run



off in vitro transcription was then performed with these templates using T7- or T3-

RNA polymerase together with substrates including digoxigenin-UTP (Roche Applied 

Science, Indianapolis, IN) at 37 °C for 2 hr. The integrity of the transcripts was 

confirmed by running small aliquots in an agarose-paraformaldehyde gel. The transcripts 

were then subjected to limited alkaline hydrolysis, yielding fragments of approximately 

200 nucleotides. Sense and antisense probes were adjusted to equal concentrations based 

on ethidium bromide staining after aliquots of hydrolyzed probes were run on a gel. The 

brains of pupae at stage 6 were dissected into PBS, fixed in 4% paraformaldehyde at 4 °C 

for 4-6 hr, and cryoprotected in a series of 10, 20, and 30% sucrose solutions. Tissues 

were then embedded in OCT Compound (Miles Scientific), cryo-sectioned at 20 pm 

thickness at -25 °C, and thaw mounted on glass slides (Superfrost Plus, Fischer 

Scientific). The antennae from the stage 5-6 animals were dissected into PBS, 

immediately frozen in liquid propane that had been pre-chilled with liquid nitrogen, and 

cryo-sectioned at 20 |.im. The antennal sections on the slide glass were fixed in 4% 

paraformaldehyde at room temp, for 5 min, treated with 0.1% diethyl pyrocarbonate in 

PBS. After prehybridizing in 50% formamide in 5X SSPE with 40 |.ig/ml salmon sperm 

DNA at 58 °C for 2 hrs, the sections were hybridized with riboprobes at 58 °C for about 

40 hrs. Following a series of washes (2x SSPE at room temp, for 30 min, 2x SSPE at 65 

°C for 1 hr, and O.lx SSPE at 65 °C for 1 hr), the specimens were blocked with 2% 

normal sheep serum and 0.5% Blocking Reagent (Roche) in 0.1 M Tris, pH 7.5 at room 

temp, for 1 hr, and then incubated with alkaline phosphatase-conjugated sheep anti-

digoxigenin IgG (Roche) (1:1000) at 4 °C overnight. The tissue was then washed at 
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room temp, for 1 hour in 0.1 M Tris, pH 7.5, followed by color development with 

nitroblue tetrazolium (NBT) and 5-bromo-4-chloro-3-indolyl-phosphate (BCIP). The 

reaction was stopped when the optimal color was obtained, by incubating slides in Tris-

EDTA (pH 8) for 10 min and in dH20 for 10 min. The specimen was dried, coverslipped 

with a permanent aqueous mounting medium (Crystal/Mount, Biomeda Corp, Foster 

City, CA), and digitally photographed using Spot software (Diagnostic Instruments, Inc., 

Sterling Heights, MI) and a CCD camera mounted on Nikon E600 microscope. 

Unless otherwise indicated, all chemicals and reagents used in this chapter were 

purchased from Sigma (St. Louis, MO). 

2.3 Results 

2.3.1 Cloning and sequence analyses of MsEph and MsEphrln 

In the initial RT-PCR with degenerate oligonucleotide primers for Eph receptors, 

I isolated a fragment of 555 bp, which had high similarity to the kinase domain of D-Eph 

with an 85% identity in the deduced amino acid sequence. The cDNA library screening 

for Eph yielded a 4.3 kb cDNA that had a single open reading frame (ORF) encoding a 

protein of 1011 amino acids (Appendix I). This ORF is flanked by several in-frame 

translation stop codons, indicating that the coding region is complete at both the 5' and 3' 

ends. The final sequence of the coding region was confirmed from both strands. The 

deduced amino acid sequence of the MsEph was analyzed using the programs available 

on the web, such as SMART (Simple Modular Architecture Research Tool, Schultz et al., 

1998; Letunic et al., 2002) and InterPro Scan at the European Bioinfomiatics Institute 



server (Apweiler et ai, 2001). These analyses predicted that the MsEph protein had 

one putative transmembrane region as well as all of the signature domains and motifs that 

were conserved among the members of the Eph family (Figure 2.1 A). Thus, in the 

extracellular part, after a secretion signal at the N-terminus, MsEph is composed of a 

globular ligand-binding domain, followed by a cysteine-rich region, in which the 

positions of the cysteine residues are highly conserved among Eph family members, and 

two fibronectin type-Ill repeats. The intracellular part of MsEph contains a catalytic 

tyrosine kinase domain and a sterile alpha motif (SAM) (Figure 2.IB). The three 

residues at the C-terminus of MsEph, F-L-V, fits the consensus PDZ recognition motif 

for vertebrate Eph receptors, V-x-V, in which the valine at the -3 position can be 

replaced by an alternative hydrophobic residue (Torres et ah, 1998). In addition, these 

MsEph C-terminal residues are consistent with the consensus motif of F-x- V/1 that binds 

to one group of PDZ domain-containing proteins including p55, human LIN-2, Tiam-1, 

and AF-6 (Songyang et al., 1997). MsEph also contains a conserved stretch of amino 

acids in the juxtamembrane region that includes two invariant tyrosine residues shown to 

be the sites of autophosphorylation and interaction with SH2-containing proteins (Ellis et 

al., 1996; Holland et al., 1997; Zisch et al., 1998; Hock et al., 1998) (Figure 2.IB). 

Comparison of the amino acid sequence of MsEph with other known Eph family 

members showed that overall sequence identity of MsEph was 56% to D-Eph and about 

45% to mammalian Eph receptors such as mouse EphB2 and EphA4 (Figure 2.1 A). 

Noticeably, the ligand-binding domain and the catalytic domain of MsEph are highly 

conserved in the corresponding domains of D-Eph (Figure 2. IB). Vertebrate Eph 



71 

receptors are divided into two subclasses, EphA and EphB, based on the sequence 

similarities, which largely correlates with the binding specificity to their ligands (Gale et 

al., 1996). The ligand-binding domain and the catalytic domain of MsEph are equally 

similar to corresponding domains of vertebrate EphAs and EphBs; therefore, MsEph 

cannot be classified either as A or B subfamily. The relationship between MsEph and 

other Eph receptor members are also illustrated in the phylogenetic tree analysis (Figure 

2.3A,B). MsEph as well as D-Eph and VAB-1 does not segregate with cither the EphA 

cluster or the EphB cluster. Nonetheless, together with vertebrate members, they are 

clustered under one branch that is separated from a different RTK family (Ror) (Figure 

2.3B), providing additional evidence that the MsEph indeed belongs to the Eph receptor 

family. The tree structure suggests that the EphB family is evolutionarily older than the 

EphA family, given the higher sequence similarity of Eph receptors of Drosophila 

melanogaster, Manduca sexta, Anopheles gambiae, and Caenorhabditis elegans to 

vertebrate B class rcccptors. 

In the search for the ligand for MsEph, I first found the amino acid sequence of 

the RT-PCR-derived fragment of 70 bp to be 88% identical to the corresponding region 

of Dephrin. Subsequently, library screening isolated a 2.5 kb cDNA clone that contained 

an ORF of 780 bp with a putative translation initiation site (AAGAAATGG) preceded by 

several in-frame stop codons. BLAST analyses of this ORF sequence showed high 

similarity to both ephrin-As and ephrin-Bs as well as to Dephrin; thus this clone was 

named MsEphrin. Analyses of the deduced amino acid sequence of MsEphrin coding 

region detected a putative secretion signal peptide at N-terminus (amino acid no. 1-27) 
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(by Signal? and PSORTII programs) as well as a GPl-anchoring motif at C-terminiis 

with a potential cleavage site after amino acid no. 234 (by big-Pl Predictor program, 

Eisenhaber et al, 1999) (Figure 2.2A). In addition, SMART and JntcrPro programs 

detected the ephrin core, a conserved domain in the extracellular portion believed to be 

involved in receptor binding. This core domain in the MsEphrin is 83% identical to that 

in Dephrin, consistent with the high similarity in the ligand binding domain between 

MsEph and D-Eph (Figure 2.2B). Although the sequence of the conserved ephrin core in 

MsEphrin is more similar to B-subclass ephrins, the overall structure as a GPI-anchored 

protein may place it in the A-subfamily. The phylogenetic tree structure for ephrins 

shows remarkable similarity to the Eph cladogram, suggesting some form of co-evolution 

of receptors and ligands (Figure 2.3C). Here again, MsEphrin shows its close relation to 

the Dephrin and separation from both A and B subgroups of vertebrates. 

In agreement with the conserved primary sequences of MsEph and MsEphrin, 

analyses of the secondary structures of the ligand-binding domain (LBD) of MsEph and 

the receptor-binding domain (RBD) of MsEphrin revealed a striking similarity to those of 

mouse EphB2A and mouse ephrin-Bl, respectively (Figure 2.4). The tertiary structure of 

these mouse homologs has been resolved in X-ray crystallographic analyses (Himanen et 

al., 1998, 2001; Toth et al., 2001). These studies have revealed that the LBD of the 

mouse EphB2 has a compact globular structure with a P-sandwich 'jellyroll' folding 

topology (Himanen et al., 1998). The P-strands are connected by loops of varying length, 

which play central roles in ligand recognition and binding (Himanen et al., 1998). The 

putative LBD of MsEph was predicted to have the same number of p-strands, except for a 
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very short one called 'J' in mouse EphB2. In addition, the positions of these (3-

strands are remarkably similar between MsEph and mouse EphB2. Also, it is interesting 

to note that the four residues, by which the subclasses differ, in the loop I-H are partially 

conserved in MsEph H-I loop; in the corresponding region, MsEph has two residues out 

of four (Figure 2.4A). As these residues are critical for the ligand class recognition by 

the rcceptor, their partial conservation in MsEph further supports the idea of the 

prototypical, non-A/non-B character of MsEph. 

The predicted MsEphrin RBD secondary structure was also very similar to that of 

mouse ephrin-B2 including the number and the position of the p-strands and possible 

disulfide bonds, except for the non-split first P-strand (A and A' in mouse ephrin-B2) and 

a lack of a helix 1 (Figure 2.4B). Recent X-ray crystallographic studies have revealed 

that the ephrin receptor binding domain has a globular P-barrel structure with a Greek 

key folding topology (Himanen et al., 2001; Toth et al., 2001). These studies also show 

that the EphB2-ephrin-B2 complex is tetrameric, forming a ring-like structure, in which 

each receptor interacts with two ligands and each ligand with two receptors. This mode 

of the Eph-ephrin interaction might also occur between MsEph and MsEphrin, given the 

prominent similarity in their secondary structure to EphB2 and ephrin-B2, respectively. 

Vertebrate Eph and ephrin families are comprised of a large number of members 

whereas a genome-wide search in the nearly complete Drosophila genome sequence has 

identified only one Eph and one ephrin (Scully et al., 1999; Adams et al., 2000; Dearborn 

et al., 2002; Bossing and Brand, 2002). In Manduca, so far I was able to find only one 

Eph and one ephrin, although an extensive search for additional members has not been 



conducted. This issue was addressed by genomic Southern blot analysis (Figure 2.5). 

For both MsEph and MsEphrin, the low-stringency condition yielded a hybridization 

pattern that was indistinguishable from those produced in the high-stringency condition, 

with no clear additional signals. This result suggests that in the Manduca genome, the 

there are no genomic regions closely related to MsEph or MsEphrin, at least similar 

enough to be detected in tliese blot conditions. However, the possibility of the existence 

of more than one Eph and one ephrin in Manduca cannot be excluded. 

2.3.2 Recombinant proteins 

Fc-fusion proteins such as the receptor-Fc and the ligand-Fc have proven to be 

very useful tools in biochemically identifying the ligands (for example, Davis et al, 

1994; Winslow et al., 1995), localizing their binding partners in situ (for example, Gale et 

al., 1996; Janis et al., 1999), and in perturbing normal ligand-receptor interactions both in 

vivo (for example, Conover et al., 2000; Mann et al., 2002) and in vitro (for example, 

Winslow et a/.,1995; Ciossek et al., 1998). I created such molecular tools (Eph-Fc and 

ephrin-Fc) to further investigate MsEph and MsEphrin (Figure 2.6A). An example of 

purified Fc-fusion probes examined in SDS-PAGE is shown in Figure 2.6B. Colloidal 

blue staining of the gel showed protein bands migrated to the positions corresponding to 

the expected sizes for the Eph-Fc protein (88 kD) and the ephrin-Fc proteins (65 kD). 

The gel image of sharp bands at defined positions without smears indicated that there was 

very little contamination and degradation in these samples. Also, these protein bands 

were rccognized by antibodies to human IgG Fc, verifying fusion of the Fc portion. 



Expression of the Eph-GFP and the ephrin-FLAG proteins was confirmed with 

western blot analyses (Figure 2.6B). Immunoblotting with the anti-GFP antibody 

detected proteins at 140, 95, and 33 kD in the lysate of Eph-GFP/pCEP4-transfected 

cells. Signals at 95 kD and 33 kD were also present in lysates of GFP-transfected cells 

and of mock-transfccted cells, indicating that these signals were non-specific. Therefore, 

the signal at 140 kD most likely represents the expressed Eph-GFP protein, whose 

molecular mass is predicted to be 137 kD based on its amino acid sequence. In the lysate 

of FLAG-ephrin-transfected cells, a single band was detected just below the 35 kD 

position, which is slightly larger than its predicted size of 27 kD. This discrepancy may 

result from the glycosylation of the MsEphrin protein as its amino acid sequence predicts 

several N-glycosylation sites. 

2.3.3 Binding assay and phosphotyrosine assay 

Sequence analyses of MsEph and the MsEphrin strongly suggest that they are 

members of the Eph and ephrin families and that MsEphrin may be the ligand for MsEph. 

To obtain more direct evidence for this premise, the binding assay and the 

phosphotyrosine assay were performed. The binding assay tested whether the ephrin-Fc 

and the Eph-Fc were able to bind to the surface of cells expressing the Eph-GFP and the 

FLAG-ephrin, respectively. Under a non-pennealized condition, Eph-GFP/293-EBNA 

cells were positively labeled with the ephrin-Fc; this labeling coincided with the 

immunocytochemically detected GFP (Figure 2.7A-C). In contrast, the binding of the 

plain Fc to these cells was below the detectable level (Figure2.7D-F). Also, the binding 
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of the ephrin-Fc to mock-transfected cells was negligible (not shown). Similarly, the 

Eph-Fc was shown to bind to the cells expressing the FLAG-ephrin (Figure 2.8). These 

results suggest that MsEph and MsEphrin interact with each other through their 

extracellular domains, thus placing them in a position capable of direct cell-cell 

communication. 

The result of the phosphoryrosine assay is shown in Figure 2.9. Treatment of the 

Eph-GFP/293-EBNA cells with the ephrin-Fc increased the level of phosphotyrosine in 

the Eph-GFP protein in a concentration-dependent manner, whereas no phosphotyrosine 

was detected in the cells treated with the Fc. For vertebrate Eph receptors, in general, the 

clustered form of the ephrin-Fc has been shown to be more potent in activating Eph 

receptors than the unclustered, dimeric form (Davis et al, 1994; Gale and Yancopoulos, 

1997). For MsEph, however, the clustered form of the ephrin-Fc did not significantly 

increase the phosphotyrosine level as compared with the unclustered form. Nevertheless, 

the results from the binding assays and the phosphotyrosine assays provide evidence 

supporting the idea that MsEphrin can act as a ligand for MsEph. 

2.3.4 PI-PLC cleavage 

To examine the possible GPl-anchoring of the MsEphrin proteins, as predicted by 

the sequence analysis, 293-EBNA cells expressing the ephrin-FLAG protein were 

subjected to PI-PLC treatment. As shown in Figure 2.10, anti-FLAG immunoreactivity 

was detected in the culture supernatant from transfected cells after treatment with PI-

PLC. In contrast, no FLAG-immunoreactivity was found in the supernatant from 
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transfected cells treated with vehicle alone or from mock-transfected cells treated 

with PI-PLC. These results suggest that MsEphrin was released into the culture medium 

after cleavage by PI-PLC and that it is normally associated with the plasma membrane by 

a GPI-linkage. 

2.3.5 Northern Blot Analyses and Ribonuclease Protection Assay 

Northern blot analyses showed that both MsEph and MsEphrin are expressed in 

both the antenna and the brain (Figure 2.11). In the antennal poly(A)^ RNA blots, signals 

were detected at the position slightly above 10 kb for both genes (Figure 2.1 IB, D). The 

MsEph signal comprised at least 2 bands, with the lower band being stronger (Figure 

2.1 IB), whereas the MsEphrin signal consisted of a single band (Figure 2. II A). 

Northern blots using total RNAs of various metamorphic stages demonstrate 

developmental regulation of these genes (Figure 2.11 A, C). The expression of both genes 

is upregulated both in the brain and antennae during the first half of metamorphosis. 

Digital quantification of the signal strength confirmed that the peak expression was 

during stages 3 through 5 in the antenna and through 9 in the brain, declining in later 

stages. As in the poly(A)"^ blots, total RNA blots showed at least 2 bands for MsEph in 

both the brain and antenna, and single bands for MsEphrin in the antenna. In contrast, 

the signal for MsEphrin in the brain total RNA blots seemed to consist of two bands. 

The RNase protection assay, shown in Figure 2.12, was perfonned to confirm that 

the signals detected in Northern blots indeed reflected the presence of mRNA, not a 

contamination of the genomic DNA. The lanes for yeast RNA + probe without RNase 
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showed the integrity of the original probe and the lanes for yeast RNA + probe with 

RNase indicated the specificity of the probe. In both the brain and the antenna, stronger 

signals were detected in the samples isolated during the first half of the metamorphic 

development (Figure 2.12). The decline in signal intensities at stage 12 and 18 in the 

RNase protection assay was less prominent than that seen in the Northern blot. This 

difference might be because the RNase protection assay is a more sensitive method in 

detecting the RNA than the Northern blot analysis, and the signals of stages 3-7 samples 

in the RNase protection assay might have been saturated, resulting in the overestimation 

of signals of later stages. Nevertheless, overall changes in the temporal expression 

pattern appeared be comparable between the Northern blot analysis and RNase protection 

assay. 

2.3.6 In situ RNA hybridization 

The distribution of transcripts for MsEph was examined in the antenna and the 

brain from stage 6 animals. In the antenna, a subset of cells in the sensillar side of the 

epithelium (sensory epithelium) was labeled more strongly than the cclls in the scalar 

side (Figure 2.13 A). The positively labeled cells were distributed over the sensillar 

epithelium without a discernible pattern. These observations raise the possibility that 

MsEph is expressed by ORCs because they arc housed only in the sensillar epithelium; 

however, it was not possible to identify these positively labeled cells as ORCs based on 

morphology in these specimens. In the brain, transcripts for MsEph were detected in a 

subset of the AL neurons in the medial group as well as lateral group (Figure 2.13C, D). 
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Based on their position, the positively labeled neurons in the lateral group may be 

projection neurons (Oland LA, personal communication). MsEph transcripts were also 

detected in a large population in the optic lobe (Figure 2.13 C, D and Figure 14A, C), a 

few Kenyon cells in the mushroom body (Figure 14E), and some of the neurosecretory 

cells in the protocerebrum (Figure 14G). 

Transcripts for MsEphrin showed a distinct expression pattern in the OL of the 

stage 6 brain, where the extremely intense labeling occurred in the outer layer of the 

lamina and in the lobula (Figure 2.15). Despite the fact that the Northern blots and 

RNAse protection assays showed the MsEphrin expression in the antenna during early 

stages, I was not able to detect clear labeling in the stage 5-6 antenna above background 

or sense-control level. 

2.4 Discussion 

2,4.1 Identiflcation of Manduca homologs of Eph and ephrin 

The results presented in this chapter demonstrate that MsEph and MsEphrin 

encode an Eph-family receptor tyrosine kinase and an ephrin ligand, respectively, and 

that MsEphrin is a functional ligand for MsEph. Several observations support this idea. 

First, the deduced amino acid sequence for MsEph showed the overall domain structure 

that is the conserved and hallmark feature of Eph family reccptors. MsEph is most 

similar to D-Eph (Scully et ah, 1999), particularly in the extremely conserved ligand-

binding and kinase catalytic domains. Likewise, MsEphrin appears to be closely related 

to other ephrin family members; its conserved ephrin core, which is the receptor-binding 



domain (Himanen et al., 2001; Toth et al., 2001), is highly identical to that of the 

Dephrin. Second, when expressed in mammalian cells, MsEph and MsEphrin proteins 

appear to bind to each other through their extracellular domains. Third, the extracellular 

domain of MsEphrin induces tyrosine phosphorylation of MsEph expressed in cultured 

cells, indicating receptor activation. 

Examinations of niRNA expression patterns revealed that both genes are 

expressed in the olfactory epithelium and in the AL during the period of the growth of 

ORC axons into the AL and the formation of the elemental glomerular structure. Given 

the pivotal roles for the Eph receptor and the ephrin ligands implicated in neuronal 

development, these results, therefore, provide evidence supporting the idea that the Eph 

receptor and the ephrins play an important role in the development of the primary 

olfactory pathway in Manduca. 

2.4.2 Evolutionary conservation of Eph receptors and ephrins 

Eph receptors were first isolated from vertebrates by homology in the kinase 

domain (Hirai et al., 1987), and with a total of 15 members including the newly added 

EphA9, they comprise the largest subfamily of RTKs (Eph nomenclature committee, 

1997). Although identification of the ligands lagged several years behind that of the 

receptors, several groups have succeeded around the same time period in cloning several 

vertebrate ephrin ligands (Hartley et al., 1994; Beckmann et al., 1994; Cheng and 

Flanagan, 1994; Davis et al., 1994; Shao et al., 1994). With the subsequent finding of 

additional ephrins, this family is now also composed of many members. In contrast to 
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vertebrates, invertebrate species seem to have fewer numbers of the receptor and 

ligand. For example, the Drosophila genome appears to encode only a single Eph 

receptor and ephrin ligand (Adams et al, 2000; Scully et al, 1999; Dearborn et al., 2002; 

Bossing and Brand, 2002). Analysis of the complete C. elegans genome sequence has 

revealed four ephrins, which are all GPI-anchored proteins, and one Eph receptor 

(George et ah, 1998; Chin-Sang et al., 1999; Wang et al., 1999). A BLAST search in the 

recently completed Anopheles gambiae genome sequence (Holt et al., 2002) detected 

only a single Eph-like gene (Kaneko, unpublished data). Therefore, it may well turn out 

that Manduca has only one Eph receptor and one ephrin ligand, which would be 

consistent with the results in Southern blot analyses. However, the ultimate answer 

awaits the completion of the Manduca genome sequencing. 

Besides well-known model organisms, Eph receptors and ephrins have also been 

identified in marsupials (Vidovic et al, 1999; Stubbs et al, 2000), amphioxus, hagfish, 

lamprey (Suga et al, 1999a), and sponges (Suga et al, 1999b). All the Eph receptors 

identified across phyla exhibit the same domain structure, suggesting that the overall 

structure of Eph receptors was established before the parazoan-eumetazoan evolutionary 

split. As sponges have neither neurons nor axons, the primordial function of Eph 

receptors was probably not in the control of axon guidance. In fact, mutant analyses in C. 

elegans have revealed a function of the Eph-ephrin signaling in early morphogenetic 

processes such as closure of the gastrulation cleft (George et al, 1998; Wang et al, 1999; 

Chin-Sang et al, 1999). Although studies of the Eph and ephrin in Drosophila have 

focused on neuronal development, the presence of maternally supplied D-Eph mRNA in 
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precellular blastoderm stage embryos (Scully et al, 1999) suggests that Eph-ephrin 

interactions also have such an ancestral function in arthropods. 

2.4.3 MsEphrin as a functional ligand for MsEph 

In general, ephrins are high-affinity ligands for Eph receptors of the 

corresponding subgroup, although there are variations in the dissociation constant (KD) 

within each subgroup ranging from 0.1 to 25 nM (Flanagan and Vanderhaeghen, 1998). 

Also, C. elegans EFN-1 was shown to have a Kd of 5 nM to its Eph receptor VAB-1 

(Chin-Sang et al., 1999). While the affinity of MsEphrin for MsEph is currently 

untested, the results from the phosphotyrosine assay provide a clue. Ephrin-Fc at 30 

ng/ml, which corresponds to 0.5 nM of MsEphrin, was able to activate the MsEph 

proteins. This concentration is in good agreement with the previously reported ephrin 

concentrations required to activate vertebrate Eph receptors exogenously expressed in 

cultured cell lines for pairs of EphA2-ephrin-Al (Bartley et al., 1994), EphA5-ephrin-A3 

(Davis et al., 1994), EphB I -ephrin-B 1 (Stein et al., 1998), and Eph A3-ephrin-A2 

(Hattori et al., 2000). The dissociation constant of these pairs ranges between 0.2 and 

1.33 nM. Therefore, it is probable that the MsEphrin binds the MsEph with a high 

affinity comparable to that of vertebrate Eph-ephrin pairs. 

Although the degree of ligand multimerization for maximal receptor activation 

varies between different Eph-ephrin combinations (Gale and Yancopoulos, 1997), in 

general, Eph receptors, especially B subclass receptors, require clustered ligands for 

maximal activation (Davis et al., 1994; Gale and Yancopoulos, 1997; Ciossck et al.. 



1998; Krull et a I., 1997; Hattori et al., 2000). In the present study, however, the 

dimerized and clustered forms of MsEphrin are equally effective in activating the MsEph. 

There might be two possible explanations for this. First, it has been demonstrated that 

certain EphA receptors are capable of activation by certain ephrin-A-Fc dimers without 

the need for further aggregation (Gale and Yancopoulos, 1997). Given the ephrin-A-like 

structure of MsEphrin, the dimerized fonn may be enough to activate the MsEph like 

certain EphA receptors. Alternatively, the GFP tag attached to the MsEph C-terminus 

might be interfering with the receptor clustering. The SAM domain near the C-terminus 

has been shown to form an oligomer (Thanos et al., 1999), thus possibly providing a 

mechanism for the receptor clustering. The GFP tag with its close proximity to the SAM 

domain might hinder the homotypic interaction between adjacent SAM domains. In 

addition, like vertebrate Eph receptors, MsEph has a C-terminal sequence that is 

suspected to be a docking site for PDZ-domain-containing proteins. Many of these 

proteins are involved in clustering or localization of cell surface receptor proteins and in 

assembly of macromolecular signaling complexes (reviewed by Sheng and Sala, 2001). 

In fact, several PDZ proteins have been shown to bind to and cluster Eph receptors and 

ephrin-B ligands (Torres et al., 1998). PDZ domains in general bind to C-terminal free 

peptides but not to the internal sequences (Songyang et al., 1997). Therefore, the C-

temiinally added GFP most likely interrupts the recognition of the F-L-V motif in 

MsEph-GFP fusion protein by PDZ domain proteins, possibly blocking receptor 

clustering. In supporting the latter possibility, it has been observed that the clustered 
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ephrin-Fc more potent at eliciting responses in the Manduca ORG axons in culture 

(see chapter 4). 

2.4.4 Developmentally regulated expression of MsEph and MsEphrin 

Recent advances in molecular biology have demonstrated that spatial and 

temporal regulation of gene expression is an important mechanism for regulating the 

diverse roles that one gene can play during development and in adults. In Manduca, as 

demonstrated in Northern blots and RNase protection assays, the expression of MsEph 

and MsEphrin is upregulated during the period of ORG axonal growth and major 

morphogenesis of the AL. Their expression markedly declines after stage 8-9 when all 

ORG axons have completed their growth (Sanes and Hildebrand, 1976b). This temporal 

change in expression strongly suggests that MsEph and MsEphrin play a role in the 

development of the olfactory pathway, particularly in the growth and/or guidance of ORG 

axons. Therefore, attempts were made to identify the cell types and regions that express 

MsEph and MsEphrin, using in situ RNA hybridization. In the optic lobe, these two 

genes were shown to have clear and distinct expression patterns. However, efforts with 

the antennal epithelium met great difficulty, and it was only in the unfixed, fresh-frozen 

epithelia that the transcripts for MsEph could be detected. A signal for MsEphrin was 

never detected. The transcripts for MsEph are present in many of the cells that reside in 

the sensillar epithelium of the antenna. The identity of these MsEph-positive cells has 

not been determined at this moment. Given the much scattered, pattern-less distribution 

within the sensillar epithelium, these MsEph-positive cells could be any one of the cell 
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types that constitute the region: the sensillum-associated cells such as neurons, 

trichogen cells, tormogen cells, and glial cells, as well as non sensillum-associated, 

epidermal cells (Sanes and Hildebrand, 1976). Nevertheless, the expression of MsEph in 

sensory neurons themselves or cells of close proximity to, thus possibly in contact with, 

neurons or their axons adds to supporting evidence for MsEph's involvement in ORC 

development. 

Northern blot analyses also demonstrated the possible presence of isoforms for 

both MsEph and MsEphrin. In vertebrate species, a number of variant forms has been 

discovered in the Eph receptors (reviewed by Zisch and Pasquale, 1997) and ephrin 

ligands (Davis et al., 1994; Aasheim H-S et al., 1998, 2000; Lai et al., 1999; Menzel et 

al., 2001.) For example, truncated forms comprising the extracellular domains of the 

receptors of EphA3 and EphB2 are generated by alternative polyadenylation (Sajjadi et 

al., 1991; Connor and Pasquale, 1995.). Also, an alternative use of distinct 5' splice sites 

generates another variant form of EphB2 that contains an insertion in the juxtamembrane 

domain (Connor and Pasquale, 1995). Although these variant forms appear to be 

generally expressed at lower levels than the non-variant forms (Sajjadi et al., 1991; 

Connor and Pasquale, 1995; Holash and Pasquale, 1995), they may play critical roles by 

presumably having different functional properties. In fact, such importance has been 

suggested by the segregation of the full-length form of EphA7 from its kinase-negative 

truncated form, in which the former are targeted to fine arborizations and latter to cell 

bodies and proximal dendrites. The first direct evidence for functional significance of 

truncated variants has been demonstrated for EphA7 by Holmberg et al. (2000). Three 



different EphA7 splice variants, a full-length form and two truncated versions lacking 

kinase domains, are expressed in the neural folds. Co-expression of full-length and 

truncated forms of EphA? suppresses tyrosine phosphorylation of the full-length EphA7 

receptor and shifts the cellular response from repulsion to adhesion in vitro. 

Accordingly, a subpopulation of ephrin-A5 null mice show neural tube defects caused by 

the failure of the neural fold to fuse in the dorsal midline (Holmbcrg et al., 2000). While 

in Manduca, it is unknown whether the multiple bands in Northern blots represent the 

splice variants from one gene or the transcripts from independent but related genes, the 

results of Southern blot analyses strongly suggest the former. It is also unknown in 

which band the expression of the isofomi corresponding to the MsEph cDNA is reflected 

in the Northern blots. (As MsEphrin cDNA was isolated from an antennal library, its 

expression appears to correspond to the lower sized band in the brain Northern blots). 

However, it is likely that all isoforms in the MsEph Northern blots contain the tyrosine 

kinase domain because the probe made against the kinase domain detected an identical 

signal pattern as the probe for the entire cDNA. Likewise, the MsEphrin blots using the 

probe made against a part of the conserved core showed an indistinguishable signal 

pattern from blots with the full-length probe, suggesting that isoforms in the brain blots 

all contain this domain. Because of their potential functional importance, these isoforms 

deserve further exploration in future experiments. 

This chapter has presented results of identification of the Manduca homolog of 

the Eph receptor, MsEph, and ephrin ligand, MsEphrin, as well as characterization of 



their mRNA expression patterns. Given the ever increasing evidence for functions 

that Eph-ephrin signaHng has in neural development, and the expression of these 

Manduca homologs in the developing olfactory pathway, further investigation of MsEph 

and MsEphrin in this system should provide insight into the molecular mechanisms for 

the development of the primary olfactory pathway. 
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Figure 2.1 Analyses of deduced amino acid sequence of MsEph. A: Domain 

structure. Overall amino acid identities are indicated parentheses. Identities of 

corresponding domains are also indicated. B: Alignment of MsEph with Drosophila 

Eph (D-Eph), mouse EphA4, and mouse EphB2. The similarity of residues are color-

coded as: red, identical; green, strongly similar; blue, weakly similar; and black, 

different. (1) The cytoplasmic domain. Conserved tyrosine residues in the 

juxtamembrane region arc marked with arrowheads. For the tyrosine kinase domain, 

some of the key subdomains are shown. Shaded rectangles: subdomain 1, catalytic 

loop (VIB), subdonirains VII and IX. An arrow: invariant lysine residue within 

subdomain 11 (van der Geer et al., 1994). N: the N-terminal end of the kinase domain, 

C: the C-terminal end of the kinase domain. The SAM domain is marked by open 

rectangles. (2) The ligand binding domain. In the D-Eph sequence, residues identical 

to the MsEph arc presended in red crosses. 
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Figure 2.2 Alignment of MsEphrin with Dephrin, mouse ephrin-A5, and human 

ephrin-B2. (A) Domain structure comparison. Percentages indicate the identity of 

conserved ephrin core domain of Dephrin, mouse cphrin-A5, and human ephrin-B2 as 

compared to MsEphrin. Putative GPI-anchoring sites were indicated by red 

arrowheads. (B) Amino acid alignment of the conserved core domain. The amino acid 

similarity is shown in the same color coding as that in Figure 2.1. 
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Figure 2.3 Phylogcnetic tree analyses. (A) the ligand binding domain of Eph 

receptors. (B) the tyrosine kinase domain of Eph receptors and ror family receptors. 

(C) the conserved core (receptor binding) domain of ephrin ligands. For clarity, when 

possible, only mouse genes are shown omitting human, rat, and chick homologues. 

Inclusion of all known homologues does not alter the principal tree structures. The 

length of the lines correlates with amino acid differences between different proteins, c: 

chick, mimouse, x: Xenopus laevis, z: zebrafish, VAB-1: C. elegans Eph, EFNl-3; C. 

elegans ephrins. 
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Figure 2.4 Secondary structure prediction for MsEph (A) and MsEphrin (B). The 

sequences of MsEph and MsEphrin were aligned against mouse Eph receptors (A) and 

ephrin ligands (B) using CLUSTAL W. The secondary structure elements of the mouse 

EphB2 (A) and mouse ephrin-B2 (A) that have been solved in crystalographic analyses 

(Himanen et al., 1998, 2001; Toth et al., 2001) are shown using blue arrows for beta-

strands and blue rectangles for helices. In B, asterisks and double-asterisks indicate the 

cysteine residues between which disulfide bonds are formed. The secondary structure 

elements predicted in deduced amino acid sequences for MsEph and MsEphrin are 

represented as magenta arrows for beta-strands and magenta rectangles for helices. 
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EDKTERyVI,YMVNFDG5JJACDHT-SKGFI<;^WECNRPHSPNGPL.KFSEKEQLFTPF 

PGGLEFLPGKDYYFISTS—SKDDLHRRIGGRCLSHNMKLVFRVCC 
LWGLEFQKNKDYYIISTSNGSLEGLDNQEGGVCQTRAMKILMKVGQ 
LWGHEFRSHHDYYIIATSDGTREGLESLQGGVCLTRGMK\TJLRVGQ 
PLGFEFLPGETYYYISVP TPESPGR-CLRLQVSVCCKESG 
SLGFEFRPGREYEYISSA IPDNggRSCLKLKVF^/RPTNSC 
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Fuigure 2.5 Genomic Southern blot analysis. MsEph (lanes a-d). MsEphrin 

(lanes e-h). High molecular weight DNAs (10 |ig/lane) prepared from pupal 

thoracic muscle tissue were digested with Eco RI (E) (lanes a, c, e, g) or Xba I (X) 

(lanes b, d, f, h). Hybridization conditions were high-stringency for lanes a, b, e, 

and f; and low-stringency for lanes c, d, g, and h. 
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Figure 2.6 Recombinant proteins. A: Schematic illustration of Fe-fusion afl'mity 

probes, full-length MsEph tagged with GFP (Eph-GFP), and full-length MsEphrin 

tagged with FLAG epitope (FLAG-ephrin). The color coding scheme for Eph-GFP 

and FLAG-ephrin corresponds to domains shown in figures 2.3 and 2.4. B; SDS-

PAGE analyses of recombinant proteins. The Fc-fusion probes were purified from 

the culture supernatant of stable cell lines and were loaded onto gels (0.2 ^ig/lane). 

One of the gels was stained with colloidal blue in order to visualize all proteins in the 

purified aliquots. In another gel, electrophoresed Eph-Fc and ephrin-Fc were blotted 

onto a nylon membrane and probed with anti-human IgG Fc. The band above 150 

kD in the Eph-Fc lane, marked with a letter 'a', likely represents residual Eph-Fc 

dimers due probably to incomplete reduction. The FLAG-ephrin/pCEP4 was 

transiently expressed in HEK293-EBNA cells. The lysates of transfected and mock-

transfected cells were separated on a gel, blotted onto a membrane, and probed with 

monoclonal anti-FLAG antibodies. To verify the expression of Eph-GFP, cellular 

lysates from COS-7 cells transiently expressing Eph-GFP and the unfused GFP as 

well as mock transfected cells were electrophoresed and probed with polyclonal anti-

GFP antibodies. Two thin bands at 75 kD and 30 kD (marked with 'c' and'd', 

respectively) are likely non-specific bindings because they are also seen in mock-

trans fected and GFP-transfected cellular lysates. Therefore, the band at 

approximately 140 kD likely represent the Eph-GFP protein, while the one at just 

above 25 kD corresponds to the unfused GFP protein. These positions are in good 

agreement with theoretical molecular masses calculated from their amino acid 

sequences (137 kD for Eph-GFP, 27 kD for GFP). 
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Figure 2.7 Ephrin-Fc binding to Eph-GFP. Eph-GFP/293-ENNA cells were first 

incubated with 5 |ig/ml of ephrin-Fc, washed, and fixed. The cells were then 

incubated with polyclonal anti-GFP antibodies. Cell-bound ephrin-Fc and anti-GFP 

antibodies were visualized with secondary antibodies conjugated to Cy3 (A) and 

fluorescein (B), respectively. A control experiment in the same cell line showed very 

little binding of unfused Fc proteins (D-F). C and F represent merged photographs. 

Mock-transfected cells exhibited no significant level of staining with ephrin-Fc or 

GFP antibodies (not shown). 
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Figure 2.8 Eph-Fc binding to FLAG-ephrin. HEK293-EBNA cells were transiently 

transfected with FLAG-ephrin/pCEP4 and split into two dishes. Cells in one dish 

were treated with 5 ng/ml of Eph-Fc. After rinses and fixation, the cells were then 

incubated with polyclonal anti-GFP antibodies. Cell-bound ephrin-Fc and anti-GFP 

antibodies were visualized with Cy3- (A) and fluorescein- (B) conjugated secondary 

antibodies, respectively. A control experiment using cells in another dish shows very 

little binding of unfused Fc proteins (D-F). C and F represent merged photographs. 

Treatment of mock-transfected cells for Eph-Fc binding and GFP 

immunocytochemistry resulted in no specific staining (not shown). 
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Figure 2.9 Phosphotyrosine assay. Eph-GFP/293-EBNA cells were serum-starved 

and treated with clustered or unclustered ephrin-Fc at a range of 30-300 ng/ml, or with 

clustered Fc proteins at 37 "C for 10 min. Cells were then lysed and cellular lysates 

were incubated with anti-GFP antibodies. The protein concentrations in lysates were 

quantified and adjusted prior to immunoprecipitation. Immunoprecipitated proteins 

were then resolved in SDS-PAGE and probed with anti-phosphotyrosine antibodies. 

While no phosphotyrosine was detected in IgG Fc-treated cellular lysates, a dose-

dependent increase in phosphotyrosine was observed in lysate from ephrin-Fc-treated 

cells. 
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Figure 2.10 Release of FLAG-ephrin proteins from the cell surface by PI-PLC 

treatment. Transfected or untransfected HEK cells were treated with PI-PLC or 

vehicle alone. The cellular lysate (L) and condensed supernatant (S) in each group 

were resolved in SDS-PAGE, transferred to a membrane, and blotted with monoclonal 

anti-FLAG antibodies. 
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Figure 2.11 Northern blot analysis for MsEph and MsEphrin. A and B: MsEph. C 

and D: MsEphrin. A, C: Temporal changes in expression level were examined using 

total RNAs isolated from animals at various metamorphic stages. The graphs show 

relative intensities of MsEph and MsEphrin signals normalized to those in control blots 

using the ribosomal binding protein (RPB). B, D: Polyadenylated RNAs from stages 4 

and 5 were used. 
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Figure 2.12 Ribonuclease protection assay for MsEph and MsEphrin. The assays 

for MsEph (A) were all performed on the same day; therefore only one set of controls 

with yeast RNA is shown. The assays for MsEphrin (B) were performed on two 

consecutive days. The reason for doublets in the MsEphrin assay is not clear. In the 

assays on brain RNA, which was done on the second day, it appears that disintegration 

of the probe had started. 
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Figure 2.13 In situ RNA hybridization for MsEph in the primary olfactory pathway. 

Cross sections of the antenna (A, B) and frontal sections of the AL (C, D, E) from stage 

6 animals were hybridized with anti-sense probes (A, C, D) or sense-probes (B, E). In A 

and B, the whole cross sections of the antennal epithelium are shown at the bottom; 

higher magnification images of the boxed region are shown at the top. In C-E, arrows 

and arrowheads indicate the position of the medial group and the lateral group of the AL 

neurons, respectively. Figures C-E are dorsal up and lateral to the right. AN: antennal 

nerve, AL: antennal lobe, OL: optic lobe. Scale bars = 50 fjm. 



scalar side sensillar side scalar side sensillar side 



108 

Figure 2.14 Detection of MsEph transcripts in the brain areas other than the primary 

olfactory pathway. In situ RNA hybridization with anti-sense probes (A, C, E, G) and 

sense probes (B, D, F) were performed on stage 6 brains. A-D: Optic lobe. A large 

population of optic lobe neurons are positively labeled (A, B). Higher magnification 

of the lamina reveals a columnar staining pattern (C, D). E, F: Several mushroom 

body Kenyon cells are strongly positive. G: A subset of neurosecretory cells in the 

dorsal protocercbrum are also intensely stained. An arrow in G indicates the midline. 

All sections are frontal and lateral to the left, ca: mushroom body calyx. Scale bars = 

50pm. 
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Figure 2.15 In situ RNA hybridization for MsEphrin in the optic lobe. Frontal 

sections of stage 6 brains were hybridized with the anti-sense probe (A, B) or the 

sense probe (C). Depending on the plane of section, positive signals are seen in 

different patterns. The most intense labeling was observed in the outer layer of the 

medulla (A) and in a region of the lobula (B). Scale bars = lOOjam. 
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CHAPTERS 

EXPRESSION OF THE EPH RECEPTOR AND EPHRIN LIGND 

PROTEINS IN THE DEVELOPING OLFACTORY PATHWAY OF 

MANDUCA SEXTA 

3.1 Introduction 

The previous chapter established the identity of MsEph and MsEphrin as 

members of the Eph and ephrin families, respectively. In addition, it was demonstrated 

that both genes were expressed in the developing primary olfactory pathway during the 

period of ORG axonal outgrowth and the AL glomerular formation. While these analyses 

provided valuable information on the expression of these genes at the niRNA level, 

examination of their temporal and spatial expressions at the protein level is an essential 

first step for understanding their functions in vivo. For example, in order for MsEph to 

act as a guidance receptor for the ORG axons, the protein must be present in growing 

axons, particularly on the growth cones. In this chapter, therefore, I investigated Eph 

receptor and ephrin ligand binding sites in the Manduca brain using Fc-fusion affinity 

probes. In situ staining of embryos with these probes has been widely used to study the 

localization of Eph receptors and ephrins as well as other molecular families. The Fc-

fusion affinity probes, composed of the extracellular domain of MsEph or MsEphrin 

fused to IgG Fc, are thought to bind to the cognate ligand and receptor proteins present 

on the cell surface, thus detecting overall distributions of the functional molecules that 

are available for the ligand-receptor interactions (Flanagan, 2000). 
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Taking advantage of these features, the analyses described in this chapter 

demonstrate that both the Eph receptor and ephrin ligand proteins are expressed on ORG 

axons but not in their targets, during the period of axonal growth and navigation into the 

AL. Within the antennal nerve (AN), both the receptor and the ligand proteins show 

apparent upregulation in the segment proximal to the sorting zone (SZ) entrance. Double 

labeling with the Fc-fusion probes and ORG axon tracing revealed that the Eph receptor 

and the ephrin ligand are distributed in a complementary manner among glomeruli across 

the AL. Finally, double labeling with the Fc-fusion probes and immunohistochemistry 

for Manduca fasciclin II (Mfas II) suggests a combinatorial glomerular tag defined by the 

differential expression of the Eph receptor, the ephrin ligand, and the Mfas II. 

3.2 Materials and Methods 

3.2.1 Detection of the receptor and the ligand proteins in the Manduca brain using 

the Fc-fusion probes: single labeling 

Brains from pupae at various stages were dissected in cold PBS, blocked with Ix 

blocking solution (BS) (PBS with 10% NGS and 2% BSA) for 1 h, and incubated with 

ephrin-Fc, Eph-Fc, or Fc (5 ^ig/ml in BS) on a shaker for 4 hr. The incubation time of 4 h 

was chosen based on pilot experiments as a compromise between the retention of the 

tissue morphology in the AL and the penetration of the probes. The specimen was then 

washed in PBS 4-6 times for 30-60 min each and fixed in 4% paraformaldehyde 

overnight. On the next day, after rinsing 4 times for 15 min each in PBS, the tissue was 

blocked with 0.5x BS with 0.2% TritonX-100 (0.5x BS-T) for 1 h, followed by the 
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incubation with Cy3-conjugated goat anti-human Fc antibody (1:250 in 0.5x BS-T) 

overnight. The samples were washed in PBS with 0.2% TritonX-100 (PBS-T) 5 times for 

1 h each, and then processed for either vibratome sections or whole brain preparations. 

For vibratome sections, samples were embedded in 7% low-temperature melting agarose, 

sectioned at 100 }.im, and mounted with 60% glycerol. For whole brain preparations, the 

samples were dehydrated in a series of ethanol and mounted with methyl salicylate. 

3.2.2 Double labeling of the AL with the Fc-fusion probes and ORC axon tracing 

To determine the spatial relationship between the ORC axons and the 

receptor/1 igand localization, the Fc-affmity probe labeling was coupled with anterograde 

tracing of ORC axons. For this procedure, ORC axons were first mass-filled with dextran 

dye by placing a small piece of crystallized dextran-tetramethyl rhodamine (MW 3,000, 

lysine-fixable. Molecular Probe) onto the surface of the ol factory epithelium through a 

small hole made on the outer cuticle of live pupae at stage 5. The size of cuticular holes 

was approximately 5x5 mm and they were made at approximately middle along the 

length of the antenna. While the dye was applied to a highly limited portion, because of 

its high water-solubility, the dye was found to spread most of the antenna after several 

hours of application. Therefore, the ORC axon population labeled with this tracing 

method would be random and majority. After dye application, the removed piece of 

cuticle was put back in place and sealed with melted wax. The pupae were then returned 

to the incubator, allowing the dye to spread in axons for 48 hr. Subsequently, the brains 

were dissected at stage 6 and processed for Fc-fusion probe labeling in whole mount 
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preparations as described, except that Alexa-488-conjugated goat anti-Fc was used in 

place of the Cy-3-conjugated antibody. Serial optical sections cut in the frontal plane 

were imaged with a laser-scanning confocal microscope, at an interval of 2.5 >im 

spanning from the anterior tip to the posterior end of the AL. For each sample, all optical 

sections were then printed out as a montage and sections at a similar A-P position were 

compared between Eph-Fc and ephrin-Fc labeling. 

3.2.3 Double labeling with the Fc-fusion probes and immunohistochemistry for 

Mfas II 

Fc-probe labeling was also combined with immunocytochemistry for Manduca 

fasciclin II (MfasII). The tissue was first incubated with Fc-fusion probes and fixed as 

described above, followed by vibratome-sectioning. Sections were then blocked with 

0.5x BS-T for 1 hi and incubated with the monoclonal anti-MfasII antibody (C3, Nardi, 

1992) diluted 1:4000 in 0.5x BS-T overnight. The specimen was washed in PBS-T for 3 

hr, blocked again, and incubated with Cy3-conjugated goat anti-human Fc and 

lluorescein-conjugated goat anti-mouse IgG (both 1:250) overnight. Finally, the samples 

were washed in PBS-T for 3 hr and mounted with 60% glycerol in PBS. 

All procedures described in this chapter were performed at 4°C unless otherwise 

noted. All commercially available antibodies used in this section were purchased from 

Jackson ImmunoRcsearch Laboratories, Inc. (West Grove, PA), except for the Alexa488-

anti human IgG that was obtained from Molecular Probes (Eugene, OR). The images of 
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the fluorescently labeled specimens were captured by a confocal laser scanning 

microscopy using PCM 2000 (Nikon, Tokyo, Japan) equipped with a Nikon E800 

microscope and argon, green He/Ne, and red He/Ne lasers, together with appropriate 

filter combinations. Digital images were processed with Simple32 (Compix Inc., 

Cranberry Township, PA), Corel Photopaint, and Corel Draw (Corel Corp., Ottawa, 

Canada). Digital images were edited solely to enhance contrast, to merge images from 

doubly labeled tissue, and to provide pseudocolors. 

3.3 Results 

3.3.1 Expression of the £ph receptor and ephrin ligand in the AL detected with the 

Fc-fusion probes 

Developmental changes 

Temporal mRNA expression patterns shown by Northern blots and presence of 

transcripts in the olfactory epithelium detected by in situ hybridization suggest that 

MsEph and MsEphrin may play a role in olfactory pathway development. To examine 

the distribution of these gene products at the protein level, we used Fc-fusion probes to 

detect the cognate receptor and ligand proteins in the tissue. Using Fc-affinity probes, the 

Eph receptor and the ephrin ligand first became unambiguously detectable in the AL at 

stage 4 (Figure 3.1 A, 3.2A) when a fair number of ORC axons had accumulated in the 

antennal nerve after they had begun entering the AL at late stage 3. Both the receptor and 

the ligand were present on ORC axons. This was clearly seen both in the antennal nerve 

(AN) and in the perimeter of the AL. This perimeter region seemed to correspond to the 
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border of neuropil-associatcd glial cells, within which the growing ORG axons travel 

(Oland et a I., 1998). However, the granular labeling pattern in the perimeter of the AL 

might also include the expression by glial cells that reside in this region (neuropil-

associated glia, Oland et al., 1999). During the next several stages, the intensity and the 

volume of the labeling increased, presumably reflecting the increase in the number of 

ORG axons reaching the AL. At mid stage 5, both the receptor and the ligand were 

present on ORG axons, with stronger labeling in the axon terminal regions, which have 

started to form small spherical aggregates called protoglomeruli (Oland et al., 1990) 

(Figure 3.1G, 3.2G). At this stage, the labeling patterns in the AL were indistinguishable 

between the receptor and the ligand, except that in the male AL, the lateral pole region 

where the AN enters the AL was labeled more intensely for the ligand than for the 

receptor. The labeling in this region may correspond to the primordium of the MGG, 

which has not yet developed into three subdivisions at this stage (Rossler et al, 1998). At 

late stage 6, when the full complement of glomeruli have formed and become discreet 

structural units (for review, see Oland and Tolbert, 1996), prominent labeling for both the 

receptor and ligand was observed in glomeruli and some of the ORG axon fascicles 

(Figure 3. ID, 3.2D). In general, the labeling within the glomeruli appeared to be 

concentrated in the outer region where ORG axons primarily form terminal arbors; in 

some cases, this was seen as a ring-shaped staining. Also, at this stage, it appeared that 

the glomeruli were not labeled uniformly across the AL; a subset of glomeruli seemed to 

be stained more intensely than other subsets, and some looked unlabeled. This was 

observed for both the Eph receptor and ephrin ligand. The inter-glomerular differential 
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staining was investigated further using double labeling with Fc-fusion affinity probes 

and ORC axon tracing, as described below. The labeled ORG axon fascicles were 

observed in the AN segment at the SZ and among those traveling along the AL, while the 

AN portion distal to the SZ was labeled weakly and diffusely for both the receptor and 

ligand (Figure 3.8). These observations suggest that the Eph receptors and ephrin ligands 

present on the axon surface are upregulated when they reach the SZ. After the staining 

intensity peaked at late stage 6 to stage 7, a remarkable decline in staining was observed 

at stage 8 for the ligand and at stage 9 for the receptor (Figure 3. IE, 3.2E), which seemed 

to correlate with the antennal niRNA levels demonstrated in the Northern blots. In stage 

18 animals, just prior to eclosion, no significant level of receptor or ligand was detectable 

in the AL (not shown). Weak staining in the perikarya of AL neurons at stages 5-6 was 

indistinguishable from that seen in the negative control with Fc protein (Figure 3.1, 3.2). 

No significant labeling was observed in the central neuropil region of the AL at any stage 

examined, suggesting that neither the Eph receptor nor the ephrin ligand were present in 

the AL neuron dendrites. Besides the ORC axons, the eplirin ligand appeared to be 

strongly expressed in the perineurial sheath cells of the AN, both in distal and proximal 

part along the AN (Figure 3.2D). In fact, these cells were among the most intensely 

labeled for the ephrin ligand in the pupal brain. Control experiments using the unfused 

Fc protein resulted in very weak labeling in both the AL and the OL (Figure 3. IF). In an 

additional control experiment, incubation of Eph-Fc with ephrin-Fc at an equimolar ratio 

prior to application to the brain tissue resulted in markedly reduced staining (Figure 

3.2F). 
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Expression in other brain regions 

Conspicuous labeling was also observed in the OL, in which the Eph-Fc and the 

ephrin-Fc produced distinct labeling patterns from each other (Figure 3.3). The Eph 

receptor was prominently detected in the lamina and lobula of the OL as well as in an 

axonal tract from the lobula projecting ventrally in the protocerebrum, and less intensely 

in the photoreceptor axons (Figure 3.3 A, B). In contrast, the strong expression of the 

ephrin ligand was observed in the photoreceptor axons, outer edge of the lamina, the 

lobula, and the dorsal projection from the lobula into the protocerebrum (Figure 3.3C, D, 

E). Elsewhere in the Manduca brain, the Eph receptor and ephrin ligand were detected in 

the central body (Figure 3.4.A, B), inner antenno-cerebral tract (lACT) (Romberg et al., 

1988) (Figure 3 AC, D), the mushroom body calyces (Cx) (Figure 3.4C, D) and the 

mushroom body lobes (not shown). As the axons of the AL projection neurons run 

through the lACT and arborize in the Cx, the Eph receptor protein detected in these 

structures may reflect the expression by the AL projection neurons shown in in situ RNA 

hybridization and the targeting of the protein into the axonal compartment. 

3.3.2 Complementary axonal expression of the Eph receptor and ephrin ligand 

revealed by double labeling with the Fc-fusion probes and ORC axon tracing 

The initial purpose for the double labeling study using the Fc-affinity probe 

combined with anterograde ORC axon tracing was to confirm that the detected Eph 

receptor and the ephrin ligand are indeed present on ORC axons in stage 6 ALs. This 

was indeed the case; as shown in Figure 3.5, the ephrin-Fc/Eph-Fc labeling overlapped 



with the dextran dye staining. Moreover, it was clearly seen that the ephrin-Fc or 

Eph-Fc labeled only a subset of glomeruli. This observation prompted me to examine 

whether the receptor-positive and ligand-positive glomeruli were different from each 

other, by comparing ALs labeled with ephrin-Fc/dextran dye to those labeled with Eph-

Fc/dextran dye. A total of 50 ALs (26 with ephrin-Fc and 24 with Eph-Fc) were suitable 

for the comparison, based on the adequate filling of the ORC axons with dextran dye and 

on the proper plane of optical sections. Owing to the reasonably small number of 

glomeruli in the moth AL (Rospars and Hildebrand, 2000), several glomeruli were 

readily identifiable from one animal to another, based on the location, shape, and 

relationship to other glomeruli. In fact, it was possible to identify 29 glomeruli, about a 

half of the total number, by careful comparisons of dextran dye-filled axon terminals in 

one section with another. Examples of these identified glomeruli are shown in several 

different planes of anterior to posterior AL in Figure 3.6. These comparisons revealed 

strikingly distinct localization pattern between the Eph receptor and the ephrin ligand. 

The receptor- and the ligand-positive glomeruli were distributed in a complementary 

manner; glomeruli with a strong receptor labeling show only a weak or no ligand 

labeling, and vice versa. Some of the most prominent examples were the labial pit organ 

glomerulus (LPOG) and the MGC. The LPOG is easily identifiable due to its large size 

and most ventral location in the AL. As the LPOG is exclusively innervated by sensory 

neurons residing in the labial pit organs in the labial palps but not by ORCs in the 

antenna (Kent et ai, 1986, 1999), this glomerulus was unlabeled by ORC axon tracing 

with the dextran dye. Axons innervating the LPOG appeared to express the receptor but 



120 

not the ligand (Figure 3.7C, D). The MGC is comprised of three compartments: 

cumulus and toroid 1, two main glomeruli in the MGC, stand outside the array of the 

other ordinary glomeruli, and toroid2, an elongated, horseshoe-shaped mass, is almost 

included in the array of other glomeruli (Rospers and Hildebrand, 2000). Within the 

MGC, the ligand was strongly detected in the cumulus and toroid 1 but was undetectable 

in toroid 2, whereas the receptor expression was intense in toroid 2, weak in the cumulus, 

and undetectable in toroid 2 (Figure 3.7E, F). It should be noted that, although these 

expression patterns were complementary, they were not mutually exclusive in some 

glomeruli. For example, the cumulus is strongly ephrin-positive, yet not completely Eph-

negative. 

3.3.3 Double labeling with Fc-fusion probes and immunohistochemistry for 

Mfas II 

To further examine the identity of these Eph receptor- or ephrin ligand-positive 

glomeruli, Fc-affinity probe labeling in the stage 6 brain was combined with MfasII 

immunocytochemistry. MfaslI has been previously shown to be expressed by a subset of 

ORC axons, which ultimately segregate from Mfas Il-negative axons before terminating 

in a distinct set of glomeruli (Rossler et a!., 1999; Higgins et al, 2002). The double 

labeling experiments revealed that the receptor-positive or the ligand-positive glomeruli 

were distributed in a partially overlapping pattern with MfasII-positive glomeruli (Figure 

3.8). In the ephrin-Fc/Mfas II double labeling, for example, some glomeruli were labeled 

only for the ligand (as shown in red in Figure 3.8A), some were predominantly MfasII-



121 

positive (shown in green), and yet others apparently expressed both. The overlap 

between the Eph receptor or the ephrin-ligand and Mfas II was observed such that each 

glomerulus displays a different shade varying from yellow to orange. This gradual 

pattern in the color combination suggests that the relative expression levels vary among 

the receptor- or ligand-positive glomeruli. Together with the complementary expression 

pattern between the receptor and the ligand, each glomerulus seems to have a 

combinatorial code defined by the differential expression of Mfas II, the Eph receptor, 

and the ephrin ligand, which might help uniquely identify each population of ORC axons 

innervating distinct glomeruli. 

3.4 Discussion 

In this chapter, I investigated the spatial expression pattern of the Eph receptor 

and ephrin ligand in the developing Manduca primary olfactory pathway. Major findings 

are (1) that both the receptor and the ligand are expressed on ORC axons but their target 

tissue appears to express neither of these molecules and (2) that the distributions of the 

receptor-positive and the ligand-positive axons seem to be complementary to each other. 

3.4.1 Eph receptor and ephrin ligand expression on ORC axons in Manduca sexta 

Distribution of the Eph receptor and ephrin ligand was determined by an in situ 

protein labeling technique using Fc-fusion affinity probes (for discussion on this 

technique, see below). Several lines of evidence support the presence of the receptor and 

ligand proteins on ORC axons but not their target. First, the receptor and ligand first 



became clearly detectable in the AL (and in the proximal portion of the AN) after the 

ORC axons had begun to reach the AL (Oland et al., 1990,1998). Second, the labeling 

pattern for both the receptor and ligand in the AL is consistent with the morphological 

features of ORC axons during stages 5-7. These features include ORC axon terminals 

coalescing to form protoglonieruli at early stage 5 and prominently fasciculated axons 

terminating mostly in the outer half of glomeruli at the later stage (Oland and Tolbert, 

1996). Third, the decline and disappearance of labeling in the AL and the proximal 

portion of the AN with Fc-fusion affinity probes coincided with temporal changes in the 

antcnnal niRNA level detected by Noithern blots and RNAse protection assays. Fourth, 

and most importantly, the staining in the AL with Fc-fusion affinity probes overlaps with 

ORC axons labeled by an anterograde tracing technique. These observations clearly 

indicate that both the Eph receptor and ephrin ligand are expressed on ORC axons during 

their ingrowth and glomerulus formation in the AL. In contrast, neither Eph receptors or 

ephrins were detectable in the target region of ORC axons during this period. Fc-fusion 

probe labeling did not label either the glial cells surrounding the AL, through which ORC 

axons course along the AL, or the dendrites of AL neurons, with which ORC axon 

terminals make synaptic contacts. Although I cannot exclude the possibility that a part of 

the labeling observed in the perimeter of the AL at stages 4 and early 5 might reflect the 

expression by neuropil glia, the labeling pattern at stage 6 seems exclusive of these glial 

cells. 

In general, the Eph receptor subclasses and their corresponding ligands are 

expressed in early embryos in a reciprocal and mutually exclusive manner, which appears 
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to subdivide the embryo into discreet domains and suggests repulsive interactions 

between the ligands and receptors (Gale et a I., 1996). In fact, the growth of axons (e.g. 

Cheng et al., 1995; Drescher et al, 1995; Nakamoto et al. 1996) or the movement of cells 

(e.g. Krull et al., 1997; Smith et al., 1997; Wang and Anderson, 1997; Mellitzer et al., 

1999; Xu et al, 1999) expressing a certain receptor (ligand) is restricted to regions of the 

embryo devoid of the corresponding ligand (receptor) class. However, it is becoming 

increasingly evident that the spatial expression of the receptors and ligands show not only 

complementary/reciprocal but also extremely complex patterns with various 

combinations of different Ephs or ephrins as well as receptor-ligand colocalization. For 

example, five different EphA receptors (EphA3,4, 5, 6, and 7) are expressed on retinal 

ganglion cell (RGC) axons during the time of ingrowth into the tectum, with only EphA3 

expressed in a graded manner (e.g., Cheng et al., 1995; Monschau et al., 1997; Connor et 

al, 1998). Ephrin-A ligands (A2 and A5) are not only expressed in the target of RGC 

axons (tectum/superior colliculus, lateral geniculate ganglion), but also on RGC axons, 

thus colocalizing with EphA receptors (Brennan et al., 1997; Connor et al., 1998; 

Hornberger et al., 1999; Marcus et al., 1996). Also in RGC axons, EphB receptors are 

distributed uniformly or in a ventral-high to dorsal-low gradient while ephrin-B ligands 

are distributed uniformly or in the opposite dorsal-high to ventral-low gradient (Marcus et 

al., 1996; Holash et al., 1997; Braisted et al., 1997; Birgbauer et al., 2000; Mann et al., 

2002). Elsewhere, overlapping expression has been also documented in the spinal motor 

neuron axons (Iwamasa et al., 1999; Eberhart et al., 2000). In the developing primary 

olfactory nerve pathway of the rat, at least 4 Eph receptors (EphA4, A5, A7, and B2) and 
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5 ephrins (ephrin-A2, A4, A5, Bl, and B2) have been shown to be expressed in 

different combinations by ORCs, ensheathing glial cells, or olfactory bulb neurons, with 

tightly regulated spatial and temporal patterns (St. John and Key, 2001; St. John et al., 

2000; 2002). Moreover, within ORCs and mitral cells, these receptor and ligand proteins 

show a developmental shift in their subcellular localization. For example, EphA5 was 

expressed on ORC axons and ensheathing glial cells in the mid to late embryo, 

disappearing from these cells in the neonate, and then expressed in mitral cell dendrites 

during early postnatal stages. The ligands detected by EphA5-Fc were present on ORC 

axons, with a change in distribution from an initially uniform pattern during 

embryogenesis to a more discreet pattern in which only a subpopulation of glomeruli is 

labeled in early postnatal animals (St. John et al., 2000). These observations suggest that 

Eph receptors and ephrins play important roles in the development of the rat primary 

olfactory pathway. However, because of the enormous complexity in the spatio-temporal 

expression patterns and a possibility for the expression of yet additional Eph receptors 

and ephrins, it will certainly be a formidable task to understand the exact roles of each 

receptor and ligand in this system. 

Despite the accumulating evidence for overlapping expression of the receptors 

and ligands on axons, functional significance for this colocalization has been addressed 

only in two instances (Diitting et al., 1999; Homberger et al., 1999; Birgbauer et al., 

2000; 2001). Co-expressed ephrin-A ligands on RGC axons have been proposed, based 

on in vitro and in vivo gain-of-function and loss-of-function experiments, to transform a 

uniform expression of EphA receptors into a graded receptor activity, which plays a 
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prominent role in the retinotectal mapping (Dutting et al., 1999; Homberger et ah, 

1999). Ephrin-B ligands expressed on RGC axons in a dorsal-high to ventral-low 

gradient have been shown to play a role in the intra-retinal pathfmding in the mouse, 

through a reverse signaling responding to the EphB receptors expressed on RGC axons in 

a complementary gradient (Birgbauer et al., 2000; 2001). In the Manduca primary 

olfactory pathway, the expression of both the Eph receptor and ephrin ligand by ORC 

axons, but not by the components in the target area, suggests that the receptor-ligand 

interactions should occur at the interface of neighboring axons. This further suggests that 

the role of ephrins is not likely 'modulating' the Eph function as proposed by Dutting et 

al. (1999) and Homberger et al. (1999). 

3.4.2 Complementary expression of the Eph receptor and ephrin ligand in ORC 

axons 

To obtain clues for the consequences of these axon-axon interactions mediated by 

the Eph and ephrin, it was crucial to establish a spatial relationship between the receptor-

positive axons and the ligand-positivc axons. Because of the unavailability of antibodies 

specific to MsEph or MsEphrin, it was necessary to compare images separately labeled 

with Eph-Fc or ephrin-Fc, each in combination with anterograde axon tracing. This 

method, together with the relative simplicity and little inter-animal variation in the 

glomerular array of the Manduca AL (Rospers and Hildebrand, 2000), enabled me to 

identify 29 glomeruli out of total 63 glomeruli (including both ordinary and sex-specific 

glomeruli). The comparison of these identifiable glomeruli has revealed a 
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complementary pattern in which the glomeruli having strong ephrin-Fc labeling are 

weakly labeled with Eph-Fc and vice versa. This pattern was very consistent form 

individual to individual. This suggests an inverse correlation between the expression 

levels of the receptor and ligand in a population of ORC axons innervating a given 

glomerulus. The 'complementary' labeling pattern can be achieved either by 

convergence of a homogeneous population of axons expressing a certain level of 

receptors and another level of ligands or by a combination of two populations of axons 

expressing either the receptor or the ligand at various ratios across different glomeruli. 

For example, a glomerulus with strong receptor labeling and weak ligand labeling could 

be innervated by axons all expressing the receptor at a high level and the ligand at a low 

level, or by axons, the majority of which express the receptor and a small fraction of 

which express the ligand. These possibilities, however, cannot be distinguished currently 

because the resolution in the method employed is insufficient to determine the expression 

level in the individual axons. This question needs to be addressed in future 

immunohistochemical experiments using specific antibodies. 

Nevertheless, the complementary expression pattern of the receptor and the ligand 

across glomeruli does suggest a role in axonal segregation/differential fasciculation 

through repulsive action. This is a novel hypothesis for Eph-ephrin functions; to my 

knowledge, such a possibility has not been explicitly proposed in previous studies. Only 

one instance seems to have relevance to some degree; as mentioned above, EphB 

receptors expressed on ventral RGC axons act as a repulsive cue for the dorsal axons 

bearing high level of ephrin-B, preventing aberrant extension of dorsal axons into ventral 
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retinal regions (Birgbauer et al, 2000; 2001). It is conceivable that such repulsive 

interactions between ephrin-B- and EphB-expressing axons may also play a role in 

sorting dorsal from ventral RGC axons in the optic tract. The hypothesis for Eph-ephrin-

mediated repulsion in Manduca ORC axons predicts that the ephrin ligand would elicit 

inhibitory or repulsive responses in axons bearing the Eph receptors. This prediction was 

tested in in vitro assays as described in the next chapter. 

3.4.3 Possible upregulation of Eph receptor and ephrin ligand expression at the 

sorting zone 

The ORC axon fascicles in the AL and the AN portion proximal to the sorting 

zone (SZ) entrance were consistently labeled more intensely than the distal segment of 

AN. There are two possible explanations for this observation. One speculation involves 

the 'masking' effect (discussed below). As the distinct classes of ORC axons destined to 

different glomeruli appear to be randomly distributed within the distal AN (Rossler et a I., 

1999), the distribution of the Eph receptor and the ephrin ligand can be considered 

uniform, in a large scale, across the AN. If these uniformly present Eph receptors and 

ephrins interact between adjacent axons, very little free receptors or ligands would be 

available for exogenous Fc-fusion affinity probes to bind, thus resulting in the weak 

labeling in the distal AN. In the proximal AN, axonal sorting would bias the distribution 

of Eph receptors and ephrins so that the relative abundance of the receptor or ligand 

varies between groups of axons, leading to stronger and complementary labeling. 

Alternatively, the expression of the receptor and ligand proteins might be upregulated 
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once axons reach the SZ. The SZ of the Manduca AN is considered to be a 

pathfinding choice point (Rossler et al, 1999); ORC axons in vivo defasciculate and 

crisscross in this zone (Rossler et al., 1999). In culture, ORC growth cones elaborate and 

pause upon contacting SZ-derived glia (Tucker et al.,). Choice points, or intermediate 

targets, divide the long complicated axonal trajectories into shorter segments, and provide 

various guidance cues to navigating growth cones. After reaching a choice point, in order 

to go on to the next segment of the trajectory, the axonal growth cones must change their 

response to these guidance cues. This changing responsiveness involves regulated 

expression and/or function of guidance receptors on growth cones and is well 

documented for midline navigation by commissural axons (for review, Stoeckli and 

Landmesser, 1998; Cook et al., 1998; Kaprielian et al., 2001). For example, the spinal 

commissural axons express EphBl only in the segment that has crossed the floor plate 

(Imondi et al., 2000; Brittis et al., 2002), and switch in expression from TAG-1 to L-1 as 

they cross the floor plate (Dodd et al., 1988). In Drosophila commissural axons, Robo, 

Robo2, and Robo3 receptors are all upregulated on distal axon segments after crossing 

and mediate responses to the repellent midline Slit protein (Kidd et al., 1998,1999). 

Analogously in Manduca, the Eph receptor and ephrin proteins might be upregulated on 

the Manduca ORC axons as they pass through the SZ, their choice point. 

These two possible explanations for apparent upregulation at the SZ are not 

mutually exclusive; moreover, both would be in agreement with the axonal behaviors in 

the AN. In the AN part distal to the SZ, because ORN axons advance parallel to each 

other in a orderly manner without much intermingling, adhesive force would predominate 
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to keep axons fasciculated and repulsion between axons would not be necessary. It 

is when the axons enter the SZ that repulsive force is required to defasciculate and sort 

out axons. In both of these two possibilities, there would be little repulsive force acting 

on axons in the distal AN, which would result from the receptor desensitization by 

constant exposure to the uniform ligands in the first case, and from the mere absence of 

expression in the second case. 

3.4.4 Partially overlapping, mosaic distribution patterns between Mfas Il-positive 

and the Eph- or ephrin-positive glomeruli 

Fasciclin II is a member of the immunoglobulin-related superfamily of cell 

adhesion molecules (CAMs) with structural similarity to vertebrate N-CAM 

(Cunningham et al., 1987) and 0-CAM (Yoshihara et al., 1997). This molecule has been 

shown to regulate axonal fasciculation and guidance in grasshopper embryos (Bastiani et 

a/. 1987; Harrelson and Goodman, 1988; Snow et al, 1988) and Drosophila (Grenningloh 

et al., 1991; Lin et al, 1994; Lin and Goodman, 1994). The Manduca homolog of 

fasciclin II (Mfas II), expressed as both transmembrane and GPI-anchored isoforms by 

alternative mRNA splicing, has been implicated in guiding the migration of neurons and 

glial cells in the embryonic enteric nervous system (Wright et al., 1999; Wright and 

Copenhaver, 2000). In the developing Manduca olfactory system, it has been 

demonstrated that transmembrane isoforms of Mfas II are expressed by a subset of ORC 

axons and that these axons segregate from Mfas Il-negative axons in the SZ before 

terminating in a specific set of glomeruli (Rossler et al., 1999; Higgins et al., 2002). 
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These observations suggest that Mfas 11 is involved in axonal sorting through 

differential fasciculation between Mfas Il-positive and Mfas Il-negative axons. 

Simultaneous labeling with Mfas 11 antibodies and Fc-fusion probes demonstrated 

that the Eph receptor- and the ephrin ligand-positive glomeruli distribute in a pattern that 

is partially overlapping with MfasII-positive glomeruli. Among the glomeruli with 

overlapping labeling, the level of expression of these molecules appeared to vary between 

glomeruli, shown as graded shades ranging from orange to greenish yellow. These 

results are consistent with the observations that the MfasII-positive glomeruli included 

heavily-labeled and moderately-labeled glomeruli (Higgins et al., 2002) and that the 

intensity of single labeling with the Fc-affinity probe varied from one glomerulus to 

another (present study). Overall, this differential expression pattern appears to give each 

glomerulus a unique combinatorial code that could determine the fasciculation of each 

population of ORC axons innervating a given glomerulus, through the balance or the sum 

of the adhesive/attractive and the repulsive forccs. 

The balance between attractive/adhesive and repulsive guidance cues determines 

whether or not fasciculation or defasciculation will occur at specific choice points along 

axonal trajectories. Either increasing attraction among axons or increasing repulsion 

between axons and the non-neuronal surrounding substrates should enhance axonal 

fasciculation. Conversely, increasing repulsion among axons or increasing attraction 

between axons and their (intermediate) targets should facilitate axonal defasciculation. 

These predictions have been in large part supported by several studies on motor axon 

pathfmding. For example, the NCAM expressed on chick motor axons in the regions 
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where these axons defasciculate is covalently attached with highly positively charged 

polysialic acid, which negatively regulates adhesive function of the NCAM. Removal of 

this polycialic acid results in hyperfasciculation of motor axons and incorrect targeting 

(Tang et ah, 1994). The Drosophila embryonic motor axons express CAMs such as Fas 

II and connectin (Conn) as well as repulsive signaling molecules such as Sema-Ia and its 

receptor plexin A (Grenningloh et al., 1991; Van Vactor et ah, 1993; Lin and Goodman, 

1994; Winberg et al., 1998a, b; Yu et al., 1998; Hung-Hsiang et al., 2000). 

Overexpression of Fas II or Conn on motor axons increases attraction among motor 

axons and results in hyperfasciculation and failure in a particular set of motor axons to 

defasciculate at the choice points. This hyperfasciculation phenotype is rescued by 

overexpressing a repulsive cue Sema-Ia on motor axons (Lin and Goodman 1994; Hung-

Hsiang et al., 2000). Conversely, the hyperfasciculation phenotype in Scma-Ia loss-of-

function mutants is suppressed by removing Fas II from motor axons (Hung-Hsiang et 

al., 2000). These observations show that the balance between adhesive and repulsive 

forces elicited through axonally expressed cues is one of the determinants of axon 

defasciculation at pathfmding choice points. 

In light of this 'adhesive/repulsive balance' hypothesis, the Mfas II and the Eph 

receptor/cphrin ligand in Manduca might be components of a coding system for ORC 

axonal sorting, in which other guidance cues such as other CAMs and semaphorins likely 

participate. The Mfas II and the Eph/ephrin would contribute their share of adhesive 

force and repulsive force, respectively, to this system, whose final output would 

determine the association of axons projecting to certain glomeruli. The observation that 
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the Eph receptor and ephrin ligand expression is largely complementary, but not 

mutually exclusive, to each other suggests that Eph-ephrin signaling might be a major 

contributor of the repulsive force to this system but not the sole one. 

3.4.5 Expression of the ephrin ligand protein in the perineuria! sheath of the 

antenna! nerve 

Eph-Fc labeling also detected very strong ligand expression in the perincurial 

sheath. A possible role might be that the ligand expressed in sheath prevents the 

receptor-bearing ORG axons from exiting the nerve tract (restraining axons within the 

nerve tract) through repulsive interactions. The idea of confinement of axons by ephrin 

ligand expressed by ensheathing cells parallels the recently reported role for the 

Drosophila ephrin (Dephrin) (Bossing and Brand, 2002). In the ventral nerve cord of 

Drosophila embryos, the Eph receptor (D-Eph) is expressed in intemeuron axons while 

Dephrin is localized in the somata of cells residing along the outer border of the 

longitudinal axon tract. Loss of D-Eph or Dephrin causes the abberant exit of 

interaeuronal axons from the CNS. A similar role may be played by the ephrin ligand 

expressed by the perineurial sheath of the AN. 

This proposed function for perineurial sheath ephrins may seem inconsistent with 

the observation of the limited receptor expression in a subpopulation of axons, and with 

the notion of the possible receptor desensitization in the distal AN. A possible 

explanation for the former question is that the perineurial cclls repel the receptor-positive 

axons, which are in turn associated by receptor-negative axons though adhesive 
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interactions, thus keeping the whole axon population within the perineurial sheath. 

The second point might be related to the difference in relative expression levels of the 

ligands between the axons and the perineurial sheath cells. The perineurial sheath was 

one of the most intensely labeled structures with the Eph-Fc probe, suggesting that the 

expression of the ephrin ligand is much higher in the perineurial sheath than in ORC 

axons. Accordingly, this large difference in expression levels may enable ORC axons to 

respond to sheath ephrins. 

3.4.6 The use of Fc-fusion affinity probes to detect functional ligand or receptor 

binding sites in situ 

The use of soluble, recombinant receptor or ligand fusion proteins composed of 

the extracellular domain of the respective receptor or ligand fused to alkaline phosphatase 

or the IgG Fc has proven to be useful molecular tools. These fusion proteins have been 

widely used not only for in vitro biochemical assays (for example, Davis et ai, 1994; 

Winslow et al., 1995) but also for in situ detection of cognate receptor and ligand 

proteins (for example, Cheng and Flanagan, 1994; Gale et al., 1996). Labeling with 

fusion probes has advantages and limitations in comparison to other commonly available 

methods such as RNA in situ hybridization, immunohistochemistry, and reporter gene 

insertion. None of the available techniques can be assumed to give the biologically 

accurate expression pattern and each of them gives a different type of information. For 

example, immunohistochemistry can show detailed protein distributions and can be 

highly specific. However, raising antibodies is time-consuming, expensive, and 



sometimes unsuccessful. Also there is a possibility of cross-reactivity with other 

proteins as well as of detecting degradation products and other non-functional species. 

Ligand or receptor affinity probes tagged with IgG Fc or AP can be produced far more 

quickly than antibodies. Production of fusion proteins that retain binding activity has 

been reliable, although this will depend on the properties of the individual receptor or 

ligand. The fusion probes can detect natural ligand-receptor interactions in situ. In the 

case of receptors that bind to multiple ligands (or vice versa), as in the case for vertebrate 

Ephs and ephrins, one can observe the overall distribution of ligands for that receptor. 

The technique is presumably selective for functional, available forms of molecules that 

are capable of ligand-receptor binding. However, in situ detection methods with fusion 

probes do have limitations. As the ligand and receptor bind to each other with 1:1 

stoichiometry (Lackmann et ah, 1997; Himanen et al., 2001; Toth et a I., 2001), the 

labeling signal amplification may not be as great as immunohistochemistry with 

polyclonal antibodies. Generally, the fixed tissue is not suitable as the fixing step impairs 

the binding activity; the use of unfixed tissue makes it difficult to visualize the detected 

signal at fine resolution. The results obtained with these probes need to be interpreted 

carefully. It may be hard to draw conclusions about any single molecule, since the 

technique is predisposed to simultaneously detect multiple binding partners. In addition, 

formation of pre-existing endogenous receptor-ligand complexes may 'mask' binding 

sites for the exogenous probe. For example, transgenic overexpression of ephrin-A5 has 

been shown to reduce the binding of an ephrin-A5-Fc probe to mice embryos 

(Sobieszczuk and Wilkinson, 1999), and a retrovirus-mediated overexpression of 



truncated EphA3 in chick cerebellum resulted in the elimination of the endogenous 

ligand activity detected by EphA3-Fc (Nishida et al, 2002). These results provide 

evidence that masking does occur in embryos and imply that ephrins and their receptors 

may be less compartmentalized, and more overlapping, than might be concluded based on 

binding of receptor and ligand affinity fusion probes. However, it remains unknown to 

what degree the masking effect influences the labeling pattern in normal conditions. This 

is because these studies used (3-actin or viral promoter-driven expression, thus yielding 

extremely high levels of proteins; in contrast, the expression in the normal situation is 

quantitatively and spatially restricted—only a limited amount is expressed in only limited 

types of cells. In fact, Sobieszcsuk and Wilkinson (1999) also reported that some sites of 

EphA expression such as hindbrain were not masked by ectopically expressed ephrin-A 

while others were masked. This may reflect the relative concentrations of Eph receptors 

and ephrins, such that only the component present in excess over the other is detected. 

In the Manduca AL, the receptor and ligand distribution appears roughly 

complementary but not mutually exclusive. For example, the cumulus in the MGC was 

strongly labeled with Eph-Fc, yet also labeled, albeit less strongly, with ephrin-Fc. This 

would not be expected if only excess component, either the receptor or the ligand but not 

both, is detected due to the masking effect. Therefore, in the present study, it can be 

assumed that the labeling intensity approximately represents the abundance of binding 

activities, even if the masking effect sequestered portions of the receptor and ligand from 

being detected. 
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Figure 3.1 Localization of the Eph receptor proteins in the antennal lobe during 

early metamorphic stages. Eph receptor proteins were detected using in situ ephrin-Fc 

labeling. A: stage 4, B; early stage 5, C: mid stage 5, D: stage 6, E; stage 8. F: 

negative control with unfused Fc at stage 6. Labeling of other stage brains with 

unfused Fc resulted in little staining similar to F. Scale bars = 50).im. 
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Figure 3.2 Localization of the ephrin ligand proteins in the antenna! lobe during early 

metamorphic periods. The ephrin ligand proteins were detected using in situ Eph-Fc 

labeling. Stages 4 (A), early 5 (B), mid 5 (C), 6 (D), and 8 (E). A control experiment 

using Eph-Fc pre-incubated with ephrin-Fc is shown in F. An asterisk in D indicates 

intense staining in the perineurial sheath. Scale bars = 50fim. 
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Figure 3.3 Localization of the Eph receptor and ephrin ligand proteins in the optic 

lobe (OL). Brains from stage 6 animals were labeled with ephrin-Fc (A, B), Eph-Fc 

(C, D, E), or Fc (F, G). Images are frontal sections, showing the anterior (E), middle 

(A, C, F), and posterior (B, D, G) plane of the OL. Scale bars = 100 fim. 
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Figure 3.4 Detection of the Eph receptor and ephrin ligand proteins in the central 

body and the mushroom boy. A, B: In the central body, ephrin-Fc intensely labeled the 

horizontally banded region at the middle of the fan-shaped body (A). On the other 

hand, Eph-Fc appeared to strongly label the noduli and the region beneath the intense 

ephrin-Fc-positive band (B). In addition, the neuropil around the central body is 

diffusely ephrin-Fc-positive while largely devoid of Eph-Fc staining. C, D: The 

mushroom body calyx (arrows) was strongly labeled with the Eph-Fc (D) but weakly 

with ephrin-Fc (C). The antenno-cerebral tract connecting the AL and the MB calyces 

appeared positive, although weakly, for both ephrin-Fc and Eph-Fc (dotted lines). In 

addition, several of the Kenyon cells were strongly stained with ephrin-Fc (C). C and D 

are medial to the left. Scale bars = 50 jim. 
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Figure 3.5 Expression of the Eph receptor and ephrin ligand on olfactory receptor 

cell axons revealed by double labeling with Fc-fusion probes and axon tracing in the 

stage 6 AL. A: ephrin-Fc + dextran dye, B: Eph-Fc + dextran dye, C: Fc+ dextran 

dye. Fc-fusion probe labeling is shown in green and axon tracing in red. The scale 

bar in the left bottom panel corresponds to SOjam and applies to all 

photomicrographs. 
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Figure 3.6 Complementary expression of the Eph receptor and the ephrin ligand 

among antennal lobe glomeruli. Dextran tetramethyl-rhodaniine was applied to the 

antennal epithelium of live animals at the stage 5 to trace ORC axons. Two days later 

at stage 6, the brains were dissected and labeled with ephrin-Fc (A, C, E) or Eph-Fc 

(B, D, F). Anterogradely dye-filled axons are shown in red, and Fc-fusion probe 

labeling in green. Only merged photographs are shown. The plane of optical section 

is frontal, from anterior (A, B) to posterior (C, D). The labial pit organ glomerulus 

(LPOG) is innervated by sensory neurons in the labial pit organ but not by ORCs; 

therefore it was not labeled with the dextran dye (C, D). A-D are from female brains. 

E and F are sections positioned roughly midway along the anterior-posterior (A-P) axis 

of the AL in males and contain the macroglomerular complex (MGC). C: cumulus, 

T1: toroid 1, T2: toroid 2. The borders of subdivision of the MGC were indicated by 

dotted lines. Arrows: glomeruli with strong ephrin-Fc labeling but weak or no Eph-Fc 

labeling. Arrowheads: glomeruli with strong Eph-Fc labeling but weak or no ephrin-

Fc labeling. Scale bars = 50 fxm. 
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Figure 3.7 Double staining with fasciclin II (Mfas II) immunohistochemistry and 

Fc-fusion probe labeling. After reacting with ephrin-Fc (A, C) or Eph-Fc (B, D), the 

brains from stage 6 animals were fixed and incubated with the antibody to Mfas II. 

Fc-fusion probe labeling is shown in red and Mfas Il-immunohistochemistry in green. 

Only merged images are presented. Frontal sections of the AL are shown in 

approximately middle regions (A, B) and posterior-most regions (C, D) along the A-P 

axis. C and D show roughly the same plane as figure 3.7 C, D. A-D are all female 

ALs. Scale bars = 50|j.m. 
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Figure 3.8 Upregulation of the Eph receptor and ephrin ligand proteins at the 

antennal nerve sorting zone (SZ). Photomicrographs show frontal sections of the AL 

at mid stage 5, which were double labeled with Mfas II antibodies (shown in green) 

and Fc-fusion probes (in red). Arrowheads: AN segments distal to the SZ. Positive 

staining for Mfas II in distal segments confirms the presence of ORC axons and 

integrity of the specimen in this region where the labeling with ephrin-Fc and Eph-Fc 

is weak. Arrows: AN segments in the SZ or proximal to it. Scale bars = SO^im. 
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CHAPTER4 

EXAMINATION OF THE EFFECTS ELICITED BY EPH-EPHRIN 

INTERACTIONS IN CULTURED OLFACTORY NEURONS 

4.1 Introduction 

Ephrin ligands, in many instances, act as repellents for growth cones expressing 

cognate Eph receptors (reviewed by Flanagan and Vanderhaeghen, 1998; Wilkinson, 

2001), although increasing evidence suggests ephrins can also inducc attraction 

(reviewed by Klein, 2001; Holmberg and Frisen, 2002). Since the initial suggestion 

based on the in situ expression patterns of ephrins complementary and reciprocal to Eph 

receptors (Gale et ah, 1996), the repulsive activity of ephrins has been widely 

demonstrated in both in vivo and in vitro experiments. In these studies, assays using 

primary neuronal cultures have proven particularly useful tools to test functions of 

ephrins in a given system. These assays have included short-term analyses such as the 

growth cone collapse assay as well as long-term tests such as the neurite outgrowth and 

membrane stripe assays. There is a general agreement that the repulsive guidance 

activity in vivo is correlated with in vitro activities such as growth cone collapse, 

preferential growth on membrane stripes, and neurite outgrowth inhibition (Muller et al., 

1990; Walter et al., 1987; Landmesscr, 1994; Skaper et al., 2001). 

The results from the in situ localization analyses, as described in the previous 

chapter, have led me to hypothesize that Eph-ephrin interactions elicit inhibitory and/or 

repulsive responses in ORG axons. The investigation described in this chapter tested this 
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hypothesis on explant cultures of the Manduca olfactory epithelium using the 

neurite outgrowth assay and the substratum choice assay. Labeling of the explant with 

the Fc-fusion affinity probes reveals that, in contrast to in vivo, both the Eph receptor and 

the ephrin ligand arc expressed in a majority, if not all, of neurites. The neurite 

outgrowth assays show that the ephrin-Fc bound homogeneously to the substrate or 

present in the culture medium inhibits neurite outgrowth. The substratum choice assays 

demonstrate that, upon encountering the border between the control- and ephrin-Fc-

containing substratum, neurites make turns, avoiding growing onto the ephrin-Fc-

containing substratum. These results provide evidence supporting the idea that the 

interaction between Eph receptors and ephrin ligands evokes repulsive responses in ORC 

axons, which may provide a mechanism for axonal sorting through repulsive axon-axon 

interactions. 

4.2 Materials and Methods 

4.2.1 Preparation of the olfactory epithelial explants 

The explants were prepared from animals at pupal stage 4 according to a protocol 

optimized for the Manduca antennal explant. Briefly, the antenna was dissected out in 

ice-cold PBS and the non-sensory, scalar side of the epithelium (Sanes and Hildebrand, 

1976a) was discarded. The remaining sensillar (sensory) side of the epithelium was first 

treated with 0.05 mg/ml collagenase and 0.2 mg/ml dispase in Hank's Balanced Salt 

Solution (HBSS) (Gibco-Lifc Technologies, Rockville, MD) at 37°C for 2 min. The 

tissue was then triturated gently with a glass pipette 5-8 times, yielding explants of 0.1 -
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0.2 mm in diameter. Explants were grown in the supplemented LI5 medium 

(Hayashi and Hildebrand, 1990) in miniwells made on 35-mm plastic culture dishes in a 

humidified incubator with normal air at 26°C. The supplemented L15 (pH 6.9, 390 

mOsm) contained 5% fetal bovine serum, 185 mg a-ketoglutaric acid, 200 mg D-(-)-

fructose, 350 mg D-glucose, 335 mg DL-malic acid, 30 mg succinic acid, 1.4 g 

lactalbumin hydrolysate, 0.1 mg niacin, 30 mg imidazole, 100 U/ml penicillin, 100 )ig/ml 

streptomycin, 2.5 ml stable vitamin mix (Mains and Patterson, 1973), and 1 mg/ml 20-

hydroxyccdysone in 500 ml of L15 (Gibco-Life Technologies). Stable vitamin mix 

consisted of 3 mg/ml aspartic acid, 3 mg/ml cystine, 1 mg/ml beta-alanine, 4 ug/ml 

biotin, 0.4 mg/ml vitamin B12, 2 mg/ml inositol, 2 mg/ml choline chloride, 0.1 mg/ml 

lipoic acid, 1 mg/ml p-aminobenzoic acid, 5 mg/ml fumaric acid, 80 |ag/ml coenzyme A, 

and 3 mg/ml glutaminc acid. Miniwells were made by cutting 8-mm holes in the bottom 

of 35-mm plastic culture dishes and then sealing glass coverslips to the bottom with 

Sylgard (Dow Corning, Midland, Ml). Unless otherwise noted, miniwells were exposed 

to 50 |il of the standard substrate solution containing 167 pg/ml concanavalin A (conA) 

and 1.7 )ig/ml laminin from murine sarcoma basement membrane, prepared in sterile 

distilled water, for 2 hrs at 37 °C in a humidified incubator. All chemicals were 

purchased from Sigma (St. Louis, MO), unless otherwise noted. 
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4.2.2 Detection of the receptor and the ligand expressed in the olfactory 

epithelial explants 

The expression of the receptor and the ligand in the explant was examined by Fc-

affinity probe binding. After 2 days in culture, the explants were briefly rinsed in the 

artificial insect saline (AIS) and incubated with 10 )ig/ml Eph-Fc, ephrin-Fc, or Fc 

protein in HBSS containing BSA (Img/ml) for 60 niin at 4°C. The explants were then 

washed in HBSS 6 times, fixed with 4% paraformaldehyde for 30 min, and blocked with 

2% NGS and 0.5% Triton X-100 in PBS for 1 hr. Explants were then incubated with the 

Cy3-conjugated anti-human IgG Fc (1:250) made in goats at room temp, for 30 min. 

After washing in PBST and briefly rinsing in dH20, the specimens were mounted with 

60% glycerol in PBS and the images were captured on a confocal laser scanning 

microscopy as described in chapter 3. 

4.2.3 Neurite Outgrowth Assay 

Effects of the ephrin-Fc or the Eph-Fc on neurite outgrowth from the explants 

were examined on the uniform substratum to which the ephrin-Fc or Eph-Fc protein was 

bound. Culture dishes were coated with the substrate solution containing the ephrin-Fc, 

Eph-Fc, or Fc protein at a concentration of 0.01 -0.1 jiM, in addition to conA/laminin. 

In several experiments, the ephrin-Fc and the Fc were clustered by incubating with anti-

human IgG Fc at a molar ratio of 5:1 in the conA/laminin solution at room temp, for 1 hr. 

Each culture dish was exposed to 50 |.iL of a substrate solution for 2 hr at 37°C in a 

humidified incubator, rinsed extensively with sterile water, and then seeded with 
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explants. The explants were grown for 38-40 hrs, after which they were fixed and 

subjected to immunocytochemistry for tubulin as follows. Fixed explants were blocked 

with PBS containing 3% BSA and 1% Triton X-100 for 1 hr and incubated with 

monoclonal anti-tyrosine tubulin antibody (clone TUB-1A2, Sigma T-9028) (1:800 in the 

blocking solution) for 2 hours. After washing in the blocking solution for 5 min twice, 

explants were incubated with Cy3-conjugated anti-mouse IgG (1:500 in the blocking 

solution) for 90 min. Samples were then washed in the blocking solution, PBS, and 

dH20, followed by mounting with 60% glycerol in PBS. 

The neurite outgrowth was quantified by determining the total area occupied by 

the neurites in a method similar to that described by Bilsland et al. (1999). Images of the 

explants were captured by confocal laser scanning microscopy at 20x magnification. 

Serial optical sections were imaged at 5-|im intervals and were projected to give a two-

dimensional reconstruction. The image for each individual explant was captured such 

that a single image containing the body of the epithelium and all neurites emanating from 

it was visible on screen. As the total neurite area greatly depends on the size of the 

epithelium initially plated, only those explants with diameters between 90-110 

micrometers were selected for the analysis. Also, only the explants whose neurites were 

well isolated from surrounding explants were chosen for the analysis. Five explants in 

each dish that fulfilled these criteria were randomly selected for quantification. 

To quantify the area occupied by the neurites, gray-scale images of the explants 

stained for tubulin were converted to binary images by a segmentation function using 

Simple32 software (Compix Inc., PA, USA). This function sets the upper and lower 
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density limits of the object such that the epithelium and the neurites are highhghted 

but background staining is not. Once the segmentation range was defined, any pixel 

falling within this range in the image was automatically counted. To quantify the area 

occupied by the neurites, the area occupied by the body of the epithelium was subtracted 

from the automatic pixel count. Neurites that grew over the top of their own explant 

body were thus not included in the quantification. For statistical analyses, the neurite 

area was then normalized to the area of the explant body. In each experiment, two dishes 

were prepared for each substrate group, and experiments were repeated three times. As 

there were no statistically significant differences in Fc-control groups between 

experiments, all measurements in each substrate group were pooled, and the data were 

analyzed by a one-way analysis of variance (ANOVA) and Tukey's multiple comparison 

using a statistics software (InStat, Graph Pad Software, Inc., San Diego, CA) 

Ephrin ligands have been shown to disrupt actin filaments and microtubules in 

cultured cortical neurons (Meima et al, 1997a, 1997b). To assess these cytoskeletal 

elements in ORG neurites, explants cultured for 48 hr on substrate containing the ephrin-

Fc or Eph-Fc were stained simultaneously for F-actin and tubulin. 

Immunocytochemmical staining of tubulin was performed as described above. F-actin 

was labeled with Alexa-488-phalloidin (Molecular Probes, Eugene, OR) at the final 

concentration of 82.5 nM. 
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4.2.4 Substratum choice assay 

The protocol used for the substratum choice assay was modified from Birgbauer 

et al. (2001). The ephrin-Fc, Eph-Fc, or Fc was diluted in sterile distilled water to a 

concentration of 0.01 or 0.1 pM, to which Cy3-conjugated anti-human IgG Fc was added 

at 1:500 as a fluorescent marker. One )al-drops of this mixture were placed on miniwells 

(average 6 drops per miniwell) of the culture dish that had been coated with 

conA/laminin as described. The dishes were then incubated at 37 °C for 2 hr and the 

miniwells were rinsed with sterile water. Subsequently, the antennal explants from stage 

4 animals were seeded and grown for 2 days. Explants were then immunocytochemically 

stained for tubulin as described above. Images of the explants were then taken using 

confocal microscopy; only explants with radial neurite outgrowth, at least initially, and 

with neurites reaching the border between the standard and test substrata, were selected 

for analyses. Generally, fewer than 5 explants per dish met these criteria. Neurites that 

had reached the border were scored as either crossing over and growing onto the 

substratum spotted with a Fc-fusion affinity probe (non-responding), or stopping at the 

border or turning away from the border (responding) (Birgbauer et al., 2001). The mean 

response rate per explant was obtained by dividing the number of 'responding' and 'non-

responding' neurites by the number of 'responding' neurites for each explant and then 

calculating the mean for all explants analyzed. The statistical test for mean explant 

response rate was performed as described for neurite outgrowth assays. 



Recombinant Fc-fusion proteins and antibodies 

The antibodies used in this section and were all from Jackson ImmunoResearch 

Laboratories, Inc. (West Grove, PA), unless otherwise noted. The Fc-fusion probes 

(Eph-Fc and ephrin-Fc) were prepared as described in chapter 2 and the unfused Fc 

protein was purchased from Jackson ImmunoResearch. 

4.3 Results 

4.3.1 Expression of the Eph receptor and ephrin ligand in explants 

Labeling with the Fc-affmity probe was performed on the olfactory epithelial 

explants to determine whether the explant neurites express Eph receptors and ephrin 

ligands. As shown in Figure 4.1, neurites were positively labeled with both Eph-Fc and 

ephrin-Fc, whereas Fc protein gave very little staining. Both the Eph-Fc and ephrin-Fc 

appeared to label the majority of neurites along their entire length. However, in each 

neurite the labeling pattern seemed different between the Eph-Fc and the ephrin-Fc. 

While the ephrin-Fc labeled growth cones as well as the shafts, the Eph-Fc showed 

weaker labeling in the growth cones than in the shafts. These results suggest that, in 

contrast to the in situ labeling where only a subset of ORG axons is positive for the 

receptor or the ligand, most of the neurites express both the Eph receptor and the ephrin 

ligand in the culture condition used in the current study. 
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4.3.2 Neurite outgrowth assay 

To begin to understand the function of MsEph and MsEphrin, I first examined the 

effect of their extracellular domain, presented as the exogenous Fc-fusion probes, on 

neurite outgrowth. Both the Eph-Fc and the ephrin-Fc, bound to the substratum, inhibited 

the extension of neurites in a dose-dependent manner; moreover, clustering the ephrin-Fc 

with anti-Fc antibodies enhanced this inhibitory effect (Figure 4.2, Figure 4.3). The 

extension of the neurites of the explants grown on the substrate containing the Fc protein 

was not significantly different from those grown on the standard con-A/laminin substrate 

(not shown). At a concentration of 0.1 pM, neither the Eph-Fc nor the ephrin-Fc added 

to the substrate perturbed the extent of neurite outgrowth (Figure 4.2B, G; Figure 4.3A). 

In contrast, explants grown on the substrate containing 0.3 |.iM of ephrin-Fc had 

significantly reduced neurite outgrowth (Figure 4.2C; Figure 4.3). A higher 

concentration (1.0 )iM) of Eph-Fc and ephrin-Fc further reduced neurite growth 

(P<0.001; Figure 4.2E, H; Figure 4.3). In addition to a dose-depcndence, the outgrowth 

inhibition by ephrin-Fc was also dependent on the form in which it was presented; the 

clustered form of ephrin-Fc was more effective in inhibiting the outgrowth than was the 

unclustered form (P<0.05, clustered vs. unclustered; compare Figure 4.2C to 4.2D, and 

4.2E to 4.2F; see also Figure 4.3). For the Eph-Fc, however, clustering did not enhance 

its inhibition of outgrowth (P= 0.1, clustered vs. unclustered; not shown). 

In a small set of experiments, neurite outgrowth was examined in explants that 

were treated with the ephrin-Fc or Eph-Fc in a different manner; Eph-Fc or ephrin-Fc was 

mixed in the culture medium, instead of being bound to the substratum. Using a similar 
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method, St. John et al. (2000) demonstrated that EphA5-Fc, but not ephrinA5-Fc, 

reduced axonal outgrowth in the olfactory epithelial explant from the embryonic rat. In 

the present study, when added to the culture medium, not only Eph-Fc but also ephrin-Fc 

significantly decreased neurite outgrowth in a dose-dependent manner compared with Fc 

(Figure 4.3B). Approximately 2-fold higher concentration of ephrin-Fc than that of Eph-

Fc was needed to reduce the outgrowth to the same degree (100 |j,M vs. 50 |.iM). 

As tubulin is not a specific marker for neurons, the cellular processes labeled with 

tubulin immunocytochemistry could include both neuronal and non-neuronal 

components. To verify that the area measured in the tubulin-stained explants represents 

the area actually occupied by the neurites, the quantification was performed also in 

explants that were labeled using immunocytochemistry with antibodies against horse 

radish peroxidase (HRP). These antibodies have been shown to label neuron-specific 

molecules in insect neurons (Jan and Jan, 1982; Snow et al, 1987); they were also useful 

in reliably identifying Manduca antennal neurons in culture (Torkkeli and French, 1999). 

The neurite area was compared between tubulin-labeled explants and HRP-labeled 

explants, grown on Fc-substrate (0.3 }iM) or on ephrin-Fc-substrate (0.3 p,M with 

clustering). The neurite areas measured in HRP-labeled explants, for both Fc and ephrin-

Fc groups, were not significantly different from those measured in tubulin-labeled 

explants, although the former tended to be slightly larger than the latter (data not shown). 

Therefore, it was decided that the area quantification performed with tubulin labeling 

accurately represented the neurites. 
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It has been demonstrated that the activation of Eph receptors leads to 

perturbation of the actin filaments and microtubules that preceded the morphological 

growth cone collapse in rat cortical neurons (Meima et al., 1997a, b). To examine 

whether the disruption of these cytoskeletal components occurred in the neurites in these 

growth-inhibitory conditions, the explants grown on a substrate containing Fc, ephrin-Fc, 

or Eph-Fc were stained simultaneously for tubulin and actin. The neurites grown on the 

ephrin-Fc substrate seemed to have accumulations of F-actin, when compared with those 

grown on the Fc-substrate (Figure 4.4G-I). In contrast, the F-actin accumulation was not 

observed in neurites grown on the Eph-Fc substrate (Figure 4.4D-F). These observations 

suggest that Eph-Fc and ephrin-Fc might operate through distinct mechanisms in 

inhibiting neurite outgrowth. 

4.3.3 Substratum choice assay 

To determine whether MsEph or MsEphrin influence axon navigation, I examined 

how the cxplant neurites growing on the standard con-A/laminin substrate behaved upon 

encountering the area containing Eph-Fc or ephrin-Fc. Patterned substrata were prepared 

by spotting a small amount of Eph-Fc, ephrin-Fc, or Fc protein onto the miniwells. The 

behavior of neurites from olfactory epithelial explants was analyzed at the border region 

where neurites were confronted with the substratum containing one of the Fc-affmity 

probes. Two different concentrations of Eph-Fc and ephrin-Fc were tested in this assay: 

0.01 and 0.1 |aM. These concentrations were chosen because they were not inhibitory in 

the neurite outgrowth assays. The neurites appeared unaffected by the Fc-containing 
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substratum, freely crossing the border and growing onto the Fc-spotted region 

(Figure 4.5A). Ephrin-Fc-containing substratum elicited a different neurite behavior 

characterized by the turning of neurites at the border and rcduced neurite growth on the 

ephrin-Fc-spotted region (Figure 4.5B-D). The behavior of the neurites showed a great 

variation at the border of the substratum made with 0.01 fj,M of ephrin-Fc (Figure 4.5B). 

At 0.1 fiM of ephrin-Fc-spotted borders, most of the neurites did not cross the border and 

very few neurites grew onto this substratum (Figure 4.5C, D). In contrast to ephrin-Fc, 

Eph-Fc did not appear to affect the neurite behavior; most neurites that had reached the 

border crossed it and grew onto the Eph-Fc-spotted region in a pattern similar to the 

growth in the Fc control experiment (Figure 4.5F). Moreover, the neurite outgrowth from 

the explant that had landed within the ephrin-Fc-spotted region grew in a pattern 

indistinguishable from that of Fc control, freely crossing the border and growing from 

inside to outside of the ephrin-Fc-spotted region (Figure 4.5E , ephrin-Fc[in->out]). The 

observation of unaffected growth direction in the Eph-Fc-substratum group and in the 

ephrin-Fc[in—>out] group indicated that the avoidance behavior of neurites was specific 

to ephrin-Fc and the border between normal substratum and the Fc-affinity probe-

containing spots constituted no physical barrier. 

These results were quantified for each substratum type by examining the ratio of 

neurites responding to the border (Figure 4.6). The mean response rates per explant for 

Fc, Eph-Fc, and ephrin-Fc[in->out] were not significantly different from each other (n = 

20 explants per substratum type). In response to the substratum made with 0.01 jiM 

ephrin-Fc, a large variability was observed between individual explants in the ratio of 
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neurites turning or stopping, ranging from 68% to 15%; therefore, the mean 

response rate of this group did not differ statistically from that of Fc control substrate. In 

contrast, the substratum made with 0.1 |iM ephrin-Fc constantly elicited a robust 

response in neurites; the mean response rate was much greater than Fc control (P<0.01). 

Thus, the substratum choice assays showed that neurites of olfactory epithelial explants 

avoided entering the region containing the extracellular domain of MsEphrin. 

4.4 Discussion 

4.4.1 Expression of the Eph receptor and ephrin ligand by explant neurites 

To begin characterizing the functions of Eph receptor and ephrin ligand, their 

expression in olfactory epithelial explants was examined with Fc-fusion affinity labeling. 

In contrast to the pattern observed in situ, Eph-Fc and ephrin-Fc appeared to label almost 

all the fascicles emanating from the explant, suggesting that each fascicle is positive for 

both the receptor and ligand. This labeling pattern in explants may represent a 

dysregulation of the expression of cell surface molecules in vitro. For example, in the 

chick and mouse spinal cord, both a cell surface molecule LI and B-class Eph receptors 

are expressed by the commissure axons only in their segments that have decussated at the 

floor plate and are projecting within the ventral fumiculus (Dodd et ah, 1998; Imondi et 

al., 2000). In vitro, however, both anti-Ll antibodies and ephrin-Bl-Fc label the entire 

extent of commissural axons extending from the explants of dorsal spinal cord obtained 

at an age when these axons had not yet made contact with the floor plate (Imondi et al., 

2000). Likewise, although Manduca fasciclin II (Mfas II) is expressed in only a subset of 
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ORC axons in situ (Rossler et ah, 1999; Higgins et al., 2002; also see Figure 3.7 in 

chapter 3), almost all ncurites in explants of the olfactory epithelium appeared to be Mfas 

ll-positive (Kaneko, unpublished observation). The possible dysregulation of protein 

expressions in these explants are in contrast to other explants such as the retina (for 

example, Nakamoto et al., 1996; Brennan et al., 1997; Monschau et al., 1997), cortical 

layers (Castellani et al., 1998), the thalamus (Gao et al., 1998; Takemoto et al., 2002), 

and the inferior olive (Nishida et al., 2002). The neurons in these explants have been 

shown to maintain the spatially variant expression of Eph receptors, which are reflected 

by position-specific differential responses (neuritc outgrowth or avoidance) to an ephrin 

ligand in vitro. 

Alternatively, the seemingly ubiquitous labeling pattern for the Eph receptor and 

ephrin ligand in explants might be due to technical difficulties in detecting differences in 

expression levels between individual neurites. If the apparent random distribution of 

MsEph-expressing neurons within the epithelium, as shown by in situ hybridization 

experiments, is preserved in the explants, each fascicle of the explant might consist of the 

neurites, each bearing a different level of the Ms Eph protein from one another. The 

resolution of the technique used in the present study hardly allows us to distinguish 

individual neurites within a fascicle. 

4.4.2 Inhibition of neurite outgrowth by ephrin-Fc and Eph-Fc 

The neurite outgrowth assays in which neurons are cultured on a homogeneous 

substrate containing one of the ephrin ligands have provided a convenient method to 



165 

examine the inhibitory properties of ephrins (Ohta et al., 1997; Yue et al., 1999a,b; 

Castellani et al, 1998; Gao et al., 1996,1998, 1999; Stein et al, 1999; Brownlce et al., 

2000; Moreno-Flores et al., 2002; Nishida et al, 2002; Bianchi and Gray, 2002; 

Takemoto et al, 2002). This method is particularly suited for assessing guidance 

functions of ephrins present in the target region for projecting axons expressing cognate 

receptors. Typically, dissociated neurons or explants are either co-cultured with cell lines 

expressing ephrins, or cultured on fractionated membranes of ephrin-expressing cells or 

on a substrate containing purified ephrin proteins. Such ephrin ligands presented to 

culturcd neurons are thought to elicit their effects by activating the Eph receptors, 

expressed by neurons. For example, in the mouse hippocamposeptal system, EphA5 is 

expressed in a medial-high to lateral-low gradient in the hippocampus while ephrin-A2 is 

expressed in a complementary gradient in the septal target. In vitro, the neurite 

outgrowth of the medial, but not the lateral, hippocampal neurons was inhibited when 

they were cultured on a monolayer of a fibroblast cell line expressing the ephrin-A2 (Gao 

et al, 1998; Stein et al, 1999). A subset of chick motor neurons innervating hindlimbs 

express EphA4 while ephrin-A2 and A5 are expressed in limb buds. Ephrin-A2-Fc and 

ephrin-A5-Fc bound to the substrate inhibited the neurite outgrowth of EphA4-expressing 

motor neurons in culture (Ohta et al, 1997). These inhibitory effects of ephrins on 

neurite outgrowth, in turn, are considered to represent their guidance functions in vivo. 

However, similar types of in vitro assays with cultured ORCs are unlikely to be 

straightforward and require caution in interpretation, because of the possibility of 

endogenous interactions between Eph receptors and ephrin ligands expressed in 
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neighboring neurites (St. John et a I., 2000; present study). In the explants of the rat 

olfactory epithelium, EphA5-Fc or function blocking anti-EphA5 antibodies, when added 

to the culture medium, was observed to inhibit the neurite outgrowth, whereas ephrin-A5-

Fc had no inhibitory effect (St. John et al, 2000). These results were interpreted that 

EphA5-Fc or antibodies disrupted the interaction between endogenous EphA5 and its 

cognate ligand(s) and this interaction was neccssary for the optimal neurite outgrowth 

from ORCs. In the current study, although Eph-Fc was somewhat more potent than 

ephrin-Fc, when mixed into the culture medium, a condition similar to the one used by St. 

John et al., both of them inhibited the outgrowth. Moreover, both Eph-Fc and ephrin-Fc 

also inhibited outgrowth when either of them was presented to the explants in the 

substratum-bound form. This discrepancy in the effects of eplirin-Fc observed by St. 

John et al. from those observed in the current study might be due to the difference in 

culture conditions. Neurites of the rat ol factory explant grew over ensheathing glial cells 

that overlie a layer of flat fibroblastic cells; ensheathing glial cells and fibroblastic cells 

expressed EphA5 and ephrin ligands, respectively. In contrast, neurites of the Manciuca 

olfactory explants extended by themselves. 

There arc several explanations for outgrowth inhibition observed in the present 

study. Both Eph-Fc and ephrin-Fc can potentially act either (1) to block the endogenous 

Eph-ephrin interactions, or (2) to over-activatc the ephrin ligands (reverse signaling) and 

Eph receptors (forward signaling), respectively. Although it is not feasible at this 

moment to distinguish one from another, several observations provide intriguing clues. 

First, Eph-Fc and ephrin-Fc appeared to produce different effects in actin cytoskeleton in 
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explant neurites; there was an accumulation of F-actin in neurites grown on the 

substrate containing ephrin-Fc but not Eph-Fc. This observation suggests that despite the 

similar overt effect on overall neuronal morphology, the underlying signaling mechanism 

triggered by ephrin-Fc may be different from the one elicited by Eph-Fc. An analogous 

result was shown in experiments in which either dominant-negative or constitutive Rac 

derivatives were expressed in Drosophila embryonic neurons (Luo et al., 1994). While 

in both cases, axons failed to grow, actin organization in these stalled axons showed 

differences between the dominant-negative and constitutive Rac; actin filaments in 

neurons expressing dominant-negative Rac were obliterated, whereas constitutive Rac 

caused massive accumulation of F-actin. Rac and other members of the Rho family of 

small GTPases have been shown to play key roles in controlling actin dynamics (Hall, 

1998), which is in turn considered a critical mechanism for regulating the directed growth 

cone movement that underlies axon pathfmding (for example, reviewed by Suter and 

Forscer, 1998; Luo et al, 1997; Giniger, 2002). It is thought that motility arises from 

enhancing a cycle of actin dynamics—extension, stabilization, traction, and disassembly 

and that locking-in any single step of this cycle will have the consequence of stopping the 

cycle and thus halting axon growth (Giniger et al., 2002). In this view, two opposite 

processes—excessive stabilization of the actin network and massive disassembly of actin— 

would be expected to ultimately lead to the same loss of motility. It has been shown that 

one of the targets for the signaling pathways activated by Eph-ephrin interactions is in 

regulation of cytoskeletal architecture through modulating the activities of Rho family 

small GTPases (Wahl et al., 2000; Shamah et al., 2001; Lawrenson et al., 2002). Taken 
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together, it is conceivable that Eph-Fc and cphrin-Fc in the neurite outgrowth 

assays initiate distinct signaling mechanisms that could alter the activity of a particular 

GTPase differently or alter activities of different GTPases, which would disrupt the 

balance in the activities of Rho GTPases in one way or another, then causing the arrest of 

the cycle of actin dynamics. 

Second, the clustered form of cphrin-Fc was more potent in inhibiting outgrowth 

than the dimerized form. Such a difference would not be expected if ephrin-Fc exerted 

its effect by merely interrupting endogenous Eph-ephrin interactions. In early in vitro 

experiments, the soluble dimeric form of ephrin-B 1 was shown to be inactive in EphB 1 

activation (Davis et al., 1994). Subsequent studies have demonstrated that, in general, 

the EphB receptors have a higher requirement for clustering to achieve receptor 

activation whereas the EphA subfamily is more variable and dependent on which ligand 

and receptor are interacting (Gale and Yancopoulos, 1997). Nevertheless, for many Eph 

receptors, the clustered form of ephrins is more effective than the dimerized form in 

inducing tyrosine phosphorylation and cellular responses (Krull et al, 1997; Ohta et al., 

1997; Meima et al., 1997; Ohta et al., 1997; Ciossek et al., 1998; Stein et al., 1999; 

Huynh-Do et al., 1999). Thus, the enhanced outgrowth inhibition by clustered ligand as 

compared with dimerized ligand suggests that ephrin-Fc produced its effect through Eph 

receptor activation. If this is the case, the differential potency between the clustered and 

dimerized forms might seem inconsistent with the result from the biochemical 

phosphotyrosine assay, in which dimerized and clustered forms were equally effective 

(see chaptcr 2). The discrepancy may be due to an artifact in this phosphorylation assay. 
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which uses a heterologous expression of recombinant proteins, as discussed in 

chapter 2. In native tissue/cells of the Manduca olfactory pathway, multimerization of 

the ligand may be important for Eph receptor functions. Another possible explanation for 

the differential potency is that in addition to MsEph, neurites express additional Eph 

receptors that might have different requirements for ligand clustering from MsEph and 

that ephrin-Fc interacts mainly or additionally with these other Eph receptors. In any 

case, increased inhibition by clustering the ligand supports the idea that the neurite 

outgrowth inhibition resulted from Eph receptor activation. 

As to whether the inhibition by the Eph-Fc resulted from activation of ephrin-

reverse signaling or the blockade of the intrinsic Eph-ephrin interactions, no clue is 

currently available. Previous in vitro studies have not revealed whether ephrin activation 

requires or is enhanced by the multinierized Eph receptors (Huai and Drescher, 2001; 

Davy et al., 1999; Davy and Robbins, 2000). Nor have the genetic studies of ephrin-A 

mutants provided such information. Therefore it would be difficult to interpret the results 

from the clustered and unclustered Eph-Fc, even if they produced different effects. One 

way to provide a clue for discriminating one from another would be to use dissociated 

neuronal cultures in outgrowth assays. As neurites of dissociated neurons can start out 

free from direct contact with neighboring neurites and thus without Eph-ephrin 

interactions between adjacent neurites, the effect of the ephrin-Fc and Eph-Fc could be 

examined more directly. 
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4.4.3 Repulsive guidance of ORC neurites by MsEphrin 

Evidence for the repellent activity of vertebrate ephrins came from the work on 

topographic projections in the rctinotectal system using membrane stripe assays, which, 

since its first use (Walter et al., 1987), has widely provided an effective method to test for 

effects on axon guidance phenomena. The stripes prepared from membrane fractions 

containing recombinantly expressed ephrin-A2 or ephrin-A5 have been shown to be 

avoided by retinal axons (Drcscher et ai, 1995; Nakamoto et al., 1996; Monschau et al., 

1997). In addition, soluble forms of the ephrin-A2, cphrin-A5, or EphA3 at nanomolar 

concentrations abolished the preferential growth of temporal axons onto the anterior 

tectal membrane stripes (avoidance of posterior tectal membrane stripes by temporal 

axons) (Ciossek et al., 1998). These stripe assays have been adapted to test guidance 

activities in various different systems including spinal motor neurons, entorhino-

hippocampal projections, neural crest migration, and thalamocortical projections (Stein et 

al., 1999; Wang and Anderson, 1997; Krull et al, 1997; Mann et al., 2002). Although the 

stripe assay was successfully used in experiments with dissociated Manduca AL neurons 

(Krull et al., 1996), my attempts have failed to optimize this technique for olfactory 

epithelial explants. Instead, the substratum choice assays were used in the present study 

as an alternative, yet convenient and powerful, method. In this method, the behavior of 

neurites growing on a standard substratum can be examined when they encounter a 

guidance cue at a certain point along their path. It would create a testing condition more 

similar to the in vivo environment than a ncurite outgrowth assay with a homogeneous 
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substrate. In substratum choice assays, the concentrations of Eph-Fc and ephrin-Fc 

used for spotting test substrata were below those that caused outgrowth inhibition. The 

neurites of explants growing on the standard conA/laminin substrate avoided the regions 

containing ephrin-Fc. The repulsive action of ephrin-Fc was specific; Eph-Fc or Fc at the 

same concentration showed no repellent activity. These results support the idea that 

MsEphrin can act as an inhibitory guidance cue for Manduca ORC axons. 

These results lead to a series of questions about the functional characteristics of 

the interactions between the Eph receptor and ephrin ligand. First, despite the fact that 

Eph-Fc and ephrin-Fc have similar potency in inhibiting neurite outgrowth, why does 

only the ephrin-Fc, but not Eph-Fc, act as a repellent at concentrations lower than those 

necessary to elicit outgrowth inhibition? As suggested by distinct F-actin staining in 

outgrowth assay conditions, Eph-Fc and ephrin-Fc may activate different signaling 

pathways such that the Eph-Fc-mediated pathway only results in outgrowth inhibition 

whereas one downstream of ephrin-Fc causes outgrowth inhibition at a higher 

concentration and repulsion at a lower concentration. The differential effect of ephrin-Fc 

at low doses has a parallel in membrane stripe assays for the retinotectal system (Walter 

et ciL, 1987). While temporal retinal axons can grow well on a homogeneous membrane 

carpet made of either anterior or posterior tectum, in the stripe assay where the temporal 

axons are given a choice between anterior and posterior membranes, they prefer to grow 

on anterior membrane lanes and avoid posterior membrane lanes. In the present 

substratum choice assays, if the outgrowth commences in the presence of ephrin-Fc as 

seen in the explant that landed within the test substratum, the neurites can grow well on 
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the substratum containing ephrin-Fc. In contrast, as in the case of the stripe assays, 

when neurites growing on the standard substrate encounter the border between standard 

and ephrin-Fc-containing substrata, they avoid growing into the latter. These 

observations in two different preparations suggest that the Eph-ephrin interactions are 

highly adaptive. Constant exposure to activating ligands possibly leads to inactivation or 

desensitization of Eph receptors by hypothetical mechanisms such as increased activity of 

phosphatases and receptor internalization. 

Second, how are the turning responses of individual neurites and of fascicles 

related in light of the receptor/ligand coexpression and possible interactions between 

axons? As noted above, the ephrin-Fc at the substratum border can either block 

endogenous Eph-ephrin interactions or activate Eph receptors expressed on growth cones 

that have reached the border. The discussion above favors the view that the ephrin-Fc 

interacts with the Eph receptors on the growth cone and activates them. Then the 

scenario will be as follows. The first group of growth cones (i.e., 'pioneers') that reach 

the border, each bearing Eph receptors, interact with ephrin-Fc present at the border and 

make turns. These Eph receptors on first arriving neurites are mostly available for 

ephrin-Fc because these 'pioneers' would accompany few other neurites. The Eph 

receptors on the late growing neurites ('followers') extending along the 'pioneers' may 

not be available for ephrin-Fc at the border because of a desensitization, as noted above, 

by a continuous exposure to endogenous ephrins expressed on adjacent neurites, or 

because of the masking effect by binding to the endogenous ephrins. Nonetheless, the 

followers can make turns at the border just by associating and fasciculating with the 
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pioneers that had already made turns. In fact, fasciclin II, a cell adhesion molecule, 

is expressed on most of the neurites of the olfactory explants and may play a role in this 

situation. 

Third, the high variability in the response rates with low-concentration spots 

might reflect differential sensitivity to the ligand among individual neurites. Although 

the Fc-affinity probe labeling did not detect any differences in expression level, as 

discussed above, the possibility cannot be excluded. The differential sensitivity could 

arise from changing the expression levels of the receptor proteins, as shown in many 

other systems, and/or from modulating the receptor activity by coexpressed ligands 

(Diitting et ah, 1999; Hornberger et al, 1999; Nishida et ai, 2002). 

Fourth, if the Eph receptors do interact with ephrins on adjacent neurites, how 

would such interactions affect the normal neurite extensions in the standard explant 

condition? One possibility is that the consistent exposure to the ligands on adjacent 

neurites may render the receptors insensitive to the additional ligand stimulation 

(desensitization) so that the Eph-ephrin signaling system is relatively non-functional; thus 

Eph receptors and ephrins have little function in neurite extension in the standard 

condition. Another possibility is that Eph-ephrin interactions do contribute a repulsive 

force between adjacent neurites, which may result from either incomplete desensitization 

or re-adjustment of the sensitivity. Although it is currently unknown whether such re

adjustment mechanisms exist for short-range cell-surface guidance molecules, it has been 

demonstrated during chemotactic migration; growth cones of cultured Xenopus spinal 

neurons undergo consecutive phases of desensitization and resensitization in the presence 



174 

of soluble attractants (Ming et a I., 2002). In this case, normal neurite growth in the 

standard cxplant condition would be, at least in part, the result of Eph-ephrin interactions 

that optimize the balance between repulsive and adhesive forces in adjacent neurites. 

These two alternatives can be distinguished, in future experiments, by knocking down the 

expression of the receptor or the ligand; the former scenario predicts that such 

knockdown would have no effect on neurite morphology whereas the latter predicts it 

would result in reduced repulsion and thus increased adhesion, which could lead to 

growth inhibition, growth facilitation, or hyperfasciculation. 

The results from in vitro experiments demonstrate that ephrin ligands have an 

ability to act as inhibitory guidance cues for Manduca ORC axons and provide valuable 

insights to the roles for Eph-ephrin signaling in vivo. Possible functions of Eph receptors 

and cphrins in the developing Manduca olfactory pathway will be discussed and a 

working model will be presented in the following chapter. While the ultimate answer 

will require functional examinations in vivo, many more pieces of important information 

can be obtained using different types of culture experiments. One desirable technique is 

an organotypic culture system. Although this method is indeed more complicated than 

explants, it has great advantages such as preservation of three-dimensional tissue 

structure and intercellular relationships. In fact, the spinal commissural axons, when in 

cxplant, exhibited dysregulated expression of EphB receptors and LI (Imondi et ah, 

2000), whereas open-book cord preparations, a kind of organotypic culture, successfully 

showed spatially regulated EphB expression (Brittis et al., 2002). Organotypic antenna-
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AL cultures would be of great help in examining the role of Eph receptors and 

ephrins as well as mechanisms for other cellular interactions during ORC axon navigation 

and glomerular formation. 
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Figure 4.1 Detection of Eph receptors and ephrin ligands expressed by olfactory 

epithelial explants. Explants cultured for 2 days were incubated with ephrin-Fc (A), 

Eph-Fc(B), or unfused Fc proteins (C). Scale bar = 20}j.m. 
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Figure 4.2 Inhibition of neurite outgrowth from olfactory epithelial explants by 

MsEphrin and MsEph. Fc, Eph-Fc, and ephrin-Fc were substrate-bound. Explants 

were cultured for 2 days and stained for P-tubulin. Plus and minus signs in parentheses 

indicate the clustered form (+) or unclustered form (-). The scale bar in H is 100 jam 

and applies to all images. 



ephrin-Fc 0.3 uM (+) 

ephrin-Fc 1.0 iiM (+) 
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Figure 4.3 Quantitative analysis of neurite outgrowth inhibition by ephrin-Fc and 

Eph-Fc. A: Fc, ephrin-Fc, or Eph-Fc were substratum-bound. The neurite area 

measurements in groups of clustered Fc and unclustered Fc were pooled because there 

was no significant difference between them. Sample numbers are 28-30 explants per 

condition. Data are presented as mean +/- S.D. # p < 0.01 between the clustered and 

unclustered forms at the same concentration. * p < 0.05 and *** p < 0.001 compared 

with Fc treatment at the same concentration. B: Fc, ephrin-Fc, and Eph-Fc were 

mixed into the culture medium. The data represent the average of 15 explants (+/-

S.D.). * p < 0.05 and ** p < 0.01 compared with Fc 50 |J,M group. 
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Figure 4.4 Effects of Eph-Fc and ephrin-Fc on F-actin and microtubules in explant 

neurites. Explants were culturcd on a dish coated with a substrate containing 0.3 mM 

of Fc (A-C), Eph-Fc (D-F), or ephrin-Fc (G-I) for 2 days and subsequently double-

labeled for tubulin (red) and F-actin (green). Accumulation of F-actin was observed 

in neurites grown on the substrate containing ephrin-Fc, but not Eph-Fc. The scale 

bar in 1 applies to all photomicrographs and is 50 |im. 



ephrin-Fc Eph-Fc Fc 
> 
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Figure 4.5 Responses of explant neurites to ephrin-Fc proteins in substratum choice 

assays. Explant neurites, visualized by tubulin immunocytochemistry, grow freely into 

regions containing Fc (A) or Eph-Fc (F). B-D: Reduced neurite growth on the 

substratum containing ephrin-Fc. The time when the neurites encounter the border is 

irrelevant for eliciting avoidance responses; the turning responses were 

indistinguishable between neurites that had presumably faced the test substratum early 

in their growth (C) and those that encountered the test substratum after growing for a 

substantial length (D). E: Neurite growth from the inside test substratum to the outside 

standard substratum appeared to be unaffected by the ephrin-Fc fusion probe. Dotted 

yellow lines indicate the border between the test and standard substrata. Asterisks 

indicate test substrata. The scale bar in C applies to all photographs and is 100 fim. 



ephrin-Fc 0.1 ephrin-Fc 0.1 nM 

Eph-Fc 0.1 nM ephrin-Fc 0.1 jxM 
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Figure 4.6 Quantitative analysis of neurite responses at the border in substratum 

choice assays. The response rate per explant was calculated by dividing the number 

of responding neurites by the number of total neurites that had reached the border. 

Data arc presented as the average (+/- S.D.) of 10-12 explants in each test substrate. 

**p<0.01 compared with the Fc control group. 
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CHAPTER 5 

SUMMARY AND DISCUSSION 

5.1 Summary of findings 

Numerous studies have previously demonstrated that the Eph receptor and ephrin 

ligand play critical roles in various processes of neural development, primarily through 

regulating cellular movements by direct inter-cellular interactions. The roles of these 

molecules in olfactory pathway development, however, are not well understood. Given 

the diversity of the neural regions in which these molecules have developmental 

functions, and the recent presentation of dynamic regulation of their spatiotemporal 

expression patterns in the rat primary olfactory pathway (St. John et al., 2000, 2001; St. 

John and Key, 2001), it has been reasonably hypothesized that they may also play critical 

roles in the development of the olfactory system. The current work provides evidence 

supporting this hypothesis through examination of the Eph receptor and ephrin ligand in 

an insect model system, Manduca sexta. The results of this work show that both the 

receptor and ligand are expressed on ORG axons in a complementary manner and that the 

Eph-ephrin interactions elicit inhibitory and/or repulsive responses in these axons in 

culture. 

Analyses of the dcduced amino acid sequences as well as biochemical assays 

using recombinant proteins for the cloned Manduca homologs of the Eph receptor 

(MsEph) and ephrin ligand (MsEphrin) establish the identity of these genes as bona fide 

members of their respective families. The MsEph protein is predicted to have all the 
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domains and motifs conserved in the Eph family members and the MsEphrin 

protein contains the conserved ephrin core domain and a GPI-anchoring signal. Both 

MsEph and MsEphrin are most closely related to Drosophila Eph (D-Eph) and ephrin 

(Dephrin), especially in their ligand binding domain (LBD) and receptor binding domain 

(RED), respectively. In addition to the primary sequence, the predicted secondary 

structure of the LBD of the MsEph and the RBD of the MsEphrin are highly comparable 

to those of mouse EphB2 and ephrin-B2, respectively. Using the heterologous protein 

expression systems, specific binding was observed between the soluble form of MsEph 

ECD and cell-surface MsEphrin as well as between the soluble form of MsEphrin ECD 

and cell-surface MsEph. Thus, MsEph and MsEphrin interact with each other via their 

putative ECDs. In addition, MsEphrin ECD is able to increase phosphotyrosine levels in 

the full-length MsEph protein, suggesting the activation of tyrosine kinase activity of 

MsEph. Collectively, these observations indicate that the MsEph and MsEphrin belong 

to the Eph and ephrin families and that MsEphrin is a functional ligand for the MsEph. 

Examination of mRNA expression revealed the temporal regulation in the 

abundance of mRNA for both MsEph and MsEphrin, as well as the presence of MsEph 

transcripts in AL neurons and in cells in the olfactory sensory epithelium. Expression of 

MsEph in the antenna, shown by Northern blot analyses and ribonuclease protection 

assays, peaks during the early stages of metamorphic development, coinciding with the 

period when ORC axons grow into the AL and participate in the formation of glomeruli. 

Similarly, MsEphrin is expressed in the antenna and is also upregulated during the early 

metamorphic period. In situ hybridization experiments show that MsEph is expressed by 
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the cells residing in the sensory epithelium of the antenna, but weakly so by the 

cells in the non-sensory epithelium. These results suggest a possible involvement of 

MsEph and MsEphrin in the development of the Manduca primary olfactory pathway. 

The Eph receptor and the ephrin ligand proteins are both expressed on ORC 

axons, especially enriched in the sorting zone (SZ) and in the terminal arbors, but not in 

their target tissue. Detection of these proteins was accomplished using Fc-fusion affinity 

probes in which the ECD of MsEph or MsEphrin was tagged with IgG Fc; detected 

proteins would includc MsEphrin or MsEph as well as any additional ligands or receptors 

possibly expressed. Analyses of distribution of Eph-positive and ephrin-positive 

glomeruli reveal not only that these proteins are present only in a subpopulation of 

glomeruli but also that the receptor and the ligand are expressed in a complementary 

manner. This distribution pattern strongly suggests that the Eph-ephrin interactions 

between ORC axons may be involved in axonal sorting/differential fasciculation through 

repulsive signaling. Double labeling experiments with the Fc-fusion probes and Mfas II 

revealed the variegated appearance of glomeruli, in which the receptor- or ligand-positive 

glomeruli partially overlap with Mfas ll-positive glomeruli. As Mfas II may mediate 

homophilic cell adhesion, this distribution pattern suggests that the repulsive Eph-ephrin 

signaling might be a part of a combinatorial marking system that specify subsets of ORC 

axons. This marking system would be comprised of several different adhesive/altractivc 

and repulsive cues, both axonally-expressed and environmentally-derived, through which 

the balance of these forces acting between ORC axons would determine the sorting of 

each subset of axons innervating a particular glomerulus. 
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Lastly, assays using the primary culture of the olfactory epithelium 

demonstrate that the ephrin ligand elicits neurite responses characterized by outgrowth 

inhibition and avoidance. The olfactory epithelia explants cultured on a homogeneous 

MsEphrin ECD-containing substratum show inhibited neurite outgrowth in a dose-

dependent manner. The explant neurites growing on the standard substratum, upon 

reaching the border between the standard and the ephrin-containing substrata, respond to 

the border by turning and not growing into the ephrin-containing substrata. In contrast, 

the ECD of the MsEph elicits no avoidance responses. This repulsive effect is observed 

with the test substratum prepared with the MsEphrin ECD at a concentration that does not 

inhibit neurite outgrowth when used as a homogenous substratum. These observations 

support the hypothesis of in vivo repulsive interactions between the Eph- and ephrin-

bearing ORC axons. 

5.2 Working hypothesis on Eph/ephrin functions in the developing ORC axons 

Based mainly on the in situ protein localization patterns and in vitro effects by 

Eph-ephrin interactions, I hypothesize the function of the Eph receptor and ephrin ligand 

as follows (Figure 5.1 and 5.2). ORC axons growing in the AN segment distal to the SZ 

entrance are little affected by Eph-ephrin mediated repulsion, either because these 

proteins are simply not expressed on axons in this segment or because the signaling is 

attenuated by some unknown mechanism. Upon reaching the SZ, the action of Eph-

ephrin signaling is activated by upregulation of expression in growth cones in this region 

or by removal of inhibitory mechanisms. The observation in chapter 3 that the labeling 
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with Eph-Fc and ephrin-Fc was more intense in the AN segment proximal to the 

SZ entrance than the distal part might reflect the increased expression of the Eph receptor 

and ephrin ligand in growth cones in this region. The expression of the Eph receptor and 

ephrin ligand is not uniform across the axons; a subpopulation has strong rcceptor 

expression but weak ligand expression and another subset has the opposite expression 

pattern. The conscquence of differential receptor/ligand expression and signaling 

activation at the SZ is the segregation of axons bearing the Eph receptor from those 

bearing the ephrin ligand (Figure 5.1 A). This segregation ultimately leads to the sorting 

of ORC axons into an Eph-positive population and an ephrin-positive population and 

further into distinct fascicles projecting to a particular set of glomeruli (Figure 5.IB). 

For this model to work, several questions need to be answered. First, what 

triggers upregulation of Eph and ephrin expression at the sorting zone? As discussed in 

chapter 3 (3.4.3), the SZ of the Manduca AN is thought to be equivalent to a choice point 

for axon pathfmding (Rdssler et al., 1999). At a choice point, the axonal growth cones 

must change their responsiveness to the guidance cues provided thus far by the choice 

point and acquire a new response to the cues presented by the next segment of their 

trajectories. Several studies have demonstrated that during midline navigation of 

commissural axons, expression of some guidance receptors is upregulated and others 

downregulated in vertebrates (Imondi et al, 2000; Brittis et al, 2002; Dodd et al, 1998) 

and in Drosophila (Kidd et al, 1998, 1999). While it is clear that multiple proteins are 

upregulated on distal axon segments after crossing the midline, the mechanism for this 

regulated expression is not well characterized. A recent study proposes that axons 
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contain all the machinery for protein translation and cell surface expression and 

that local protein synthesis in axons and growth cones regulates protein expression within 

a specific segment of the axon (Brittis et al, 2002). 

Although the mechanism to turn on this local protein synthesis is not known, the 

fact that remarkable spatial regulation of these cues coincides with axonal contact with 

specialized midline structures suggest that they are the source of signals that trigger 

changes in protein expression. In Drosophila, a cluster of glia called midline glia has 

been shown to play an important role in midline guidance by expressing guidance cues 

such as netrin (Harris et al., 1996; Mitchell et al., 1996), commissureless (Seegcr et al., 

1993), and slit (Rothberg et al., 1990; Kidd et al., 1998). It is conceivable that in 

addition to guidance cues, signals for the regulated protein expression are provided by 

these glial cells. In the Manduca AN, glial cells residing in the SZ are in a good position 

to fulfill such functions (Rossler et al., 1999). A hint that the SZ glia provide some 

signals for axonal growth cones to change their behavior has come from an experiment 

using the co-culture of the antennal explant with SZ glia (E. Tucker and L. P. Tolbert, 

unpublished data). In these co-cultures, upon contacting the glia, growth cones often 

pause advancing for many hours and elaborate their filopodial and lamellopodial 

structures, indicating that the SZ glia are indeed capable of modulating growth cone 

behaviors. Therefore, although nothing is known about molecular mechanisms for this 

signaling or other possible glia-to-growth cone signaling, it is plausible that these glial 

cells also provide signals that regulate the expression of guidance receptor proteins, 

which might be achieved by local protein synthesis. 
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Second, if the repulsive Eph-ephrin interactions separate Eph-positive 

axons from ephrin-positive axons, why do ORC axons not form two big bundles, instead 

of fasciculating into smaller bundles? One possible explanation, as discussed in 3.4.4, is 

the involvement of several other guidance molecules in the 'axon marking system' that 

regulates adhesion and repulsion between axons (Figure 5.2). For example, if a 

subpopulation within the Eph-positive axons expresses a certain type of CAM (say, 

CAM-A) and another subpopulation expresses another CAM (CAM-B), CAM-A-positive 

axons preferentially associate with each other but not with CAM-B-axons. If a 

subpopulation within the Eph-positive axons expresses a repellent molecule (for example, 

semaphorin) and another subpopulation expresses the receptor to this repellent (for 

example, plexin), Eph-positive/semarphorin-positive axons would segregate from those 

Eph-positive/plexin-positive. Although we currently know only two classes of such 

molecules, Mfas II and Eph/ephrin, it would be reasonable to think that other CAMs as 

well as repellents and their receptors are expressed by ORC axons. The 'differential 

expression' of such molecules, in turn, would determine which axons fasciculate together 

and which ones do not. 

The other explanation involves gradient matching and axon competition, which 

have been proposed for topographic mapping of retinal axons (reviewed by Goodhill and 

Richards, 1999; Loschinger et ai, 2000). Gradient matching in the retinal projection 

postulates that the guidance receptor is expressed on axons in a gradient and that the 

gradient of the guidance cue is prespecified within the target. Each axon then seeks out 
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the concentration of ligand(s) in the target that arc appropriate for the 

concentration of receptor(s) present on the growth cones (Gierer, 1983). 

In the Manduca AL, the labeling pattern for the Eph receptor and ephrin ligand 

appears to be graded, if not in a smooth gradient, and there seems to be an inverse 

relationship between Eph receptor and ephrin levels in individual glomeruli. These 

observations suggest that individual axons with high level of Eph receptors express low 

level of ephrins and vice versa. If this were the case, an axon expressing the highest level 

of Eph receptors would be repelled by all other axons that express ephrins at higher levels 

(Figure 5.2F). Axons expressing the second-highest level of Eph receptors would be 

repelled by axons bearing ephrins at higher levels than themselves. Axons with the 

lowest level of Eph receptors, thus expressing the highest level of ephrins, are segregated 

from all other axons by repelling them. While figure 5.2F show separation of axons into 

4 groups by expression of 4 different levels of Eph receptors and ephrins, it is 

conceivable that by increasing the resolution of Eph/ephrin gradient, the number of 

groupings can be further increased. The assumption for this mechanism is that within 

one axon population, the level of Eph receptors is not high enough to be sensitive to the 

repulsion by ephrins expressed by themselves. Also, this mechanism raises an interesting 

possibility for feedback regulation between Eph receptor and ephrin expressions or for 

binary master regulatory factor(s) regulating both Eph receptor and ephrin expressions. 

In the former case, a negative feedback regulation such that high levels of Eph receptors 

suppress ephrin expression and/or vice versa would facilitate complementary/inverse 

expression of receptors and ligands. In the latter case, the regulatory factor take 2 
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different state, the first state activates Eph expression and the second activates 

ephrin expression. As a result, the ratio of two state determines the level of Eph receptors 

and ephrins in an inverse correlation. The regulatory mechanisms for Eph receptor and 

ephrin expressions, however, have not been well understood, and would be of great 

interest for future exploration. 

In addition, there might be a contribution of possible existence of normalization 

constraints in which the numbers of axons in a fascicle cannot increase beyond an 

arbitrary size. The latter limitation might result from the physical spatial constraint 

within the SZ imposed by the glia. An electron-microscopic examination has revealed "a 

virtual forest of glial cells" in the SZ of the developing AN (Oland et al., 1998), 

suggesting that within the SZ, the space through which axons can pass is restricted by 

these glial cells abundantly present in this region. These two possibilities—combinatorial 

marking system and gradient matching—are not necessarily mutually exclusive and could 

cooperate to establish appropriate fasciculation of ORG axons, which, given the 

complexity of the ORG axon mapping, is expected to require highly complex and 

intricate molecular interactions (Figure 5.2). 

The current working hypothesis raises several predictions, which can be tested in 

future experiments. First of all, whether the Eph-ephrin interactions are necessary for 

axonal sorting and targeting could be tested by perturbing the interaction using the 

ephrin-Fc or Eph-Fc fusion probes. Although glomcrulus-specific molecular markers 

that can label a specific class of ORG axons are not currently available in Manduca, one 

can at least examine the targeting of the Mfas 11-positive axons during development. In 
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addition, the technique for selectively labeling male-specific ORC axons can be 

used to examine whether their projection to the MGC is altered, as this technique is well 

established (Rossler et al., 1999b; 2000). In addition to the use of the Fc-fusion probes, 

ectopic and/or overexpression strategies would provide important evidence. For 

example, overexpression or ectopic expression of the full-length Eph or ephrin in the 

ORCs could test whether the complementary Eph-ephrin distribution is necessary for the 

proper sorting and subsequent targeting of ORC axons, because these methods would 

crcate a disruption of this complementary pattern. Overexpression and ectopic expression 

of MsEph or MsEphrin could be achieved by electroporating these expression plasmids 

or infecting recombinant baculovirus expression vectors. Also, overexpression of the 

truncated form or kinase-defective Eph receptor in the ORCs would test whether the 

signaling initiated by Eph kinase activation is necessary or not. 

Another approach to address what roles the Eph receptor and ephrin ligand play is 

to knock down the expression of the endogenous Eph and ephrin and examine the 

phenotype. Knocking down the expression could be achieved by RNA interference 

methods. Ideally, it is desirable to be able to perform all of these experiments in vivo. 

However, the presence of the blood-brain barrier and the diluting effect by hemolymph 

could make it difficult to obtain optimal access of the reagents to ORCs with in vivo 

settings. Therefore, an in vitro technique alternative to in vivo approach would be very 

helpful. The organotypic whole antenna-AL culture would be especially suitable for this 

purpose since it preserves normal three-dimensional cell-cell interactions, circumventing 

the dysregulation in expression of Eph and ephrin associated with the explant method. 
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5.3 Concluding remarks 

The working hypothesis presented here proposes a novel function for the 

interaction of axonally expressed Eph receptors and ephrin ligands. As discussed earlier, 

overlapping Eph/ephrin expressions on axons have been demonstrated in several neural 

areas, including chick and rodent RGCs, chick motor neurons, and rodent ORCs (for 

references, see 3.4.1), and are likely to be revealed many other regions by detailed 

examinations in future. The functional significance of this overlapping expression has 

been proposed only in one instance; ephrin-A ligands co-expressed on RGC axons with 

EphA receptors modulate the sensitivity of these receptors in response to target-expressed 

ephrin-A ligands. Do all co-expressed ephrin ligands act as such modulators? Given the 

multitude of Eph-ephrin functions, it is likely that such a modulatory action is just one of 

the roles of axonally co-expressed ephrin ligands. Differential expression of EphA4 and 

ephrin-A2 has been reported in chick limb motor axons between those projecting in the 

dorsal nerve trunk and those projecting in the ventral trunk (Eberhart et ai, 2000). The 

behavior of these motor axons in the crural plexus where the sorting of these axons 

occurs is much reminiscent of the ORG axon behavior at the AN sorting zone in 

Manduca. While chick motor axons undergo binary sorting—dorsal or ventral, which is 

different from more complex sorting of Manduca ORG axons, this binary sorting might 

involve repulsive interactions between dorsally projecting and ventrally projecting axons 

mediated by the Eph-ephrin signaling. Axonal sorting appears to play a role in building 

the central neuronal maps in which the incoming afferent fibers are arranged into distinct 
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domains in the target region, as seen in eye-specific segregation of lateral 

geniculate axons in the primary visual cortex and in the mosaic of two compartments in 

the striatum. Interestingly, although it has long been thought that neuronal activity plays 

the main role in the eye-specific segregation, recent studies have suggested that it may 

also depend on molecular cues (Crowley and Katz, 2000). Repulsive (and possibly 

adhesive) interactions between axonally expressed Eph receptors and ephrin ligands 

might regulate axon a 1 sorting in the CNS regions that are involved in higher information 

processing, such as multisensory integration and sensorimotor integration, which require 

complex projection patterns. 

The spatially and temporally regulated expression of Eph receptors and ephrin 

ligands in many (and probably most) neural regions at various developmental stages 

suggests their significant involvement in a wide variety of developmental processes, 

which in many areas has just begun to be examined. In addition, intracellular signaling 

pathways that link the activation of Eph receptors or ephrin ligands to the changes in 

cytoskeleton and cell adhesion need to be revealed. More investigation is required to 

understand the mechanisms that regulate their expressions. Clearly, further studies on 

Eph receptors and ephrin ligands will be needed to better understand how they function 

and how their functions and expressions are regulated, which in turn will help us better 

understand molecular mechanisms for neural development. 

In addition to neural development, studies on Ephs and cphrins may provide 

insights into the normal synaptic functions in the adult brain and regeneration after the 

CNS injury. As discussed in 1.3.5, several Eph receptors and ephrin ligand are 



198 

implicated in synaptic functions and plasticity in the adult brain (for references, see 

1.3.5). The synaptic localization of Eph receptors in the mature brain suggests that these 

molcculcs are, in addition to brain development, involved in adult neural function. This 

idea has been supported by the changcs in synaptic plasticity, learning, and memory that 

are observed after modulation of Eph function both in vivo and in vitro. Although much 

needs to be done before the role of Eph receptors in adult brain can be understood, 

studies using inducible and cell-type-specific gene targeting and the development of 

specific pharmacological tools for particular Eph receptors will advance out 

understanding of the actions of these proteins. It will be interesting to address an 

intriguing question: does the development of the brain share common molecular 

mcchanisms with adult brain plasticity and with learning and memory formation? 

Another interesting area to extend the Eph-ephrin studies is their involvement in 

response to brain injury. Axons in the mammalian CNS do not spontaneously regenerate 

following injury and consequently there is little functional recovery. This lack of 

spontaneous regeneration is contributed to by multiple factors: not only the absence of 

axon-growth-promoting cues such as neurotrophic factors but also the presence of many 

growth-inhibitory factors such as myelin-associated inhibitors and a glial scar (reviewed 

by Fournier and Strittmatter, 2001). The glial scar has been found to express several 

families of molecules with repulsive roles during development, including semaphorins 

(Williams-Hogarth et a!., 2000; Pasterkamp et al., 1999) and Eph receptors/ephrins 

(Miranda et al., 1999; Kromer et al., 2002). EphB3 is upregulated in white matter 

astrocytes at the lesion epicenter and in motor neurons of the gray matter rostral and 
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caudal to the lesion in a rat model of spinal cord trauma (Miranda et al, 1999). In 

addition, several ephrins are differentially expressed among astrocytes, microglia, and 

fibroblasts in the glial scar (Kromer et al., 2002). These observations suggest that 

expression of Eph receptors and ephrins may contribute to the inhibitory environment in 

the injured spinal cord for axonal regeneration. On the other hand, Eph receptors and 

ephrins can also have the opposite effect, in which they might provide favorable 

condition for some forms of tissue repair. For example, the rostro-caudal gradient of 

ephrin-A2 and ephrin-A5 in the tectum is upregulated during regeneration of the optic 

nerve regeneration in adult zcbrafish and goldfish (Becker et al., 2000; Rodger et al., 

2000). The upregulation coincides with the arrival of regenerating RGC axons in the 

tectum, and expression returns to normal low levels once a map has reformed, suggesting 

that the upregulation of ephrins is likely to participate in the appropriate re-establishment 

of the retino-tectal map. Also, in the adult rodents, ephrin-A2 expression is upregulated 

across the SC giving rise to a rostoral-low to caudal-high gradient following optic nerve 

section (Rodger et al., 2001; Knoll et al., 2001). While RGC axons do not regenerate 

spontaneously after injury in adult rodents, if robust regeneration of RGC axons can be 

achieved, topographic guidance information might be available for restoring the retino-

collicular map. 

Studies of Eph receptors and ephrins have given important insights into the 

molecular mechanisms for pattern formation during neural development, and have also 

raised new questions. The primary olfactory pathway is becoming one of the prominent 

model system in which to study complex axon guidance and targeting problems. 
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Therefore, further investigation of the role for Eph receptors and ephrins in 

olfactory pathway development is likely to provide wealth of information on many 

aspects of axon guidance and targeting with implications not only for understanding of 

these mechanisms in the olfactory system but also in other regions of the nervous system. 

This dissertation has provided information on this topic through examination of these 

molecules in the developing olfactory pathway of an insect model system, Manduca 

sexta, and proposed a novel Eph-ephrin function that might have a broader implication in 

axonal sorting in neural regions with complex organization. 
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Figure 5.1 A working hypothesis for a role of Eph-ephrin signaling in ORG axon 

sorting. (A) Eph-ephrin signaling mediate repulsion of Eph-positive axons (red) by 

ephrin-positive axons (blue). Upregulation of Eph receptors and ephrins at the SZ is 

indicated by darker colors of axons. (B) As a result of repulsion, Eph-positive axons 

segregate from ephrin-positive axons and form different fascicles that terminate in 

different glomeruli from those ephrin-positive axons do. Both in A and B, Eph-positive 

and ephrin-positive axons are indicated in red and blue, respectively. Possible presence 

of Eph/ephrin-negative axons is indicated in green in B. 
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Figure 5.2 A model for combinatorial axon sorting mechanism. Each circle can be 

regarded as either an axon fascicle or a glomerulus. The complementary expression of 

Eph receptors and ephrins (A), combined with differential expression of Mfas 11 (B), 

can divide ORC axons into 4 groups (C). By adding another hypothetical cue (Cue X 

in D), axon can be divided into 8 groups (E). Additional different molecular cues can 

further increase the number of axon groups (in a horizontal direction in the figure). 

Another way to achieve this is by graded Eph/ephrin expression (F). When the level 

of Eph receptors and ephrins in individual axons are in inverse correlation, this would 

create graded sensitivity to ephrin repulsion, which render axons to separate into 4 

groups (a-d in F). Axons with the highest level of ephrins (and thus the lowest level of 

Eph receptors) repell all other axons, forming group d. Because axons forming group 

d has lowest level of Eph receptors, they are insensitive to their own ephrin ligands. 

Axons with the second highest ephrins repell those with lower level of ephrins (thus 

having higher level of Eph receptors), forming group c. Combining this graded Eph-

cphrin system with Mfas II and Cue X gives rise to 16 molecularly distinctive axonal 

populations (G). By adding few more adhesive/repulsive molecules and Eph/ephrin 

grading, the total number of axon groups could reach 64, which is approximately the 

total number of glomeruli present in a Manduca AL.Note that this coding system does 

not provide positional cues; position of each circle does not reflect the position of the 

corresponding glomerulus within the AL. 
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APPENDIX I 

NUCLEOTIDE AND DEDUCED AMINO ACID SEQUENCES OF 

MSEPH CDNA 

TCGAGGTCGACGGTATCGATAAGCTTGATATCGAATTCGCGGCCGCGTCGACGTGGGATCAATATAAAATATAAATGTTGAATCCTCACA 
CGGAGCCGCGTTATTTGTGTTCACTTGTTGTCCTATCGGCGGGAGGGTAGCATCCCCTTATAGAGCGCAGCCCCGATCTGACTCTGCTCA 
GTCCGCGCTCGGCAGCCACTCGTAACACATACCTGAGGAGAAATGACTGAACTTGCCTTTATGTAAAGTGACCAAGTATTGACACAACAT 
TATGTAGAGAGTTGAGCGGTCGAGTGGTCCGCATCGTTTTTGGTGCGTGTCGTGTGTGATGCTGTCGCGATGATGTGGTTAGCGGTGATC 

Jl. C. -W. A . A. y I 

GTGACGGCAGCGGCCTTGTGCCTGCAAGTGGACGCCGAC 
y. .7. A. A. - T .  - Q  .  K.  S .  - Y .  P . .  A .  . E  

CAAGTGTTACTGTTAGACACCACGTCTGAGTCGACGCTGGGCTGGACGCGG 
Q V L L L D T T S E S T L G W T R  

TTCCCTTACGGCGCGCAGGCCAGCACTCCCGGCTGGCTCGAGGAGTCCTACACCAATTTTGAGAAGCAGATCAATTGGCGCTCGTACGTG 
F P Y G A Q A S T P G W L E E S Y T N F E K Q I N W R S Y V  

GTATGCGACGTCGCCCACAATAATGTCAACAACTGGCTGTGGACACCGTTTATAGAGCGGCGCAATGCCAACCGAATCTACATCGAGATC 
V C D V A H N N V N N W L W T P F I E R R N A N R I Y I E I  

AAGTTTACCATCCGTGACTGTTCATTGTTTCCGGGCAACGCTCTCAGCTGCAAGGAGACCTTCAGCCTGCTGTACTACGAGTTCGACGTG 
K F T I R D C S L F P G N A L S C K E T F S L L Y Y E F D V  

GCGACGCGCGAGCAGCCTCCGTGGGAGCCTGAGAGCTACAAACTGGTAGGCCGCATTGCTGCAGGTGAGGGTCGTTTCAACACCAATTCT 
A T R E Q P P W E P E S Y K L V G R I A A G E G R F N T N S  

GAGGTGGATATTAACACTGAAGTCAAAAGCATTGCTGTCACAAAAAGGGGTGTATATTTTGCATTCCGTGACCAGGGTGCCTGCATATCC 
E V D I N T E V K S I A V T K R G V Y F A F R D Q G A C I S  

L A V K V Y Y I T C  
ATATTGGCTGTGAAAGTATACTACATCACATG: CCTGAGGTGACTATAAATTTTGCTAGATTCCCAGCAACACCTACAGGGAGAGAAGTA 

E V T I N F A R F P A T P T G R E V  

ACTGTTATTGAGCAGGCTAATGGTACATGTGTTGAGAATGCAGAGATAGCCCCCGGTGAGGCACCCCCGGTATATCTGTGCAAAGGAGAT 
T V I E Q A N G T C V E N A E I A P G E A P P V Y L C K G D  

GGCAAGTGGACTCTCCCCAGTGGTTCTTGCAAATGCCGAGCTGGATTTGAGCCAGATCACAATAATCAAGCTTGCACTGAATGTCCTCCA 
G K W T L P S G S C K C R A G F E P D H N N Q A C T K C P P  

GGAAAATTTAAAGCTCACACAGGTGACGACCATTGTATACCATGTCCTGATCATTCCCAGTCCACTGCAATTGCAGCTTCTGAATGTAGA 
G K F K A H T G D D H C I P C P D H S Q S T A I A A S E C R  

TGTGCTCCCAAATATTACAGAGCCAAGAAAGACCCTAAAAACATTCCATGCACACAGCCACCCTCTGCTCCTGATAACTTGACTGTGACT 
C A P K Y Y R A K K D P K N I P C T Q P P S A P D N L T V T  

TTTGCTGATCAGTTCTCAATTTCTCTTGCTTGGCGGCCACCGCATAATACAGGAGGTAGAAATGATGTCACATACAGAGTGTATTGTTTA 
F A D Q F S I S L A W R P P H N T G G R N D V T Y R V Y C L  

AACTGTGGTCCCAGTGTTGAGTACAGACCAGCCGCCACTGGTCTCAATAATACAAGAGTTACTGTCATGGGACTAGACCCAGTGACCGAA 
N C G P S V E Y R P A A T G L N N T R V T V M G L D P V T E  

TACAAATTTCAAGTATTTGCTGAGAATGGTGTCACTGAATTTACCTCAGATCCCCCAAAATATGTAGATATAACAGCTATCACTGAAGCC 
Y K F Q V F A E N G V T E F T S D P P K Y V D I T A I T E A  

TCTGTGGTAAGTGTGGTCACTAAACTACGGGTATTGAATGTAGAGGTAGACAAAATTAGCCTTGCATGGAATCCACCTCCAGTAGACCTC 
S V V S V V T K L R V L N V E V D K I S L A W N P P P V D L  

ACTGATCCTGATGATACTATAGAAAGCTATGAAGTTAAATGTTTCCCTAAAGACAATTTGGAGAAAAATGCAAACACTACACTTAAAATT 
T D P D D T I E S Y E V K C F P K D N L E K N A N T T L K I  

ACAAAAGAACCTCACACTATTATAATGGGTCTAAAAAAAGACACTGAGTATGGCATTAGAGTTAGAGCCAAAATGAAGAGGGGCTGGGGC 
T K E P H T I  I M G L K K D T E Y G I R V R A K M K R G W G  

GAATTCAGGAGTATAGTATACGCGCGCACAGGCAATCTTTTAGAAACGACTTATGTAAACGAGGAGGAGGGTGCCCAAGTGCGGCTAGTC 
E F S S I V Y A R T G N L L E T T Y V N E E E G A Q V R L V  

GCCGGTGTGATGGTAGCAGTGGTCGTGCTGTCTGTAGTGGCGATCATTGCAACTGTTCTATTCTTAAGGTCACGCACAGAGGACGAATGT 
A  G V M V A V V V L S V V A T  T A T V I . ,  F L  R S R T E D E C  

GACAAAAAACAGCCAGGCGATTGCAATGCGTTGAACTATCGCAACGGCGAGGTGTACAGCGGCCCTGAGCGCCCTGCCAAAACAAGCAGT 
D K K Q P G D C N A L M Y R N G E V Y S G P E R P A K T S S  

AACGCTACCACGCCTTTGTTCGCGGGCACCGGCTCCAGAACATACATAGACCCTCACACGTACGAAGATCCTAATCAGGCAGTTAGGGAA 
N A T T P L F A G T G S R T Y I D P H T Y E D P N Q A V R E  
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TTCGCCCGCGAAATCGATGCGTCTTGCATTACTATCGAAGCTATTATAGGTGGCGGAGAATTCGGAGACGTATGCCGCGGCAAACTGAAG 
F A R E I D A S C I T I E A I I G G G E F G D V C R G K L K  

TTGGCCAGCTGTGGTCAAGAAATTGACGTGGCTATCAAAACTCTGAAGCCCGGGTCCACGGAGAGAGCGCGCCGTGACTTCTTGGCGGAA 
L A S C G Q E I D V A I K T L K P G S T E R A R R D F L A E  

GCGTCTATAATGGGTCAATTCGAGCACCCCAATGTTATTTTCTTGCAAGGAGTTGTCACCAAATGCAATCCCATTATGATAATTACAGAA 
A S I M G Q F E H P N V I F L Q G V V T K C N P I M I I T E  
TTCGCCCGCGAAATCGATGCGTCTTGCATTACTATCGAAGCTATTATAGGTGGCGGAGAATTCGGAGACGTATGCCGCGGCAAACTGAAG 
F A R E I D A S C I T I E A I I G G G E F G D V C R G K L K  

TTGGCCAGCTGTGGTCAAGAAATTGACGTGGCTATCAAAACTCTGAAGCCCGGGTCCACGGAGAGAGCGCGCCGTGACTTCTTGGCGGAA 
L A S C G Q E I D V A I K T L K P G S T E R A R R D F L A E  

GCGTCTATAATGGGTCAATTCGAGCACCCCAATGTTATTTTCTTGCAAGGAGTTGTCACCAAATGCAATCCCATTATGATAATTACAGAA 
A S I M G Q F E H P N V I F L Q G V V T K C N P I M I I T E  

TTCATGGAAAACGGCTCTCTTGATACTTTCCTACGAGCCAATGATGGCAAATTCATGGTTCTTCAGTTAGTAGGAATGCTGCGCGGCATT 
F M E N G S L D T F L R A N D G K F M V L Q L V G M L R G I  

GCAACCGGCATGCAGTACTTGTCCGAGATGAATTACATACACAGGGATCTGGCGGCCCGTAATGTGCTGGTCAATTCGCACCTGGTATGC 
A T G M Q Y L S E M N Y I H R D L A A R N V L V N S H L V C  

AAAATTGCTGATTTTGGACTATCGCGAGAGATAGAGTCCACTGCCGACGGCGCGTACACCACTCGCGGCGGGAAGATTCCTGTACGATGG 
K I A D F G L S R E I E S T A D G A Y T T R G G K I P V R W  

ACTGCTCCTGAGGCCATCGCGTTCAGGAAGTTTACGTCCGCTAGTGACGTGTGGTCCATGGGCATCGTCTGCTGGGAGGTGATGAGTTTT 
T A P E A I A F R K F T S A S D V W S M G I V C W E V M S F  

GGCGAGCGCCCCTATTGGAACTGGAGCAATCAGGACGTGATCAAGTCCATTGAAAAAGGATACCGCCTGCCGGCGCCGATGGACTGCCCA 
G E R P Y W N W S N Q D V I K S I E K G Y R L P A P M D C P  

GAAGCAGTATACCAGCTCATGCTCGACTGTTGGCAAAAGGAACGTACACACCGGCCAACATTTGCGAGTATTGTTA^ACTTTGGACAAA 
E A V Y Q L M L D C W Q K E R T H R P T F A S I V K T L D K  

CTGATTGGTTATCCAGACACATTGCGAAAAAAAGCCCAAAACCGCTCTGGTGCGGATCCCTTAGCGGGCGACACCCCCGATTTGATCCAG 
L I G Y P D T L R K K A Q N R S G A D P L A G D T P D L I Q  

TTCGCTTCAGTGGAGGAATGGTTGGAGTGCATCAAGATGTCGCGGFATGTGGAGAAGTTCCGCGCCGGTGGCGTGACTGACATGGACGCG 
F A S V E E H L E C I K M S R ^ V E K F R A G G V T D M D A  

GTGGTGGACCTGACAGTGCTGCAGCTCGCCTCGCTGGGCGTCACGCTCGTCGGCCACCAGAAGAAGATTATGAACAGCGTCCAGAGCATG 
V V D L T V L Q L A S L G V T L V G H Q K K I M N S V Q S M  

CGCGCGCACATCCGCGGCAGCGGCCCCTACGGGTTTCTCGTGTGAACGACACATGGACAGTGTCGGTTTTGTGAACAGTAGTGGCTTGCC 
R A H I R G S G P Y G F L V  s t o p  

AGTGTAAAIGATCTCCAAGTGGTTGGTGACAATGGTTTATACTTATTGAAATGATCCATTTGTATATTTTTCTAAAAAACTGCCATAGAAT 
TAACAGAGJCTTCTTGTTAAGGAAATCTAAAGACTATACCTTGCTGTTTATATTTACTATTTTTGATTATGTTACAATGTGAAATAGCTTA 
TGTGATGTAACTTCTCTGGCCTAAGATTCCATACATTTTTGAAACATAGCTTTACATTACCGTCTTGTAGCTACTGTACAACGAAAATAGA 
AACATGACTTATTTATTAACCTCAATTATGTAAACAACAAATCATATTGATCTTTAAGATTTTGTTTTTTTACATAGACTGAAGTATTGTG 
ATTATTTTTTTGTTAAATCTATTGATGATCAACTTTAAACGCTTTTATGCTTCGTGATACTCTTATTTTTAATCTATATTTAAAATACAAG 
CATTTTAAAAGTTAACATCATGCATTGCCATCAGCATGGTGGATATTTGTGTTTTTTTATGAGAAAATGTATCTAAATTATTGTAATGTAG 
TTAGCCAATTATGCTATATTTGGATGGATATGTATGTATATTCATGGAAAAATTTTAATATGTAATTAATGGATACAGAACAAGTTTATGT 
CTATGGAGATGTTGTGGATCACATTTTTGACATCTTGTTTTGGTGTAAAACTGTGGCACGGTGGGCAGCTAACGATGCACAATGATTTAGA 
CTTAAAATCACAATATGATGCACATTGTCACTTTCTCAGTAGAAGCAGAACTAAGATTAAACACATGTCTAGGTCATAGCACTGGAAATCT 
AAACAAAACTTAATGTATTGTGTCATATTTTTTAATATAGTAAAGTTATGATATATCAGTGTCTATTTAAGCTTTTTCACAAATATCTAGT 
TAAAATGTGTCCTGAAGGTAAAAAAAAAAAAAAAAA 

Domains and motifs are indicated by (from the top) dotted underlines, the secretion 

signal peptide; a solid box, the ligand binding domain; a thick solid underline, the 

transmembrane segment; a pair of arrows, the tyrosine kinase domain; and brackets, 

the SAM domain. 
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APPENDIX I I 

NUCLEOTIDE AND DEDUCED AMINO ACID SEQUENCES OF 

MSEPHRIN CDNA 

TTCGCGGCCGCGTCGACCCGACCGCCGCGCGGCGCTTACGTTTACAGCGCGACACCGCGTCGCCCGCTCCCAATACAAAGAACACCTCAG 
TATTGTAAAAAATCTGTGATGTATTGATTAATTTCAACTTTATACGAAAAGAAACGCTAAAGTTAGACACGTACGTCGCGTTTATACAGT 
GCTCGCTGTGCTTCATGAATGTGATTTGGACGCGTTTTCACGGCGGACCACGGCCTATGGAATTTCGTATTATCGCCGACTAGAATCTGG 
CGTGTAGAGGAATATGGTGGACTCACTGTGTTGAAAAGTGAACTGTGCGCTATCCCGTGTCGCAGTGTTAGTTTTATTATGATAAACGTT 
CGTAACATGTTCGTATAATATAAATATGGATTGGTGTGTGTGCGGTGGAGACGCGTAGAATAGCATCTTCTGTTGGATAATGATACTTGG 

TTGAACCAGTAAGAAATGGTTTCCCTAACTTATTTCGGGCTGAGGCACACGCCGTGGACTGXTCTCGTGTTGATTTTCTTCATCGAGAGC 

GTGATG3GGAACTATGCTAAGTCATTCTACATACACTGGAACACAACAAACAGCATATTCAGAATAGACAACACCGACCACGTATTCQAC 
V M G N Y A K S F Y I H W N T T N S I F R I D N T D H V F D  

TTGAATAAAGGCAACGCACAGTTTGAGTATGACCAAGTAAATATAATATGTCCAGTGTACACGCCCGGCACCTACGAGGAAGACACGGAA 
L N K G N A Q F E Y D Q V M I I C P V Y T P Q T Y E E D T E  

ARGTATATAATATACARCGTTAGTAARGAAGAGTACGACACTTGTAGAATAACCAATCCAAACCCTCGCATAATAGCGATATGCGACAAG 
K Y I  l Y N V S K E E Y D T C R I T N P N P R I  l A I C D K  

CCGCACAAACTGATGTTTTTCACCATAACGTTCCGGCCGTTCACGCCGCAGCCCGGCGGGCTGGAGTTCCTGCCGGGCAAGGACTATTAC 
P H K L M F F T I T F R P F T P Q P G G L E F L P G K D Y Y  

TTCATATCGACGTCCAGTAAAGACGACCTGCACAGACGCATCGGCGGCAGATGCCTCAGTCACAACATGAAGCTGGTGTTCAGGGTGTGT 
F  I S T S S K D D L H R R I G G R C L S H N M K L V F R V C  

lAAGCCGGAGGAGCAGTCGCCGGCGCCGCCGCCGCAGCCGACGCCCCCGCCGCCGCCGCCGCCTCCGACCACCAGCACCACCACCACA 
K P E E Q S P A P P P Q P T P P P P P P P P T T S T T T T  

ACCACCACCACCGTGAAGCCGGTCACCAAAAAGACGCACAAGTACGACAAGACGCCGAACGAGGTGATCAAGAGCGAGGAGCTGTCGCAC 
T T T T V K P V T K K T H K Y D K T P N E V I K S E E L S H  

TCGCGCGGCGCCGCGCTCGCCTCGTCCCTCGCCCTTGCCCTGGCCGCGAGCGCGGTGCTGGCGCCGCTGGCTCGGTGAATGTGCGCTCGG 

JI^RGAALASSLALALAASAVLAPLAR stop 

GCGGCCAGGCGTCCACGCCCCGACCTCCTGGCCAAGCCGGGCCCAACCCAGCCCATGCAGACGCTGCACATTCGTCCGGACACTCTAGTC 
TTCACGTGAATGTTGTGTCCTGTGAACATTGTAAGTAAAGTGATCGTGGCCCGCGACTTAACACGGACAGTGGAAACTCCAAACGTGAGC 
CTAAAATGTAACTATCGGCCCTACTGAATAATCGAATGGATATAAACGGATTGTTTTTTTTAAACGAAAAAAACGTAGTTATGAACTCAG 
TTAAATATATATAAAAAAATGTTAACGGATATAATAATTAGGTTTCTTAAAACCATTAGGAATTAAACGATTTTTTATATTTTTCATTAT 
GGCAATGGATATTATAAGACTAGCGGTCCGCGGATCGATCAGTATGAATTATTATAGGCGAAATCTTATAGACGATTAGGAAACGTTTTT 
GATTTAGAGTCCAAAAGACATGTTTCTTTATTTTTTCCCCTTGTCTAGAATTTATTTATGTGTAAAAAAAAGCTGGGGCGAGTTGTGAAT 
CTTGTCCAGGAAATCTGTGATTTTTGGTTTTATTTAGGATGTAATTATTTCTCTTTATATGCTTTTTTATGTGATATGAAGTTGATTACT 

TGGATTCTTCACCGACTGAATTTTGCRTTCTAGCTTTTTACAAATCATGTTTATTACAGCTTCAAAAATGGCTTCTAATGGCGGCTTCGA 

AAACAAATTATTTTCTTACGACTTTGCTTAAGAAGTTCCGTTTAGAAGTATACAATTATTAAGGCCTAAATGTGTCAAAAATAATCTGTT 
TCCAAAATGTTTTTCCAAAAAAACCCAGGGACATTAATAAGTAATTATGTTAAGTAAGGAAATATTGTACGGCGTTGTCTGGGCACGTTT 
TTTTGGAAAATATTTTGGAAAACGACACATCTTGCAGCACACTTTGTGCCATTATGTGAAAGTGTTAAATACATTTTTTACATTATACAA 
AATAGTCAAATAGTTAAATAGTAGAAATAATAGACCGGTTTTCAGTTAGACATACGCAGTTAGTGACAGTTGATATTTTTAGGTAGTTTC 
TAAGAACGCGTTTGAGTTTCAAATTGTTTTTGTTATGCAGGCCTTGCCGGGGCGACATAGCGATTCGGACAGGACTTTGAAGTTGTTCAT 
TGTCGTGTTAATGACATTAAAATTAATAGAACACAAACTAGATNTAAACTGCATTTTATTCAACTTCTATCTCAAAGGAAACAAAAAAAA 
AAAAAAAGTCGACGCGGCCGCGAATT 

Domains and motifs are indicated by (from the top); dotted line: secretion signal 

peptide, solid box: conserved ephrin core (receptor binding) domain, arrowhead: GPI-

anchoring site. 
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