ADVANCES IN
EXPERIMENTAL
MEDICINE

AND BIOLOGY

Volume 621

Axon Growth
and Guidance

Edited by
Dominique Bagnard




Axon Growth and Guidance



ADVANCES IN EXPERIMENTAL MEDICINE AND BIOLOGY

Editorial Board:

NATHAN BACK, State University of New York at Buffalo
IRUN R. COHEN, The Weizmann Institute of Science

ABEL LAJTHA, N.S. Kline Institute for Psychiatric Research
JOHN D. LAMBRIS, University of Pennsylvania

RODOLFO PAOLETTI, University of Milan

Recent Volumes in this Series

Volume 614
OXYGEN TRANSPORT TO TISSUE XXIX
Edited by Kyung A. Kang, David K. Harrison, and Duane F. Bruley

Volume 615
PROGRAMMED CELL DEATH IN CANCER PROGRESSION AND THERAPY
Edited by Roya Khosravi-Far, and Eileen White

Volume 616
TRANSGENIC MICROALGAE AS GREEN CELL FACTORIES
Edited by Rosa Leén, Aurora Gavin, and Emilio Ferndndez

Volume 617
HORMONAL CARCINOGENESIS V
Edited by Jonathan J. Li

Volume 618
HYPOXIA AND THE CIRCULATION
Edited by Robert H. Roach, Peter Hackett, and Peter D. Wagner

Volume 619
PROCEEDINGS OF THE INTERAGENCY, INTERNATIONAL SYMPOSIUM ON
CYANOBACTERIAL HARMFUL ALGAL BLOOMS (ISOC-HAB)

Edited by H. Kenneth Hudnell

Volume 620
BIO-APPLICATIONS OF NANOPARTICLES
Edited by Warren C.W. Chan

Volume 621
AXON GROWTH AND GUIDANCE
Edited by Dominique Bagnard

A Continuation Order Plan is available for this series. A continuation order will bring delivery of
each new volume immediately upon publication. Volumes are billed only upon actual shipment.
For further information please contact the publisher.



Axon Growth and Guidance

Edited by

Dominique Bagnard, Ph.D.
Laboratoire de Neurobiologie du Developpement et de la Regeneration (LNDR),
Centre de Neurochimie de CNRS, Strasbourg, France

Springer Science+Business Media, LLC
Landes Bioscience



Springer Science+Business Media, LLC
Landes Bioscience

Copyright ©2007 Landes Bioscience and Springer Science+Business Media, LLC

All rights reserved.

No part of this book may be reproduced or transmitted in any form or by any means, electronic or
mechanical, including photocopy, recording, or any information storage and retrieval system, without
permission in writing from the publisher, with the exception of any material supplied specifically for
the purpose of being entered and executed on a computer system; for exclusive use by the Purchaser of
the work.

Printed in the U.S.A.

Springer Science+Business Media, LLC, 233 Spring Street, New York, New York 10013, U.S.A.
http://www .springer.com

Please address all inquiries to the Publishers:

Landes Bioscience, 1002 West Avenue, 2nd Floor, Austin, Texas 78701, U.S.A.
Phone: 512/ 637 6050; FAX: 512/ 637 6079

http://www.landesbioscience.com

Axon Growth and Guidance, edited by Dominique Bagnard, Landes Bioscience / Springer
Science+Business Media, LLC dual imprint / Springer series: Advances in Experimental Medicine
and Biology.

ISBN: 978-0-387-76714-7

While the authors, editors and publisher believe that drug selection and dosage and the specifications
and usage of equipment and devices, as set forth in this book, are in accord with current recommend-
ations and practice at the time of publication, they make no warranty, expressed or implied, with
respect to material described in this book. In view of the ongoing research, equipment development,
changes in governmental regulations and the rapid accumulation of information relating to the biomedical
sciences, the reader is urged to carefully review and evaluate the information provided herein.

Library of Congress Cataloging-in-Publication Data

Axon growth and guidance / edited by Dominique Bagnard.
p. ; cm. -- {Advances in experimental medicine and biology ; v. 621)

Includes bibliographical references and index.

ISBN 978-0-387-76714-7

1. Axons--Physiology. 2. Nervous system--Regeneration. 3. Nervous system--Growth. I.
Bagnard, Dominique. II. Series.

[DNLM: 1. Axons--physiology. 2. Nerve Regeneration. 3. Nervous System--growth &
development. W1 AD559 v.621 2007 / WL 102.5 A9703 2007]

QP363.A92 2007

612.8--dc22

2007042192



About the Editor...

DOMINIQUE BAGNARD, Ph.D., is an assistant professor directing the
program of cellular and molecular neurobiology at the Université Louis Pasteur in
Strasbourg. Dr. Bagnard’s research focuses on the role of guidance molecules of the
semaphorin family during cortical development. His research covers the signalling
pathways triggered by semaphorins and their potential clinical significance during
nerve regeneration. His lab recently demonstrated the existence of a functional link
between matrix metalloproteinases and semaphorins to control axon guidance.
Dominique Bagnard serves as an executive editor for Current Pharmaceutical
Design and is the Editor-in-Chief of Cell Adhesion and Migration.



DEDICATION

To Antoine et Nathan, my favourite Tom Thumb story ...



PREFACE

The complex architecture of neuronal networks together with the extraordinary
associated functions make the nervous system a fascinating biological structure.
The considerable work performed to explore this cellular machinery is nowadays
successful because the mystery of nervous system development is being unravelled.
As described in their outstanding review published 10 years ago in Science,! Marc
Tessier-Lavigne and Corey Goodman—the pioneers of the molecular era of axon
guidance—summarized the assembly of nervous system connections as a subtle
game of attraction and repulsion of neuronal growth cones. The cellular ballet
ensuring the formation of billions of synapses, which ultimately gives rise to the
highest cognitive functions, is primarily orchestrated by a step-by-step mechanism
of growth driven by multiple molecular cues. While our general concept of axon
guidance remains identical, a profound evolution of our knowledge of the molecular
identity of the guidance cues together with their interactions and signalling pathways
occurred over the past ten years.

This book proposes an exhaustive and updated view of the current knowledge
of the molecular and cellular mechanisms ensuring axon growth and guidance. An
introductory chapter by C. Bouquet and F. Nothias will remind the readers of all the
features of a growth cone and the mechanisms controlling its growth. From there,
one enters a fabulous journey with a growth cone, a Tom Thumb story filled with
molecular encounters and complex interactions leading to one of the most fantastic
developmental achievements: the nervous system wiring.

The journey starts with a description of the classical guidance signals such as
the netrins (by S.W. Moore, and colleagues), the semaphorins (by E. Koncina and
colleagues), the ephrins (by M. Reber and colleagues) or the Slit family (by
A. Chédotal). The question of the exact definition of a guidance signal is addressed
in an exquisite chapter by S. Guthrie discussing whether neurotrophic factors can be
considered as guidance cues. This complex question is also considered in a chapter
by H. Kamiguchi presenting the role of adhesion molecules during axon guidance
and T. Ruediger and J. Bolz reporting compelling evidence for a guidance effect of
neurotransmitters. The diversity of the molecular cues used by growth cones to reach
their targets is finally illustrated by F. Charron and M. Tessier-Lavigne in a chapter
describing the unexpected role of morphogenes as direct guidance signals.

ix



Much work has been done to elucidate the signalling pathways triggered by
guidance signals. The complexity of the required intracellular pathways is
detailed in all chapters, but we decided to include a special focus by M. Piper and
colleagues on the role of cyclic nucleotides which appear to be the key regulators
of the biological outcome of guidance signals in terms of attraction or repulsion.
The identification of an additional level of regulation of the guidance cues is also
illustrated in the chapter by C. Guirland and J.Q. Zheng presenting how lipid rafts
interfere with guidance mechanisms. Hence, because 80% of the cells in the
nervous system are glial cells, the story ends up with the role of glial cells in
mediating axon guidance (by A.R. Learte and A. Hidalgo).

I wish to thank the authors whose contributions in this book provide
excelient a goldmine of information for students and researchers interested by this
challenging question of the development of axonal connections.

Dominique Bagnard, Ph.D.

! Tessier-Lavigne M, Goodman CS. The molecular biology of axon guidance. Science 1996;
274(5290):1123-33.
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CHAPTER 1

Molecular Mechanisms of Axonal Growth

Céline Bouquet and Fatiha Nothias*

Abstract

utgrowth of axons during neuronal development, as well as their regeneration after
O injury, of the adult nervous system is controlled by specific extracellular cues which

are diffusible, or bound to cell membranes or extracellular matrix. The exact molecu-
lar mechanisms through which these extracellular signals are integrated by the growing axon,
are not yet well defined. However, it is widely accepted that most, if not all, signaling cascades
triggered by guidance cues eventually converge onto the cytoskeleton. The action of extracellu-
lar guidance factors is thus modulated not only by specific membrane receptors, but also by
cytoskeletal and cyroskeleton-associated molecules within the axon. In fact, the cytoskeleton
represents a point of convergence and integration of both neuron-intrinsic and extrinsic fac-
tors. Moreover, in recent years, there has been increasing evidence for the involvement of a
coordinated cross-talk between actin filaments and microtubules, the two main components of
the growth cone cytoskeleton. Their reorganization is complex and involves numerous
cytoskeleton-associated proteins whose function is regulated via activation or inhibition of
particular signaling pathways.!*

Introduction

The growth cone, highly motile distal tip of the axon, shares many properties with other
motile structures, such as the leading edge of migrating cells. This is reflected in a similar
cytoskeletal organization of these subcellular compartments, and the use of common signaling
pathways, such as the one involving Rho-GTPases (see below). Despite these similarities, the
behavior of neurons appears more complex than that of other cell types, in that they extend
very long processes, and exhibit quite “sophisticated” responses when confronted to extracelu-
lar cues. Expression of cytoskeleton-associated molecules specific for the neuronal growth cone
may, at least in part, explain some unique features of this motile structure (for review refs. 5-8).

Here, we will describe in some detail the cytoskeletal network within the neuronal growth
cone, and how its organization is regulated in response to extracellular factors by integration of
signaling pathways.

The Neuronal Growth Cone and Its Cytoskeletal Organization
Neurites should be thought of as exceptionally differentiated cellular processes. The growth
cone tipping an axon (or dendrite) is an extremely motile and dynamic structure that explores
the environment. To guide an axon towards the appropriate target, the growth cone fulfills
different functions: it acts as sensor of environmental cues, signal transducer, and motility
device. Growth cone advance is mediated by the polymerization/depolymetization of cytoskeletal

*Corresponding Author: Fatiha Nothias—UMR7101/IFR83, CNRS-UPMC, Bat. A/32¢me
Etage, Case-2, Université P&M Curie, 7 Quai Saint Bernard, 75005-Paris, France.
Email: fatiha.nothias@snv .jussieu.fr

Asxon Growth and Guidance, edited by Dominique Bagnard. ©2007 Landes Bioscience
and Springer Science+Business Media.




2 Axon Growth and Guidance

elements, and their specific interactions. The axonal cytoskeleton is composed of three main
filamentous polymers: neurofilaments, microtubules and actin microfilaments. Within the
growth cone, microtubules and actin filaments are actually the major cytoskeletal components,
and have been the focus of most studies. Their spatial organization and relative position in the
growth cone define different, functionally specific zones, described in Figure 1.

The Peripheral Domain

The peripheral domain (P-domain) is the most distal part of the growth cone, a highly
dynamic, actin-rich structure. This domain bears lamellipodia, membranous flat veil-like pro-
trusions, from which extend many filopodia. These very thin, finger-like structures contain
mainly actin filament bundles, and undergo permanent elon(gation and retraction cycles as
they organize their content in response to the environment.”!? In the P-domain, equilibrium
between actin polymerization and depolymerization (actin “treadmilling”) constantly gener-
ates protrusion forces, and retrograde flow of actin (see below).

The Transition Zone

The transition zone (T-zone) is situated at the interface between the actin-rich P-domain
and the MT-rich central domain. The molecular motor myosin, concentrated in the T-zone,
can serve to contract the actin network, thereby inducing the formation of an actin-filament

arc.!! Movements of this arc, in association with retrograde actin flow, limit the penetration of
MTs into the P-domain.

The Central Domain

The central domain (C-domain) represents the main site of MT polymerization. Neurofilaments,
which transport vesicles and organelles along with the MTs, are also present. The size of the
C-domain varies in correlation to the growth mode of the axon: Relatively large when the growth
cone is pausing, whereas the C-domain exhibits a thinner shape during fast advance mode.

Actin Filaments and Associated Proteins

Actin filaments (AFs) are helical polymers formed by addition of ATP-actin monomers.
AFs are polarized structures characterized by a “pointed” and a “barbed” end. Dissociation of
ADP-actin is favored at the pointed end, suggesting that polymerization occurs at the barbed
end, and depolymerization at the pointed end.””!

Actin is present in both the P-domain and the T-zone, where it is organized in two different
types of networks: %134 filopodia are composed of thick actin bundles, while in lamellipodia,
AFs are organized in a loose meshwork. Similarly, contraction of the actin meshwork in the
T-zone by myosin action results in formation of a thick actin arc, oriented perpendicularly to
the axon.!"!

In the P-domain, AFs polymerize close to the distal membrane, and polymers are retro-
gradely transported to the T-zone by a myosin-dependent mechanism.'> Increased contractile
forces in the T-zone then induce severing and depolymerization of AFs. This permanent actin
treadmilling accounts for the high dynamics of the P-domain. Moreover, the retrograde actin
flow generates a backward force suspected to limit MT invasion into the P-domain.

Dozens of actin-associated proteins have been described in the neuronal growth cone, and
were classified according to their function (for review see ref. 16). There are two main groups
regulating actin polymerization/ depolymerization:

Actin Nucleation/Polymerization

Actin nucleation/polymerization factors increasing the number of free barbed ends inciden-
tally increase actin polymerization. The Arp2/3 complex, thus, not only favors de novo actin
polymerization, but also by binding sideways to preexisting filaments, creating a new branch
and hence a new barbed end (for review see ref. 17). Members of the formin protein family
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PERIPHERAL DOMAIN \

TRANSITION ZONE

CENTRAL DOMAIN

AXON
Actin bundle Microtubules
. s Unstable/stable
.x\f‘ < Actin meshwork - MTs associated protein  (MAP)
. Actin polymerizing factor - +TIPS
‘ Actin depolymerizing factor N Dynein
. Myosin - Actin/MTs binding protein

Figure 1. Cytoskeleton growth cone organization. The growth cone, tipping an axon, is divided
in three different, functional zones. The C-domain is the polymerization site of MTs, which are
thereafter stabilized in the axon shaft. The T-zone limits MTs penetration in the C-domain, and
contains a high density actin meshwork associated with myosin. The P-domain is very dynamic
and mainly contains actin, organized in bundles in filopodia, and meshwork in lamellipodia.
Transient interactions between actin filaments and MTs are observed in the P-domain that are
mediated by still unknown factors. MTs- and actin- associated proteins regulate their transport,
polymerization and stabilization.
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bind to the barbed end of elongating actin polymers, enhance filament elongation, and prevent
binding of actin capping molecules (for review see ref. 18).

Actin Depolymerization/Severing

Actin depolymerizing factors (ADFs), as well as cofilins, are important regulators of actin
dynamics in the growth cone. Although encoded by different genes, ADFs and cofilin have
very similar effects, are regulated by reversible phosphorylation, and colocalize in the cells (for
review see ref. 7). When phosphorylated, both bind to the rear end of actin filaments, generat-
ing actin fragments. Interestingly, actin severing leads to generation of new free barbed ends,
thereby promoting actin polymerization, a mechanism perpetuating the retrograde actin flow
(for review see refs. 7,19). Other proteins, such as gelsolin, stop actin polymerization by cap-
ping barbed ends, and thereby induce depolymerization (for review see ref. 20).

Thus, modulation of actin polymerization by extracellular guidance cues via actin-associated
proteins provides a mechanism to regulate the progress of growth cones.

Microtubules and Associated Proteins

Microtubule protofilaments are formed by spontaneous association of a/p tubulin
heterodimers. 13 such protofilaments finally associate to form a hollow microtubule of a diam-
eter of 25 nm (for review see ref. 21). Regulation of expression of different a and B tubulin
isoforms during axonal development and regeneration regulates MT stability.

The orientation of tubulin monomers makes MTs intrinsically polarized structures with a
“plus” and a “minus” end. In the axon, plus ends are oriented distally toward the growth cone.
Depolymerization mainly occurs at the minus end, while a constant cycle of polymerization/
depolymerization takes place at the plus end.”>?

The frequency of polymerization/depolymerization or “rescue/catastrophe” events, as well as
the duration of pauses in between, characterizes the “dynamic instability” of microtubules. The
term dynamic instability describes an intrinsic property of MTs that allows them to switch abrubtly
between phases of elongation and rapid shortening.” MTs are organized in parallel bundles through-
out the axon shaft, and splay out when they enter the growth cone C-domain.'>?* During pauses,
MTs extend loops into the C-domain, and breakage of these loops upon regrowth results in highly
dynamic, small polymers capable to enter the P-domain and associate with actin bundles. Indeed,
while MTs were previously thought to be restricted to the C-domain, recent progress in imaging
techniques has provided evidence for M T-actin interactions within the P-domain. This interac-
tion is fundamental for outgrowth, guidance and branching of the axon.'*>?8 Local stabilization
of MTs is also tightly regulated during these events®® by specific post-translational modifica-
tions on MTs, and by their interaction with specific associated proteins:

Post-Translational Modifications

Post-translational modifications of MTs include detyrosination/tyrosination, acetylation,
phosphorylation, polyglutamylation and polyglycilation (for review see ref. 21). Unmodified
tyrosinated tubulin polymers are enriched in the distal part of the axon, while modified
detyrosinated or acetylated isoforms are found in the proximal part of the axon, on “older” and
stable MTs.?! Although these modifications do not have a direct effect on MT stabilization,?
tubulin modifications are frequently used as markers of MT stability. They may, however,

facilitate localization and interaction of microtubule binding proteins, such as plus end-tracking
proteins (+ TIPS*®) and Microtubule Associated Proteins ( MAPs>35),

Proteins Associated to MTs

Proteins associated to MTs include two groups of proteins that interact with MTs and
regulate their dynamic instability.

Structural MAPs such as MAP1A, MAP1B, MAP2, and Tau, bind, bundle, and stabilize
MTs. Their association with MTs is regulated by post-translational modifications of tubulin, as
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well as their own post-translational modification, such as phosphorylation (for review see ref.
36). MAP:s are particularly abundant in the nervous system, and their subcellular localization is
strictly regulated. Some MAPs are preferentially associated with neuronal processes: MAP2 is
concentrated in dendrites, while tau and MAP1B are mainly found in axons (for review see
refs. 37,38). As a consequence, the spatial distribution of MAPs defines subcellular zones, in
which MTs are more or less stabilized. MAPs are generally important both during development
and in the adult nervous system. Maturation of the nervous system is accompanied by a tran-
sition from MAPs typically cxgressed during the phase of axon growth, to other MAPs charac-
teristic of mature neurons.*® Certain MAPs, such as MAP1B and tau, are present in the
growth cone, and were shown to play an important role in neurite outgrowth from embryonic
neurons in vivo and in vitro.

Other MAPs, identified more recently, %7 act as potent MT destabilizers. Among these are
stathmin and SCG10, members of the same gene family, which are expressed in neurons and
promote MT depolymerization by increasing the rate of catastrophes (for review see ref. 48).
SCG10 and stathmin are considered as growth-associated proteins, and their expression corre-
lates with neurite outgrowth.

Although the dynamic state of MTs has been shown to be important for neurite elongation
and growth cone turning, it is still not clear how MT dynamics are regulated. In fact, MTs are
known to be particularly labile within the growth cone,>* despite the rather high concentra-
tion of MT-stabilizing MAPs, such as MAP1B and tau. Therefore, it has been proposed that
the potent MT destabilizer, such as SCG10, might counteract the activity of stabilizing MAPs,
contributing to the regulation of MT dynamics. 48

Recently, a novel type of MT binding proteins called +TIPs has been identified as being
specifically associated with the distal ends of growing M Ts. These proteins have gained consid-
erable interest with respect to the regulation of MT dynamics and the intracellular transport
via MTs (for ref and review, see refs. 50,51), and also due to their anchorage to actin filaments
and adhesion sites. A few of them have been detected in neurons, namely, cytoplasmic linker
protein-170 (CLIP-170 ), CLIP-115, end-binding protein 1 (EB1) and EB3. Functions of
these proteins in growth cone MTs remains to be determined.

Intermediate Filaments

Neurofilaments (NFs) are the major intermediate filaments in neurons. The NF network is
composed of a NF-L (low molecular weight NE 70 kD) core, associated to NF-M (medium
molecular weight NF, 150 kD) and NF-H (high molecular weight NF, 200 kD) chains.”® The
function of NFs in transport of vesicles, membrane material and organelles has been exten-
sively studied (for review see ref. 54). In contrast, even if NFs are found in the C-domain of the
growth cone, they do not seem to interact with axonal growth and pathfinding. Thus, transgenic
mice lacking axonal NFs are perfectly viable, and do not present any major defect in their
neural connections.>

Molecular Motors

These molecules present a molecular motor domain capable of generating forces on
cytoskeletal polymers by means of ATP hydrolysis. They serve in transporting vesicles back and
forth along the axon shaft, and in addition, can generate forces on the cytoskeleton by moving
polymers relatively to each other.>® Kinesin and dynein proteins are microtubule-dependent
motors and the polarized structure of MTs induces specificity in the direction of motor mol-
ecules. Most kinesins move towards the plus end of MTs, whereas dynein complex moves
towards the minus end (for review see ref. 57). Myosin proteins are actin-dependant motors
and rather move to the plus end of actin filaments.*®

The diverse cytoskeletal proteins expressed in the growth cone act in concert to mediate
axonal growth and pathfinding. They are regulated by extracellular cues, but also by the
axon-intrinsic program. Thus, throughout development and regeneration, the expression of
particular components, and their transport and final localization in the axon are tightly regulated.
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The subsequent assembly of components and their interactions in the growth cone eventually

modulates axonal outgrowth and pathfinding.
Mechanisms of Axonal Elongation

Synthesis of Cytoskeletal Proteins
The bulk of new cytoskeletal proteins is produced in the cell body. Recently, however, there

is increasing evidence for a local synthesis in growing and regenerating axons, at least in small
amounts (estimated at 5% >°), which can play a crucial functional role. Thus, it has been dem-
onstrated that ribosomal proteins, translational initiation factors, and ribosome-bound mRNA
are present in axons. Moreover, protein synthesis occurs even when processes are separated
from their cell bodies.%! The rapidly growing list of identified intra-axonally synthesized
proteins includes cytoskeletal proteins (intermediate filaments as well as actin and tubulin),
heat shock proteins, endoplasmic reticulum proteins, metabolic proteins, anti-oxidant pro-
teins, and proteins associated with neurodegenerative diseases (see ref. 62). When communica-
tion between processes and the cell body is interrupted by axotomy or colchicine treatment,
blocking local protein synthesis in regenerating axons results in rapid retraction of growth
cones, indicating a physiological importance for local synthesis during axonal regeneration® as
well as during development® to respond to guidance factors.

Cytoskeletal Protein Transport

After their synthesis, cytoskeletal proteins have then to be transported to the site of axonal
growth. The first studies on axonal transport were performed in the adult during axonal regen-
eration, and used radio labeled-methionine for tracing of newly synthesized proteins. They
showed a correlation between the rate of axonal regeneration, and the rate of the slow axonal
component (SC*). Tubulin and actin are transported in two peaks, differing in their velocity
and content. In mammals, the slower peak, SCb, is mostly composed of tubulin, while actin
moves faster in association with the SCa peak (reviewed in ref. 65).

The polymerization status of actin and tubulin during their transport, as well as the exact
mechanism of their transport are still unclear and have been much debated in recent years.
Novel methods using fluorescent proteins and time lapse imaging may now yield new insight
into this problem.® Two models have been proposed: The classical “cargo” model assumes that
tubulin and neurofilament polymer transport uses the classical motor molecules. The “sliding
filament” model®”%® suggests that short tubulin polymers can be moved anterogradely on longer
MTs by dynein. NF transport was suspected to be linked to this MT transport with the NF
“piggy backed” on MTs, but recent evidences suggest that it may rather rely on the classical
cargo model.>%8

Less is known about anterograde transport of actin. Myosin seems to be the motor for at
least a subpopulation of para-axially aligned actin filaments.%®

Axonal Elongation

During axonal elongation, 3 phases can be distinguished (reviewed in refs. 16,69): In the
initial protrusion phase, lamellipodia and filopodia extend from the tip of the axon, forming
the growth cone. This phase is mainly governed by actin dynamics, which in turn, are regulated
by Rho family GTPases, but is also modulated by MTs dynamics.” The engorgement phase
that follows protrusion, consists in the invasion of MTs and organelles into the growth cone. It
depends on the dynamic instability of M Ts, since inhibition of these dynamics leads to a reduc-
tion in axonal growth.””!7? During the final consolidation phase, the formation of actin
protrusion stops, and MTs become bundled. This phase probably relies on the activity and
interaction of microtubule- and actin-associated proteins, although it is still not well elucidated.

Axonal elongation is modulated by extracellular factors that the growth cone senses in the
environment. Extracellular guidance cues elicit diverse intracellular signaling cascades. Here
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we will particularly focus on the signaling mediated by Rho-GTPases, as the consequences of
their activation on reorganization of the cytoskeleton has been well characterized.

Regulation of the Cytoskeleton by Extracellular Cues,
Role of Rho-GTPases

Regulation of Rho-GTPases

Rho-GTPases act as “molecular switches” by oscillating between an active, GTP-bound and
an inactive, GDP-bound state. The three best-characterized members of this family are Rho,
Rac and Cdc42. Their regulatory function on the actin cytoskeleton during axon outgrowth
and guidance has been extensively demonstrated (for review see refs. 73-75). Rho, Rac and
Cdc42 are generally considered to regulate formation of stress fibers (actin- and myosin-rich
structures), lamellipodia, and filopodia, respectively.

The activity of Rho-GTPases is itself modulated by three families of factors. GAPs (GTPases
activating proteins) facilitate hydrolysis of GTP by GTPases, and hence favor the inactive,
GDP-binding state of Rho-GTPases.”® GEFs (guanine nucleotide exchange factors) activate
GTPases by facilitating GDP/GTP exchange.”” Finally, GDIs (guanine nucleotide dissociation
inhibitors) inhibit GDP dissociation and maintain GTPases in an inactive state. GEFs/GDIs/
GAPs can be either specific for a given GTPase, or act simultaneously on several molecules.

In addition, Rho-GTPase activity can also be modulated by second messenger cyclic nucle-
otides. Indeed, cAMP-dependent protein kinase A (PKA) reduces Rho-GEF activity,”® while
activating Rho-GDIs.”” RhoA is also directly inhibited upon phosphorylation by PKA.8%8! [n
addition to its action on Rho-GTPases, PKA can directly act on their downstream targets,
including cytoskeletal components (see chapter by Piper et al.).

Binding of permissive or inhibitory factors to their neuronal receprors induces different
signaling cascades, which in turn leads to activation/inactivation of Rho-GTPases. Since Rho,
Rac and Cdc42 may also interact and thereby modulate themselves, it seems that the balance
between the activities of different GTPases, rather than activation of a single group, will con-
trol the axonal response.

After binding to their membrane receptors, repulsive guidance cues activate Rho, while
inhibiting Cdc42 and Rac activity by acting on GTPase modulators (see Fig. 2). For example
ephrines, via Src kinase and RasGAB, inhibit pl 90RhoGAP®% In parallel, the RhoGEF ephexin
is activated, which leads to RhoA activation.

Semaphorins activate Rho and inhibit Rac via a slightly different mechanism. The semaphorin
receptors Plexins are able to directly bind Rac and Rho. This binding then activates Rho, while
it sequesters Rac and inhibits its interaction with its downstream effector Pak.%

In contrast, outgrowth- and regeneration-permissive factors activate Cdc42 and Rac, while
inhibiting Rho. Neurotrophins for example, besides their trophic effect mediating gene tran-
scription in the cell body, activate GEFs via a PI3-K signaling pathway,®*” and thereby Cdc42.
Binding of the neurotrophin receptor p75 to RhoA inactivates this Rho-GTPase, and further
contributes to the attractive effect of neurotrophins.?® Moreover, it has recently been demon-
strated that RhoA-kinase and myosin-II are required for the maintenance of growth cone po-
larity and guidance mediated by nerve growth factor,”” suggesting that localized activation of
different RhoGTPases is necessary for axonal pathfinding,

Effect of Rho-G TPases on the Cytoskeleton

Activation of Rho-GTPases leads to an important cytoskeletal remodeling. Their effects
converge on three main systems: actin polymerization/depolymerization, actin/myosin con-
tractility, and microtubule reorganization, as represented in Figure 2.
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ACTO-MYOSIN
ACTIN CONTRACTILITY

MICROTUBULES

Figure 2. Rho GTPases signalling to the cytoskeleton. Rho-GTPases are controlled via their
associated partners by extracellular cues. Specific effectors mediate actions of Rho-GTPases
onthe cytoskeleton. They focus on three main effects: actin polymerization/depolymerization,
regulation of acto/myosin contractility, and microtubules polymerization/depolymerization/
stabilization.
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Regulation of Actin Polymerization

Upon Cdc42 activation, N-WASP (N-Wiskott-Aldrich related protein), activates the Arp2/
3 factor.”® Arp2/3 stimulates de novo actin polymerization (for review see ref. 91). This factor
is also activated by Rac effectors IRSp53 and WASP related protein SCAR/WAVE,*?

Conversely, actin depolymerization is induced by cofilin/ADF (Actin Depolymerizing Fac-
tor). Cofilin is activated by ghosphatase SSH (slingshot), and inhibited by LIM kinase.” Rac
and Cdc42 activate LIM-K, while Rho and its downstream effector ROCK (Rho-associated
kinase) activate SSH, and as a consequence, promote actin depolymerization.”

Regulation of Acto-Myosin Contractility

Rho activation of ROCK increases myosin contractility by two converging pathways. ROCK
activation induces phosphorylation of myosin light chain 2 (MLC2) by activating myosin light
chain kinase, while at the same time inhibiting myosin light chain phosphatase.”**” An in-
crease in MLC phosphorylation and myosin activity then leads to contraction of the actin
network.

Regulation of Microtubules

Rho-GTPases have been extensively described as actin modulators, but a growing number
of studies also suggest a function in regulation of MT dynamics. In particular, it has been
described that after Rho activation, the formin mDia not only favors actin nucleation,”® but
also stabilizes MTs via TIPS proteins EB1 and APC.” Racl activity hasa MT stabilizin§ effect,
since the Rac effector PAK inhibits the MT-severing protein Stathmin/Op18.'%%1%" These
pathways have mainly been characterized in nonneuronal cells, but we assume that the same or
similar mechanisms should also regulate neuronal cell motility. In neuronal cell lines, the Rho/
ROCK pathway has been shown to induce hyperphosphorylation of two major MAPs, tau and
MAPIB, by GSK3B,'? thereby destabilizing MTs. Interestingly, Rho-GTPase activity is in-
versely regulated by MT polymerization/depolymerization in nonneuronal cells: MT depoly-
merization leads to release of a RhoA activating GEE!% whereas their polymerization activates
Racl by a still unknown mechanism.

This “retrograde signaling” from MTs to Rho-GTPases could be one way of coregulating
MTs and actin dynamics during motile events. Indeed, a strict coordination of actin and MT
systems is required for proper growth cone advance, turning and branching, 222105106 Be_
sides those based on regulatory interactions involving Rho-GTPases, several hypotheses have
been put forward for a model of coupling between actin and MTs (for review sce refs. 2,8,107).
Structural interactions mediated by M T- and actin-binding proteins or protein complexes might
physically couple actin and MT movements (for review and see refs. 8,45). For example, in
addition to their interaction with MTs, some MAPs directly or indirectly interact with actin
filaments. Another hypothesis proposes that actin and MT movements are controlled by the
equilibrium between forces generated by molecular motors on the 2 types of filaments. Accord-
ing to this hypothesis, a balance between backward forces generated by myosin and forward
forces generated by dynein or kinesins should control advance or retraction of the axon.

In summary, during axonal outgrowth, extracellular signals converge on the reorganization
of cytoskeletal proteins, particularly actin filaments and microtubules, and thereby control the
advance of the growth cone. On the other hand, specific expression and intrinsic modification
of cytoskeletal proteins also modulates the neuronal response to extrinsic factors, allowing for
diversity in the response to a specific guidance cue, and underlying the role of the cytoskeleton
as a convergence point during axonal outgrowth.

During the past two decades, a huge amount of data has been acquired detailing the mo-
lecular mechanisms of axon outgrowth and guidance. Today, it seems possible to exploit these
data also in view of a better understanding of phenomena related to axonal plasticity in adult
nervous system. Thus, especially our growing knowledge of how exactly extracellular cues and
intracellular pathways ultimately converge on the axonal cytoskeleton, is of particular interest
for studies of axonal regeneration in the adult following a traumaric lesion.
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Growth Cone of Regenerating Axons

In the adult nervous system, particularly of mammals, understanding why certain types of
neurons regenerate their axons while others do not, may provide clues to establish a therapy for
each type of lesion, be it traumatic, degenerative, or linked to developmental (genetic) anomalies.

In order to regenerate, adult neurons should have the intrinsic capacity to survive a trau-
matic or degenerative lesion, and to activate a cell-autonomous program that will end in plastic
changes in their network. At the same time, this program is influenced by interactions between
neurons and neighboring cells (glia in particular), mediated by cell- and substratum- adhesion
molecules and their receptors, and by a variety of secreted factors into the extra-cellular space.
A number of key players in these regenerative processes have already been identified. However,
the relationship between individual molecular events, especially the triggering of gene expres-
sion and the corresponding cascade of signaling pathways, are still poorly understood. Here we
summarize some relevant findings from studies that were undertaken to understand how the
axonal cytoskeleton is reorganized in response to a lesion, particularly in response to axotomy.

Initiation of Axonal Regeneration after Axotomy

The regeneration of an amputated axon involves the transformation of a stable axonal seg-
ment, ie., a stable structure specialized in propagating action potentials, into a highly motile
and complex tip, a new growth cone, that will sense the surrounding environment and guide
regenerating neurites to their targets. This is a critical step in the process of recovery from
neural injury. Most of the studies on the initiation of the regeneration of damaged axon were
done on Aplysia neurons!®1% where it has been shown that cytoskeleton reorganization pro-
motes a growth cone formation, allowing elongation of a new axon.

Gene Expression Recapitulates Developmental Program

during Axonal Regeneration

In response to injury, such as axotomy, adult neurons shutdown their specific differentated
functions and activate growth program through local intracellular signaling cascade. Coordi-
nated sequence of gene expression is induced for synthesis and transport of proteins that main-
tain axonal plasticity, growth cones are formed and ultimately functional synaptic contacts are
restored. In vertebrates, these events occur only in the peripheral nervous system (PNS). In
contrast, most lesions in the central nervous system (CNS) result in abortive regeneration
associated with decrease in protein synthesis and may ultimately induce atrophy or death. The
coordination of gene expression pattern after axonal injury is complex and is determined by
both intrinsic factors to neurons as well as environment factors.

Cytoskeleton Synthesis in Injury-Induced Axonal Plasticity

The contribution of cytoskeleton proteins to the axonal regeneration process is crucial.
Although several studies on neuronal cytoskeleton were undertaken during the development,
its regulation during axonal regeneration remains poorly understood. Nevertheless, cytoskel-
eton proteins in regenerating axon undergo quantitative and qualitative changes in synthesis,
organization and protein transport, similar to that of growing axon during development.''

In vertebrates, the recapitulation of the developmental cytoskeleton-protein expression has
been mainly demonstrated in the peripheral sensory neurons of the dorsal root ganglia (DRG)
and motor neurons (MN, in the CNS). These neurons are able to regenerate after peripheral
injury.

MN or DRG axotomy is followed by an increase in levels of specific tubulin isoforms, as
well as beta actin and peripherin, while levels of neurofilaments (NF), known to regulate the
axon caliber!!! decrease. The down regulation of NF gene expression was suggested to facilitate
supplying structural elements toward the distal end of the regenerating axon, resulting in a
selective acceleration in the transport rate of tubulin and actin (for review sce ref. 112).
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It is important to note that although the capacity of axonal regeneration is attributed to
PNS neurons, it is now well accepted that, in response to CNS injury, there are some neu-
ronal populations able to initiate an axonal growth program to regenerate. This has been
observed during the first days after axotomy of rubrospinal neurons, where the amounts of
GAP43 and cytoskeleton proteins such actin and tubulin increase. Sustained only in few
neurons, a decrease in these proteins occurs thereafter, associated with neuronal atrophy.!!?
This study demonstrated that for some CNS neurons, the failure to regenerate after axotomy
is not due to the failure to initiate gene-expression changes, but mainly to due to the environ-
ment. Depending on extracellular cues, the signals converge in growth cone on cytoskeleton
protein reorganization to promote axonal regeneration (PNS) or to impede regeneration (CNS).

Following a traumatic lesion, several inhibitory guidance cues are expressed in the CNS and
are partly responsible for the poor regenerative response of axotomized neurons. Besides the
inhibitory effect of these molecules, loss of regenerative capacities in the adult nervous system is
thought to coincide with myelination. Indeed, several inhibitors of regeneration have been de-
scribed on the myelinating cells surface, and, in the adult, contribute to the failure of regenera-
tion in the CNS (for review see ref. 114). Furthermore, the effect of these molecules, as well as
other extracellular factors, on axonal regeneration is modulated by the intrinsic neuronal state.

How Intrinsic Neuronal Properties Control the Success of Regeneration?

cAMP

The best characterized example of intrinsic neuronal state controlling axonal regeneration
comes from demonstration that elevating intracellular cAMP concentration of adult neurons
to reach that of young neurons allow them to regenerate on a central myelin substrate.!'>1!7

Binding of myelin inhibitors to their receptors induces, tepulsive guidance cues during
development, an elevation of Rho activity via a RhoGDL '8 The exact mechanisms by
which myelin inhibitors inhibit axonal regeneration are still unclear, but probably involve, as
during the development, an actin depolymerization/contraction and a MTs destabilization.
The precise effect of cCAMP in overcoming myelin inhibition is not known. However, for a
short phase, PKA action on Rho-GTPases may explain a part of the mechanism (see above). A
second, transcription-dependant phase is induced by CREB activation. The multiple targets of
this transcription factor are unknown, but one can reasonably consider that it may include
cytoskeleton proteins. Moreover, it has been demonstrated that CREB activation leads to
polyamines synthesis, which are known to modulate the cytoskeleton.'?!122

Cytoskeleton Associated Protein, GAP43/CAP32

One of the first and best studied example of a cytoskeletal regeneration-associated protein is
GAP43, a phosphoprotein associated with growth cones, whose expression is also induced in
adult regenerating axons (for review see ref. 123). GAP43 is one of the final targets of calcium
signals. GAP43 is an actin capping protein that blocks microfilament elongation and appears
to be an important regulator of growth cone motility during development. Phosphorylation of
GAP43 by the protein kinase C (PKC) affects its interaction with actin filament and might
therefore trigger actin polymerization and hence regulating axonal outgrowth (for review see
ref. 135). Furthermore, it plays a significant role in regeneration, together with CAP23, a
functionally related protein that is also upregulated by injury (ref. 124 and references therein).

Cytoskeleton Associated Protein, MAP1B

Several studies strongly suggest an axon growth-related function of MAP1B that is regulated
by phosphorylation (for review see ref. 38). Although generally down-regulated in the adult,
MAP1B is constitutively highly expressed in adult DRG and MN. After sciatic nerve lesion, the
phosphorylated forms of MAP1B (MAP1B-P) is enriched in the more distal portion of the axon
and is associated with peripheral regeneration of these neurons.'*>'? In adulc CNS, axonal
MAP1B-P remains detectable in areas that retain axonal plasticity,'?”' 2 and can also be reinduced
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in'ingl]ry-induced axonal rcorgaflization.lm’mo A(‘iult DRG from MAP1B null allele mutant
mice " are able to regenerate their axons but exhibit two main abnormalities: (1) the number of
terminal and collateral branching is significantly increased and (2) the turning capacity of growth
cones, i.e., “choice” of a proper orientation, is impaired.”> In developing neurons, both growth
cone turning'% and axonal branch formation® are known to involve local cross-talk between
actin and M Ts. MAP1B capacity to bind both actin filaments and microtubules'>*'* suggests
that MAP1B is involved in the locally coordinated assembly of cytoskeleton components re-
quired for branching and straight directional axon growth.> The developmental role of
cytoskeleton-associated proteins in the organization of the cross-talk between MTs and
actin-filaments® appears thus to be maintained during axonal regeneration in the adult.

In conclusion, it seems evident that most, if not all signaling cascades triggered by extracel-
lular stimuli converge onto the cytoskeleton. The subsequent reorganization of actin-filaments
and microtubules is a complex phenomenon, and involves numerous cytoskeleton-associated
proteins, whose function is fine-tuned via activation or inhibition of particular signaling path-
ways. Specific expression of some of these cytoskeleton-associated proteins in the neuronal
growth cone may, at least in part, explain some unique features of this motile structure. Further
studies, such as the one examining the coordinated cross-talk between actin filaments and
microtubules during axonal branching and growth cone guidance to the appropriate target,
will help determine the precise molecular mechanisms of axonal growth.

In contrast to neural development, the pathways inolved in triggering cytoskeletal reorgani-
zation during regeneration are less well known, and this field of research is attracting great
interest. Indeed, the ability of regenerating axons to respond to extracellular signals present in
their environment depends on both the intrinsic neuronal state, and the presence (or absence)
of specific cytoskeleton-associated proteins. It may be particularly interesting to determine a
potential central convergence point of inhibitory extrinsic signaling. Modulating the intrinsic
state of the neuron, and the response of the cytoskeleton to environmental factors, may provide
clues for search of therapeutic targets to promote axonal regeneration after injury.
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CHAPTER 2

Netrins and Their Receptors

Simon W. Moore, Marc Tessier-Lavigne and Timothy E. Kennedy*

Abstract

etrins are a family of proteins that direct cell and axon migration during development.
NThree secreted netrins (netrin-1, -3 and -4) have been identified in mammals, in

addition to two GPI-anchored membrane proteins, netrin-G1 and G2. Orthologues of
netrin-1 play a highly conserved role as guidance cues at the midline of the developing CNS of
vertebrates and some bilaterally symmetric invertebrates. In vertebrates, floor plate cells at the
ventral midline of the embryonic neural tube secrete netrin-1, generating a circumferential gradi-
ent of netrin protein in the neuroepithelium. This protein gradient is bifunctional, attracting
some axons to the midline and repelling others. Receptors for the secreted netrins include DCC
(deleted in colorectal cancer) and the UNC5 homologues: UNC5A, B, C and D in mammals.
DCC mediates chemoattraction, while repulsion requires an UNC5 homologue and, in some
cases, DCC. The netrin-G proteins bind NGLs (netrin G ligands), single pass transmembrane
proteins unrelated to either DCC or the UNC5 homologues. Netrin function is not limited to
the developing CNS midline. Various netrins direct cell and axon migration throughout the
embryonic CNS, and in some cases continue to be expressed in the mature nervous system.
Furthermore, although initially identified for their ability to guide axons, functional roles for
netrins have now been identified outside the nervous system where they influence tissue morpho-
genesis by directing cell migration and regulating cell-cell and cell-matrix adhesion.

Introduction

The discovery of netrins can be traced back to insights provided by Santiago Ramén y Cajal
at the end of the 19th century, when he proposed that axons may be guided by diffusible cues.'
Upon observing, in fixed sections, the projections of spinal commissural neuron axons towards
the ventral midline of the embryonic spinal cord, he hypothesized that floor plate cells at the
midline secreted a diffusible cue that established a chemotropic gradient in the neuroepithe-
lium (Fig. 1A). Direct evidence of chemotropic axon guidance began to accumulate in the
1980s through single cell turning assays and coculture of explanted embryonic neural tissue.?
Notably, explants of embryonic rat spinal floor plate, when cultured aca dlstance from explants
of dorsal spinal cord, evoked commissural axon outgrowth (Fig. 1D),3 and an ectopic floor
plate cocultured alongside an embryonic spinal cord attracted commnssural axons, deflecting
them away from their normal dorsal-ventral trajectory (Fig. 1E).* These findings provided
strong evidence for the existence of a chemotropic axon guidance factor(s) secreted by the floor
plate.

In parallel, studies in the nematode Caenorhabditis elegans identified genes required for
circumferential axon guidance.>® One of the genes identified, #nc-6, encoded a secreted
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Neurological Institute, McGill University, 3801 University Avenue, Montreal, Quebec,
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Figure 1. Netrins are important midline axon guidance cues: A) Netrin-1 secreted by the floor
plate (FP) attracts commissural neuron (CN) axons and repels motoneuron (MN) axons from
the ventral midline. B) During early neural development in C. elegans, axons are guided
towards and away from a row of epidermoblasts (EB) expressing the netrin homologue UNC-6
at the ventral midline. C) Netrin-A and -B emanating from midline glia guides commissural
(CN) axons to and segmental nerve (SN) axons away from the D. melanogaster midline. D)
Embryonic spinal commissural axon outgrowth assay: An explant of dorsal embryonic rat
spinal cord containing the commissural neuron cell bodies is embedded in a collagen matrix.
Inthe absence of a source of netrin-1, such as the floor plate, the extending axons remain within
the explant. In the presence of netrin-1, the axons emerge from the explant and grow into the
collagen. E) Embryonic spinal commissural axon turning assay: A segment of embryonic rat
spinal cord is embedded into a collagen matrix and an explant of the floor plate is grafted onto
one end. Neurons within ~250 um of the ectopic floor plate turn away from their normal dorsal
to ventral trajectory and grow toward the grafted floor plate. F) Netrin-1, expressed at the optic
nerve head, is required for retinal ganglion cell (RGC) axons to exit from the retina into optic
nerve. G) Netrin and its receptors DCC and UNC5C are required for the decussation of the
corticospinal tract at the spinal medulia boundary. H) In the mature mammalian CNS, netrin-1
is focalized to periaxonal myelin suggesting a role regulating interactions between axonal and
oligodendroglial membranes. Panels A, D, E and H have been reprinted from Current Opinions
in Neurobiology 16:529-534 with permission from Elsevier, ©2006.'%*
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protein with sequence homology to laminins.” In 1994, using commissural axon outgrowth
from explants of embryonic rat dorsal spinal cord as a functional assay, two proteins were
putified from homogenates of embryonic chick brain and discovered to be homologous to
UNC-6.8 They were named netrin-1 and netrin-2 based on the Sanskrit word ‘netr’ meaning
‘one who guides’. Netrin-1 is expressed by floor plate cells’ and forms a gradient in the spinal
neuroepithelium as commissural axons extend to the floor plate.!® Engineering an aggregate
of cells to express either netrin-1 or netrin-2, mimicked the commissural axon guidance activ-
ity of the floor plate (Fig. 1D-E).? Identification of the mouse ortholog of netrin-1, and
generation of netrin-1 mutant mice, demonstrated that netrin-1 is essential for appropriate
spinal commissural axon extension in the embryonic spinal cord.!! In parallel, C. elegans
unc-G was shown to be expressed at the ventral midline.'? and to function as a long-range
midline attractant guidance cue.'> Furthermore, two netrins, Netrin-A and Netrin-B, were
implicated in midline attraction in Drosophila,"*'> although in this case netrin mediated
attraction is apparently only essential at short-range close to the midline.!® Thus, a century
after chemotropic mechanisms were proposed to direct axon guidance, netrins were identi-
fied as diffusible chemotropic cues that guide spinal commissural axon extension, with ho-
mologues implicated in long- and short-range guidance in worms and flies. Netrins are now
known to function not only as attractants, but also as repellents, and to be essential for the
development of numerous axonal tracts.

Netrin Structure

Netrins are highly conserved in the course of animal evolution. llustrating this, a netrin
homologue has recently been identified in the sea anemone Nematostella vectensss, an organism
thought to exhibit some of the earliest hallmarks of bilateral symmetry (Fig. 2A)."” Vertebrate
species express the secreted netrins, netrins 1-4, and two related GPI-anchored membrane
proteins, netrin-G1 and -G2 (Fig. 2A). All netrins are composed of approximately 600 amino
acids, and have a molecular mass of approximately 70 kilodaltons. They share two characteristic
amino terminal domains, V and VI, that are homologous to domains V and VI found at the
amino terminal ends of laminins (Fig. 3A). Laminins are large secreted heterotrimers made up
of a, B, and y subunits.'® Domains V and VI of netrin-4 and netrin-Gs are most similar to f
subunits of laminins, while those of netrins 1-3 are more similar to the y subunits (Fig. 3C).1°

Netrins 1, 3, 4, G1 and G2 are expressed in mammals, including rats, mice and humans,
whereas orthologues of netrin-2 have thus far only been identified in chicken® and zebrafish.°
The amino acid sequences of netrins 1-3 are highly similar (Fig. 3C) and, consistent with this,
cellular sources of any of these proteins mimic the chemoattractant function of the floor
plate.*¥?! The sequences of netrin-4 and netrin-Gs are substantially divergent, notably exhib-
iting a higher degree of homology to laminins than to netrins 1-3 (Fig. 3C).?>%* Orthologues
of netrin-4 or the netrin-Gs have thus far only been found in vertebrates, while orthologues of
netrins 1-3 have been identified in distantly related animals, including the nematode worm C,
elegans,” the flatworm Schmidea mediterranea,™ the fruit fly Drosophila melanogaster,'*'> the
leech Hirudo medicinalis” and the sea anemone Nematostella vectensis (Fig. 2A)."

In laminins, domain VI, approximately 300 amino acids in length, is capable of binding
heparin, cell surface receptors and ECM proteins®?’ and is required for calcium-dependent
multimerization between laminin molecules.?* Mutational studies carried out in C. elegans
indicate that domain V1 of netrin s critical for both axon attraction and repulsion.®! The motif
SXDXGXS/TW is present in domain VI of all netrins and mutation of these residues in the C.
elegans netrin UNC-6 disrupts guidance functions.'>! Interestingly, only the B subunits of
laminin contain this motif. This is noteworthy because, as described above, netrins 1 through
3 are most homologous to the y chain. Domain VI of netrins 1-3 also contains two cysteine
residues not present in other netrins or laminins. One of these cysteines replaces a tryptophan
that is strictly conserved among laminin subunits.'” Domain V of netrins contains three tan-
dem arrays of cysteine-rich epidermal growth factor (EGF) repeats named V-1, V-2 and V-3,
and is approximately 150 amino acids in size.” Mutation of domain V-3 in the C. elegans netrin
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Figure 2. Netrins and their receptors in various organisms: A) Evolutionary tree diagram highlight-
ing the presence of netrin homologues in a wide variety of bilaterally symmetrical organisms. B)
Netrin 1-3 receptors (DCC and UNC5) and the netrin-G receptors (NGL) in various organisms.

UNC-6 disrupts attractant mechanisms, whereas repulsion is lost following mutation of either
V-2 or V-3 domains.'>>!

Netrins 1-4 contain a conserved carboxyl terminal domain, domain C (Fig. 3A), that hasa
predicted a-helical secondary structure and is homologous to domains found in the comple-
ment C3, 4 and 5 protein family (CC3, 4 and 5), secreted frizzled-related proteins (sFRP), type
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Figure 3. Netrin and netrin receptor structure: A) All netrins contain amino terminal domains
Vand Vlrelated to corresponding amino terminal domains of laminins. Domain V is composed
of cysteine-rich epidermal growth factor (EGF) repeats. Domain C in secreted netrins contains
many positively charged, basic residues. B} DCC and UNC5 are receptors for netrin-1 to -3.
NGL1 and NGL2 are receptors for netrin-G; and -G, respectively. C) Tree illustrating a phy-
logenetic relationship based on sequence of the VI and V domains in human netrins and
laminins. D) Phylogenetic tree based on human protein sequences refated to the C domain of
netrin-1 (see text for details). Panels A and B have been reprinted with permission from ‘A830:
Netrins’ in the Encyclopedia of Life Sciences by John Wiley & Sons, Ltd.

1 C-proteinase enhancer proteins (PCOLCEs) and tissue inhibitors of metalloproteinases
(TIMPs) (Fig. 3D). Deletion of domain C from UNC-6 netrin in C. elegans does not appear to
disrupt axon guidance, although increased axon branching has been detected.>* Most netrin-1
protein in the vertebrate CNS is not freely soluble, but bound to cell surfaces or extracellular
matrix.*3* A notable feature of the netrin C domain is that it contains many basic amino
acids. It has been hypothesized that these may bind to negatively charged sugars associated
with proteoglycans on cell surfaces, such as heparin sulfate proteoglycans and chondroitin
sulfate proteoglycans.®3>3 Presentation of netrins closely associated with cell surfaces may be
a common mode of action in the netrin family. Although the C domain is not conserved in the
netrin-Gs, a C terminal GPI-link anchors them to cell surfaces.



22 Axon Growth and Guidance

Functional Roles for Netrins during Nervous System Development

During embryogenesis in C. elegans and D. melanogaster, secretion of the netrin UNC-6
and netrins A/B respectively, are essential for orienting cell and axon migration with respect to
the ventral midline of the developing nervous system (Fig. 1B,C).%”"38 Similarly, netrin-1
expressed by the floor plate in mouse plays an essential role directing axon extension relative to
the ventral midline of the embryonic spinal cord. Netrin-1 deficiency in mouse also disrupts
the formation of major axon projections to the midline in brain, including the corpus callosum
and hippocampal commissure,'" indicating that numerous axon tracts require netrin-1 to cross
from one side of the CNS to the other. Acting as a repellent, netrin-1 directs axon extension by
subsets of motoneurons, including; trochlear motoneurons,® cranial motoneurons® and spi-
nal accessory motoneurons.*!

Away from the midline, netrin-1 expression at the optic nerve head is required for the axons
of retinal ganglion cells to exit the retina and enter the optic nerve (Fig. 1F).® Netrin-1 is also
implicated in the guidance of dopaminergic axons within the ventral midbrain,*? in the thalamo-
cortical projection,* as well as in the formation of axon projections within the hippocampus.®>

In contrast to netrin-1, the function of other netrin family members in vertebrates is
relatively poorly understood. Netrin-3 can mimic the ability of netrin-1 to attract spinal
commissural axons and repel trochlear motor neuron axons in vitro,”! however, netrin-3
expression in the spinal cord begins after the initial commissural axons have pioneered the
path to the floor plate. Netrin-3 is, however, expressed in dorsal root ganglia in the develop-
ing PNS, and by mesodermal cells that may influence axon guidance to peripheral targets.*
Netrin-4 is widely expressed in the developing nervous system, including in the olfactory
bulb, retina, dorsal root ganglia, as well as by cerebellar granule, hippocampal, and cortical
neurons.?? In the developing spinal cord, a relatively low level of netrin-4 is expressed adja-
cent to floor plate cells; however, like netrin-3, this begins after the first commissural axons
have crossed the midline. Both netrin-G1 and -G2 are expressed primarily by neurons, with
very limited expression outside the nervous system.”># Netrin-G1 is expressed in the dorsal
thalamus, olfactory bulb and inferior colliculus, whiie netrin-G2 is expressed in the cerebral
cortex. Netrin-G1 gene mutations in humans produce symptoms similar to Rett syndrome,
characterized by normal early development followed by loss of purposeful use of the hands,
distinctive hand movements, slowed brain and head growth, gait abnormalities, seizures,
and mental retardation. Netrin G1-deficient mice have no obvious abnormalities in gross
anatomy and neural circuitry, but exhibit altered synaptic responses and defects in sensorimotor
gating behavior.*” These findings led to the suggestion that the major role for netrin-G
proteins may be in the maturation, refinement, and maintenance of synapses, rather than
axonal outgrowth and guidance. Consistent with this, the netrin-G receptor NGL-2 influ-
ences the formation of glutamatergic synapses through an interaction with the post-synaptic

scaffold protein PSD-95.%°

Netrin Signal Transduction

The signal transduction mechanisms regulated by netrins are currently the subject of in-
tense scrutiny. The majority of the studies carried out have focused on the role of netrin-1 as a
chemoattractant axon guidance cue and comparatively litte is known regarding signal trans-
duction by other netrins. The following provides an overview of signal transduction events
implicated in the response to netrin-1, for a detailed (for a detailed review see ref. 51,52).

Netrin receptors in vertebrates include DCC (deleted in colorectal cancer), the DCC
paralogue neogenin, and four UNC35 proteins, UNC5A-D (Fig. 2B). Although DCC, neogenin,
and the UNCS proteins all bind netrin-1, the majority of studies of netrin signaling have
focused on DCC. Attractant responses to netrin-1 require DCC. In contrast, repellent re-
sponses require expression of an UNCS protein, with coexpression of DCC in some cases.
Interestin%l!, neogenin also interacts with a GPI-linked protein called Repulsive Guidance
Molecule.
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Netrin-1 Mediated Chemoattraction

Une-40 encodes the C. elegans orthologue of DCC.5% C. elegans unc-40 mutants predomi-
nantly exhibit defects in ventrally-directed migration of cells and axons, in contrast to #nc-6
(metrin) mutants in which migrations both toward and away from the ventral midline are dis-
rupted. Consistent with the unc-40 mutant phenotype in the nematode, application of DCC
function blocking antibodies to explants of embryonic mouse spinal cord blocked netrin-1
induced commissural axon outgrowth.>® Furthermore, dec gene knockout produced a pheno-
type very similar to that generated by loss of netrin-1 function, including loss of the spinal
ventral commissure, corpus callosum and hippocampal commissure.”

The extracellular domain of DCC is composed of six fibronectin type 3 (FN3) repeats and
four immunoglobulin (Ig) repeats (Fig. 3B). The DCC FN3 domains are implicated as netrin-1
binding sites, but exactly which FN3 domain binds netrin-1 remains controversial.”’*>* The
DCC intracellular domain has no known intrinsic catalytic activity, but contains several putative
protein binding and phosphorylation sites. Based on particularly strong identity berween DCC
family members, three regions of the intracellular domain of DCC, termed domains, P1, P2
and P3, have been identified (Figs. 3B and 4A).% The P1 domain is a highly conserved 17
amino acid motif, the P2 domain is rich in proline residues, containing four PXXP putative
SH3 domain-binding motifs (Fig. 4A), and the P3 domain contains several highly conserved
possible phosphorylation sites.

The ability of a cue to attract axon growth is thought to reflect its capacity to regulate
membrane protrusions made by the growth cone. Rho GTPases are a family of intracellular
proteins that coordinate cytoskeletal organization and adhesive interactions.! In particular,
the activation of the Rho GTPases Rac and Cdc42 has been shown to be essential for attractant
responses to a number of guidance cues,*>*? including netrin-1.%% The exact sequence of
events linking DCC to Rho GTPase activation, and their downstream effectors, remains unclear.
Multimerization of the DCC P3 domain following binding to netrin-1 is implicated as an
initial event in mediating chemoattraction.®*” The DCC intracellular domain associates with
the adaptor protein Nck1,% the tyrosine kinases Fak® and Fyn,” the serine/threonine kinase
Pak,% as well as the actin binding proteins Ena/Vasp”' and N-WASP® In addition to Rac and
Cdc42 activation, application of netrin-1 leads to production of phosphoinositides by recruit-
ment of phosphatidylinositol transfer protein-a,’”? activation of phosphatidylinositol-3 kinase,”
and the breakdown of phosphoinositides by phospholipase C into IP3 and diacylglycerol
(DAG).”? IP3 promotes intracellular calcium release from intracellular stores and DAG activates
protein kinase C.”* Supporting a role for IP3 production in netrin-1 mediated chemoattraction,
elevating intracellular calcium is required for turning to netrin-1.”> Notably, such calcium
increases can contribute to Rac and Cdc42 activation.”® Figure 4C presents a speculative model
of how these events may contribute to netrin-1 mediated axonal chemoattraction.

Netrin-1 Mediated Chemorepulsion

UNCS5 netrin receptors were first implicated as mediators of repellent responses to the
netrin UNC-6 from studies in C. elegans.®”7 Unc-5 mutants exhibit defects in dorsally-directed
migrations, away from the ventral midline source of UNC-6 netrin, and misexpression of
unc-5 by neurons caused their axons to be redirected along a dorsal trajectory.”” Asin C. elegans,
asingle UNCS family member has been identified in D. melanogaster.3® Four have been found
in mammals: UNCSA, B, C and D (Fig. 2B).”88! UNCS5s are composed of two extracellular IS§
domains, that bind netrin, and two extracellular Tsp (thrombospondin) domains (Fig. 3B).
The UNCS5 intracellular domain is made up of three conserved domains: a ZU5 domain, a
DCC-binding (DB) domain and a death domain (DD, Fig. 3B). The function of the ZU5
domain is unknown, however it is homologous to a sequence in the scaffolding protein Zona
Occludens-1 found at tight junctions.®?
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Figure 4. Model of netrin signal transduction: Amino acid sequences of the intracellular
domains of human DCC (A) and UNCS5A (B). Amino acids conserved between C. elegans, X.
laevis and humans are in bold capital letters. Assigned domains are lightly shaded, while WW
class IV motifs (PSP) are more darkly shaded. Core SH3 PXXP motifs are underlined. Panel C
and D summarize signaling events involved in attractive and repellent responses, respectively
(see text for details). Panels A and B have been reprinted with permission from ‘A830: Netrins’
in the Encyclopedia of Life Sciences by John Wiley & Sons, Ltd.

Studies in worms, flies and vertebrates suggest that long-range repulsion to netrin requires
the cooperation of UNCS5 and DCC, but that UNCS5 without DCC is sufficient for short-range
repulsion. % Although the reason for this difference is not clear, it may be the case that DCC
and UNCS together form a more sensitive netrin receptor complex that is able to respond to
lower concentrations of protein found at a greater distance from a source of netrin secretion. At
long-range, direct association between the cytoplasmic domains of UNC5 and DCC appears
to be essential. %33 While mediating short-range responses to netrin independently of DCC,
genetic studies in C. elegans have stressed the importance of the region between UNCS5 cyto-
plasmic ZU5 and DD domains.? Several proteins have been proposed to interact with UNC5
family members in mediating a repellent response, including: the tyrosine kinase Srcl, the
tyrosine phosphatase Shp2,® the F-actin anti-capping protein Mena,® the structural protein
ankryn, and the adaptor protein Max1.%” Repellent responses to netrin-1 are thought to in-
volve tyrosine phosphorylation of UNC5’s intracellular domains at multiple sites.®> Figure 4D
outlines a speculative model of the intracellular events occurring during short and long-range
repulsion.
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Regulating the Response to Netrin-1

Growth cones respond rapidly to local guidance cues and exhibit substantial autonomy
from the neuronal cell body. Growth cones react to netrin along a continuum that ranges from
repulsion to unresponsiveness to attraction. The mechanisms that control this shift in netrin
responsiveness are just beginning to be understood.

Many of the factors shown to regulate the response of growth cones to netrin can be corre-
lated with changes in the expression of either UNC5 or DCC. At the transcriptional level,
mis-expressing the homeobox transcription factor even-skipped in D. melanogaster resulted in
disruption of unc5 expression and motoneuron axon guidance defects.® Local protein synthe-
sis within the growth cone is required for chemoattraction of cultured X. levis neurons to
netrin.*” The newly synthesized proteins have been suggested to influence either the recovery
of growth cones from desensitization, or netrin signal transduction directly.”® Conversely, DCC
function is negatively regulated by proteolysis, including both extracellular metalloproteinase
implicated in shedding of the DCC ectodomain,”’ and ubiquitination of the DCC intracellu-
lar domain through an interaction with Siah-1, a RING domain containing protein that pro-
motes DCC degradation via the ubiquitin-proteasome pathway.”>%? In mammals, the intracel-
lular domains of UNCS proteins are substrates for caspases.

Intracellular concentrations of cyclic nucleotides are key regulators of growth cone respon-
siveness to several guidance cues (see Chapter 10 for further discussion). Manipulating the
intracellular concentration of cCAMP, thereby activating protein kinase A (PKA), regulates the
response of growth cones to netrin-1. Initial experiments demonstrated that axons of cultured
X laevis spinal neurons attracted to a pipette puffing netrin-1, were instead repelled when PKA
was inhibited.”® These studies led to the proposal that PKA can control the direction of growth
cone turning by regulating intracellular signal transduction pathways downstream of netrin-1.
PKA activation has been shown to selectively recruit DCC from an intracellular vesicular pool
to the plasma membrane of commissural neuron growth cones, and the increased levels of
DCC potentiate the outgrowth and turning response of these neurons to netrin-1."%’ Inter-
estingly, activation of protein kinase C (PKC) induces endocytosis of UNC5 homologues re-
sulting in cultured cerebellar granule cell neurons switching from chemorepellent to
chemoattractant responses to netrin-1.”® These findings suggest that extracellular factors that
regulate PKA and PKC will influence axon outgrowth by determining which receptors are
presented by the growth cone.

Other Potential Netrin Receptors

Other receptors, in addition to DCC and UNCS5 proteins, have been suggested for netrins
1-3. The G-protein coupled adenosine receptor, A2B, was reported to bind netrin-1 and
cooperate with DCC in spinal commissural axon guidance.” However, subsequent studies
provided evidence that A2B is neither expressed by these neurons nor required for commis-
sural axon guidance in response to netrin-1.%” The a6p4 and a3p1 integrins bind netrin-1
and these interactions have been implicated in the development of the pancreas.'® Given
the homology of the N-terminus of netrin-1 to laminins, it might be predicted that netrins
would bind integrins through N-terminal domains; but surprisingly a683 and a31 integrins
interact with a highly charged sequence of basic amino acids at the C-terminus of netrin-1
that is not homologous to laminins. While these findings raise the exciting possibility that
integrins may function as netrin receptors in other contexts, the significance of netrin-integrin
interactions in vivo remains to be demonstrated. In contrast ro the secreted netrins, netrin-Gs
bind transmembrane proteins called the netrin-G ligands (NGL) (Fig, 3B) and netrin-Gs do
not appear to interact with DCC, neogenin, or the UNCS5 proteins. 24101

Netrin in the Adult Nervous System
Netrins and netrin receptors are expressed in the adult vertebrate nervous sys-
tem, 122242533 102108 Nieyrin. | is expressed by many types of neurons and by myelinating
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glia: oligodendrocytes in the CNS?3 and Schwann cells in the PNS.'%>!%7 Sybcellular fraction-
ation of CNS white matter indicated that netrin-1 is enriched in periaxonal myelin membranes
(Fig. 1H),» suggesting that it may normally mediate interactions between axonal and oligo-
dendrocyte membranes. Expression by mature myelinating oligodendrocytes raises the possi-
bilicy that netrin-1 may influence axon regeneration. Notably, netrin-1, DCC and UNCS5s
influence the development of the corticospinal tract, which transmits information controlling
voluntary limb movements, suggesting that netrin-1 might play an important role following
spinal cord injury (Fig. 1G)."**"'® During maturation of the mammalian sginal cord, DCC
expression is downregulated, while UNC5 homologue expression increases,'* indicating that
UNCS repellent signaling may be the dominant response to netrin in the adult spinal cord.

An examination of the consequences of spinal cord injury in the adult rat found that levels
of netrin-1 mRNA and protein were substantially reduced at the site of injury itself, and this
decreased expression persisted for at least 7 months.!'! Netrin-1 was not associated with the
glial scar, but netrin-1 was expressed in an apparently normal distribution by neurons and
oligodendrocytes adjacent to the lesion. The expression of DCC and UNCS5 proteins was also
reduced after injury. Although DCC expression remained low, UNCS5 expression recovered
and subsets of neurites adjacent to the lesion exhibited elevated UNC5 immunoreactivity.
These findings are consistent with earlier studies carried out in the optic netve, indicating that
both DCC and UNCS5B continue to be expressed by retinal ganglion cells following axotomy,
albeir at reduced levels, as their axons attempt to extend along either the injured optic nerve
itself or into a growth permissive peripheral nerve graft. %17 While a role for netrin-1 in axon
regeneration remains to be demonstrated directly, these findings suggest a role for netrin-1 asa
component of CNS myelin that inhibits axon regeneration by neurons expressing UNCS5 fol-
lowing injury.

Although the functional significance of netrin-1 expression in the adult CNS remains un-
known, an intriguing hypothesis is that netrins may contribute to maintaining appropriate
connections in the intact CNS by restraining inappropriate axonal sprouting. A consequence
of this may be that netrins subsequently inhibit the reestablishment of connections following
injury. In line with this hypothesis, studies carried out in lamprey, a primitive vertebrate with
the ability to recover significant function following spinal cord transaction,''? indicate a corre-
lation between UNCS5 expression and poor axonal regeneration following lesion.''® Impor-
tantly, it may be possible to reverse such an inhibitory role for netrin in the adult mammalian
CNS by manipulating cAMP levels within regenerating axons. As described above, increasing
cAMP converts netrin-mediated repulsion to attraction, and encouraging findings indicate
that increasing the concentration of cAMP in neurons promotes axon regeneration in the ma-
ture CNS following injury.!'#11>

Conclusion and Perspectives

Since their discovery a little over a decade ago, significant insight has been gained into
netrin function. Extending axons have been found to be directed by netrins in multiple con-
texts. Netrins also direct the migration of numerous cell types during development, including:
inferior olivary,''® basilar pontine'!” and LHRH neurons,''® as well as, striatal neuronal pre-
cursors,'!? cerebellar granule cells,'?” spinal accessory neurons®! and oligodendrocyte precur-
sor cells.'?122 An exciting new avenue of research has identified roles for netrins in the mor-
phogenesis of a variety of tissues.?*!2 Netrins are now img)licated in the development of the
lung,'2>12% mammary gland'?” and vascular networks.'?°! Although aspects of this work is
in its initial stages, the studies described here identify roles for netrins in axon guidance, cell
migration, tissue morphogenesis, and the maintanance of appropriate cell-cell interactions,
supporting the conclusion that netrins influence development in a broad range of biological
contexts.
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Eph Receptors and Ephrin Ligands
in Axon Guidance

Michael Reber,* Robert Hindges and Greg Lemke

Introduction

he Eph tyrosine kinase receptors (a receptor family named for the expression of Eph in

an erythropoietin-producing human hepatocellular carcinoma cell line) make up the

largest family of receptor tyrosine kinases. In vertebrates, 14 Eph recepror members
have been identified, divided in two sub-groups, the EphAs (EphAl to A8) and EphBs (EphB1
to B6). Their nine membrane-bound ligands, the ephrins, are also subdivided into the ephrin-As
(ephrin-Al to A6) and ephrin-Bs {ephrin-B1 to B3). The first Eph receptor (EphAl) was
identified in 1987, whereas the ephrin ligands were cloned in the mid-90s.' Eph receptors and
ephrins have been found in all animal sgecies analyzed so far, from C. elegans to humans, and
are highly conserved through evolution.” Ephs and ephrins are involved in numerous develop-
mental processes, such as boundary formation, angiogenesis and cell migration, Within the
nervous system, Eph signaling regulates the migration pattern of neural crest cells, the bound-
ary formation berween hindbrain segments (thombomeres), the proper formation of the corti-
cospinal tract, the establishment of neural topographic maps and the formation and functional
properties of neuronal synapses.'>® It is therefore not surprising that nature built a compli-
cated and detailed network of proteins interacting with each other to fine tune each of these
important processes. The identity of the receptor or ligand molecule is as important as the
structure of the receptor-ligand complex to activate a specific signaling pathway and ultimately
elicit the right cell decision.

Molecular Structure

Eph Receptors (Table 1)

In general, all Eph receptors are composed of conserved structural domains, including an
extracellular domain (between 500 and 600 amino acid - aa), a transmembrane domain of ~20
aa and a cytoplasmic domain of 430 aa. Their extracellular domains include a unique N-terminal
ephrin-binding domain forming a globular B-barrel, a cysteine-rich region with 19 conserved
cysteines that includes an EGF-like region and two fibronectin type III repeats. The cytoplas-
mic part contains an uninterrupted tyrosine kinase domain and several protein-protein inter-
action modules including SH2-docking sites, a sterile-a-motif (SAM) and a C-terminal PDZ
binding motif (Fig. 1A).

*Corresponding Author: Michael Reber—INSERM U.575, Centre de Neurochimie, 5, rue Blaise
Pascal, 67084 Strashourg, France. Email: Michael.reber@inserm.u-strasbg.fr

Axon Growth and Guidance, edited by Dominique Bagnard. ©2007 Landes Bioscience
and Springer Science+Business Media.




Eph Receptors and Ephrin Ligands in Axon Guidance 33

Ephrin-binding domain

Cysteine-rich region

Eph-binding domain — Eph-binding domain

r
—

Fibronectin Il repeats
Juxtamembrane
e

region ./>
POZ domain
Kinase domain
i
SAM domain M
W/
~
PDZ domain @
A: EphA/B receptors B: Ephrin-A ligands C: Ephrin-B ligands
(EphA1 to AB) (ephrin-A1 to AB) (ephrin-B1 to B3)
(EphB1 to B6)

Figure 1. Structure of the membrane-bound Eph receptors and ephrin ligands.

Table 1. Mouse Eph receptors

Gene Name mRNA (kb) Amino Acid Protein (kD)
EphAT1 3.2 977 108
EphA2 39 977 108
EphA3 3.9 983 109
EphA4 5.5 986 109
EphA5 4.3 877 97
EphA6 3.9 1035 116
EphA7 4.3 998 111
EphA8 4.7 1004 110
EphB1 4.6 984 109
EphB2 4.8 994 110
EphB3 4.1 993 109
EphB4 4.2 987 108
EphB5 nd nd nd
EphB6 3.6 1014 110

nd, not determined.

Epbrin Ligands (Table 2)

Ephrin ligands share a conserved extracellular core sequence of approximatively 125 amino
acids, including 4 invariant cysteine residues corresponding to the receptor binding domain.
The difference between type A and type B ephrin ligands is their artachment to the cell mem-
brane. Ephrin-As are linked through a glycosyl phophatidylinositol (GPI) group at their
C-terminus (Fig. 1B), whereas ephrin-Bs contain a single transmembrane and a short cytoplasmic
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Table 2. Mouse ephrins ligands

Gene Name mRNA (kb) Amino Acid Protein (kD)
Ephrin-A1 1.5 205 23
Ephrin-A2 1.7 209 23
Ephrin-A3 1 206 21
Ephrin-A4 0.8 187 22
Ephrin-A5 34 228 26
Ephrin-A6 1.7 209 23
Ephrin-B1 3.2 345 38
Ephrin-B2 4.3 336 37
Ephrin-B3 3.1 340 36

domain. This domain is highly conserved and contains tyrosine residues as well as a C-terminal
PDZ interaction domain (Fig. 1C).

Binding studies revealed that EphA molecules bind preferentially to type A ephrin ligand
counterparts, whereas EphB receptors bind to ephrin-Bs, with two exceptions: the EphA4
receptor displays moderate bindjn% affinity to ephrin-B2 and ephrin-B3 ligands while EphB2
can also interact with ephrin-A5.”

Mechanisms of Signal Transduction

Both the Eph receptors and the ephrin ligands are membrane attached. As a result, com-
plexes thereof are assembled only at sites of cell-cell contact and transduce forward signals
("forward signaling”) through the Eph receptors and reverse signals (“reverse signaling”)
through the ephrin ligands, influencing the behavior of both interacting cells.” Despite their
large number, Eph receptors have a remarkably conserved domain structure and are acti-
vated through interaction with clustered ephrin ligands. Structural characterization of a
ligand-receptor complex showed a high affinity interaction, mediated by an ephrin loop
inserted into an Eph receptor cleft, and a lower affinity interface mediating assembl?r of
tetrameric complexes comprising two receptor molecules and two ligand molecules.'%'2
However recent studies show that activation of the EphA signaling (forward signaling) by
the ephrin-As requires the assembly of high order oligomer through a third contact region.'>!
This engagement induces a conformational change in the cytoplasmic portion of the Eph
receptor. In an inactive form, the juxtamembrane segment inhibits the kinase domain and
upon ephrin binding, tyrosine phosphorylation of two residues in the juxtamembrane seg-
ment relieves inhibirion of the kinase domain.

EphAs “Forward” Signaling

Rho GTPases

Activation of the EphA receptors by clustered ephrin-As (forward signaling) (Fig. 2) trig-
gers a repulsive response leading to a turning or a collapse of the growth cone. The analysis of
the underlying signal transduction network allowed identification of small GTPases of the Rho
family (RhoA, Racl and Cdc42) that link the EphA receptors to the actin/microtubule dy-
namics. Rho GTPases cycle between an active, GTP-bound conformation, and an inactive
GDP-bound conformation. In neurons, RhoA activation and its downstream effectors
Rho-associated kinases (ROCK) promote growth cone collapse and axon retraction.!> Racl
and Cdc42, through their major downstream effector Pak, play an antagonistic role to Rho by
promoting growth cone lamellipodia (Racl) and filopodia extension (Cdc42).17:16
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Figure 2. EphAs forward signalling. A) inactive EphAs. B) ephrinAs-activated EphAs.

EphA receptors directly activate Rho GTPases through exchange factors Ephexinl, Vav2/3
and Tiam1, which catalyze the replacement of GDP with GTR'¥?! In the absence of ephrin
stimulation, EphA kinase domain-bound ephexinl1 is tethered at the plasma membrane of the
growth cone and activates RhoA, Racl and Cdc42 leading to a balance of GTPase activation
that promotes axonal outgrowth (Fig. 2A)."> Upon ephrin stimulation, activated EphAs in-
duce Src-dependent phosphorylation of ephexinl on an evolutionarily conserved tyrosine (the
amino-terminal Tyr87).% Tyrosine phosphorylation of ephexin1 selectively potentiates its ex-
change activity toward RhoA leading to a growth cone collapse/repulsion, while leaving the
basal activity of Racl and Cdc42 unchanged (Fig. 2B).

In parallel to the activation of RhoA, EphAs activation by ephrins-As in retinal and cortical
neurons transiently inhibits Racl and its downstream effector Pak.!®23?% The initial
downregulation of Racl activity is followed by a rag)id recovery, consistent with the require-
ment of Racl activity for Ephs-ephrins endocytosis.?> The Rho family GEF proteins of the Vav
family represent the molecular link between activated Ephs and Rac-dependent endocytosis.
Upon ephrin activation, Vav2 and Vav3 are recruited to the intracellular domain of Ephs and
transiently phosphorylated. They activate Racl leading to growth cone collapse and
Eph-ephrin endocystosis (Fig. 2B).%° Moreover, Tiam 1 is a specific Racl-guanine-nucleotide
exchange factor homogenously expressed throughout the cytoplasm in the absence of ephrin
stimulation. After stimulation with ephrin-As, Tiam is translocated and phosphorylated to
patches-containing EphAs resulting in Racl activation (Fig, 2B).2! However, interaction of

Tiam 1 with EphAs does not seem to be modified by the phoshorylation status of the EphAs.

Ras Pathway

In addition to regulate the Rho family proteins, the EphAs-ephrinAs also regulate the activ-
ity of Ras family proteins. The RassMAPK pathway is a key regulator of cell proliferation and
transformation but also influences axon outgrowth and cell migration. Interestingly, under some
circumstances, activation of several Ephs by ephrins can stimulate or attenuate the Ras/MAP
kinase pathway. Some studies report that EphA2 stimulation by ephrin-Al activates the
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Ras/MAPK pathway in a variety of cell lines. In contrast, the GTPase-activating protein
p120RasGAP, which inactivates H-Ras (the prototype of the Ras family proteins) is recruited to
activated EphA2 and is believed to turn off the signal within minutes after ephrin treatment. 5%

Ephrin-As “Reverse” Signaling

Class A ephrins are tethered to the plasma membrane by a GPI anchor and are localized
within discrete plasma membrane microdomains or rafts.”” Ephrin-A2 and A5 have been shown
to signal through these microdomains when bound to their cognate Eph receptors.?8?’ The
physiological response induced by this signaling event leads to increased adhesion of the
ephrin-A-expressing cell to fibronectin and laminin, as well as to changes in cell morphology.
Both effects are dependant on the activation of Bl-integrin and require the activity of the
Src-tyrosine kinase Fyn. 283

Ephrin-As Mediated EphAs Inactivation

EphAs and ephrin-As are present as overlapping countergradients in several areas of the
central nervous system (CNS) (retina, optic tectum-OT/superior colliculus-SC, thalamus
and cortex) and peripheral nervous system (PNS) (motorneurons and limb mesenchyme).
The presence of both EphA receptors and ephrin-A ligands on the same axon seem to be
important for regulating EphA receptors activity. In the RGCs, thrin-As present at high
level in the nasal pole of the retina desensitize the EphA receptors.®*? Two different mecha-
nisms seem to be involved, a cis-masking of the ligand-binding domain of the EphAs®® and
a recently identified cis-interaction through the proximal fibronectin III domain of the EphA
receptors.”* This cis-interaction leads to an abolishment of the tyrosine phosphorylation of
EphAs and renders them insensitive to the ephrin-As in trans. In contrast, another study
performed in chick motor neurons suggests that coexpressed EphAs and ephrin-As are local-
ized to different membrane domains, therefore avoiding any cis-interaction. They signal
independently with EphAs mediating growth cone collapse and repulsion and ephrin-As
directing motor axon growth and attraction.”” These divergent results might be due to the
differences between RGCs and motor neurons.

EphAs/Ephrin-As Cleavage and/or Endocytosis

During cell-cell communication, Eph receptors activation by ephrins causes cells to retract
or to migrate in opposite direction despite the fact that ephrins and Ephs form membrane-bound
high affinity complexes. Two mechanisms have been identified that might explain how EphAs/
ephrin-As high-affinity binding could be terminated to allow cellular repulsion and axon with-
drawal 23> At the surface of neuroblastoma cells, in the absence of stimulation, ephrin-A2
forms a stable complex with ADAM10/Kuzbanian protease. In the presence of clustered EphA3
receptors, ADAM10/Kuzbanian cleaves and releases ephrin-A2, involving sequences in its
juxtamembrane region.” Contrasting results demonstrate that ADAM10/Kuzbanian consti-
tutively associates with the ephrin-binding domain of the EphA3 receptor and this association
is enhanced by the presence of the ephrin-A5 ligand. Interestingly, fragments of ADAM10
bind to ephrin-Al and -A2 but not to ephrin-A5. ADAM10 mediates cleavage of ephrin-A5
from its membrane tether only in trans. This trans proteolysis ensures that the cleavage of the
ephrins will occur only upon binding to its receptor on another cell.*® The second mechanism
identified is a Vav2-dependent EphA receptor endocytosis. Retinal ganglion cells treated with
clustered ephrin-A1 showed an increased internalization of ephrin-A1/EphA complexes allow-
ing growth cones to collapse.”> Which one of the mechanisms predominates in vivo is still
unknown but it might depend on the neuronal cell type and/or on the class of EphA/ephrin-A
complexes engaged.
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EphBs Forward Signaling (Fig. 3)

Rho GTPases

As for the EphA receptors, EphB receptors activate members of the Rho family of GTPases,
Racl and Cdc42, but through different exchange factors. Besides Vav2/3,% two other proteins,
Intersectin and Kalirin, that bind to EphB2 have been identified recently.3”-? This signaling
pathway is involved in regulating dendritic spine morphogenesis through EphB2. Intersectin
can also be activated in cooperation with N-WASP and provides thus a link for EphB receptors
activation to actin filament assembly and branching through Arp2/3 and Cdc42.

Ras Pathway

Like EphAs, the EphB receptors also regulate the Ras-MAP-kinase pathway through
downregulation of H-Ras and MAPK phosphorylation, and therefore have a negative effect on
neurite outgrowth or cell migration.”® Alternatively, activated EphBs also bind the
Ras-GTPase-activating protein RasGAP and have the potential to regulate the RAS-MAPK
pathway like this. 0

Ephrin-Bs
EphBs
) . Intersectin-1
Kalirin B °
4 EEEET

@ Rac1 @ - Rac1 Cdca2
Endocytosis Dendritic spine
Growth cone collapse Morphogenesis

Figure 3. EphrinBs-actived EphBs forward signaling.
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EphB signaling can also have an effect on integrin-mediated cell adhesion. This can be
negative, through phosphorylation of R-Ras by EphB2*! or through regulation of Rap1,% or
positive, through binding of Nck/NIK, which activates JNK.***f Another way to regulate cell
adhesion is through the binding of the low molecular weight phophostyrosine phosphatase
LMW-PTR* The interaction with adaptor proteins like Nck, Shc or Grb family members,
which themselves then interact with more downstream signaling proteins link EphB signaling
to cell migration or changes in the cytoskeleton.

Ephrin-Bs Reverse Signaling (Fig. 4)

The existence of reverse signaling through ephrin-B ligands has initially been identified
biochemically. 47 However subsequent in vivo work linked this pathway to important devel-
opmental processes like axon targeting, vascular development, cell migration and cellular com-
partmentalization."*%® Reverse signaling through the ephrin-B intracellular domain works ei-
ther through phosphorylation-dependent mechanisms that recruit signaling effectors to transduce
the signal into the ephrins expressing cell. On the other hand, several alternatives exist that
provide phosphorylation-independent ways to signal. Here, we will only summarize the main
proteins involved in the different pathways and where appropriate, point to more extensive
reviews for a detailed description of the signaling processes. .

Phosphorylation-Dependent Signaling (Fig. 4A)

In contrast to Eph receptors that become autophosphorylated upon activation, the intracel-
lular tyrosine residues of ephrin-Bs are phosphorylated by Src-family kinases. 47 Recently, it
was shown that the SH2/SH3 domain adaptor protein Grb4 binds the intracellular domain of
ephrin-Bs upon tyrosine phosphorylation and subsequently initiates signaling cascades that
regulate cytoskeleton dynamics.*® Grb4 is related to Nck, an adapror protein that interacts
with the EphB2 receptor and to the Drosophila protein dreadlocks (dock), which was shown to
be important for axon guidance in the visual system.*® Upon ephrin-B binding through its
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Figure 4. Ephrin-Bs reverse signaling. A) phosphorylation dependent signaling. B)
phosphorylation-dependent signaling (interaction through the PDZ domain of ephrinBs).
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SH2 domain, Grb4 recruits several other proteins through its SH3 domains: Abl interacting
protein-1 (Abi-1), the Cbl-associated protein (CAP), axin, a regulator in the Wnt/B-catenin
pathway, dynamin, hnRNPK and Pak1. These proteins then are involved in further pathways
leading to the disassembly of F-actin and rounding cell morphology, which are typical features
of cell collapse.

Phosphorylation-Independent Signaling (Fig. 4B)

Ephrin-Bs signaling can also be transduced in phosphorylation-independent manner. One
possibility is through the interaction of the C-termini of ephrin-Bs with PDZ domain proteins
like GRIP1, GRIP2, Pickl, mPAR-3, PDZ-RGS3, Syntenin and PTP-BL/FAP-1.*! Whereas
for example the mode of action is known for PDZ-RGS3, which selectively inhibits G-protein
coupled chemoattraction,’? for some of the other proteins mentioned above the exact mecha-
nisms of the reverse signal propagation remain speculative. Secondly, ephrin-B reverse signal-
ing was linked to activation of JNK through TAK1 and MMK4/MMK?7.3 A very recent addi-
tion to this list of pathways is the discovery of disheveled (dsh) as a mediator of reverse signaling,
Through its different protein domains and either binding directly to ephrin-Bs or through
interaction with Grb4 it involves both the canonical Wnt pathway> and also the PCP path-
way, which controls cell migration decisions.>

Despite the major advancements in recent years, many details about the transduction mecha-
nism of ephrin-B reverse signaling remain unclear. More has to be done to understand the
highly complex network of signaling components with all its players.

EphBs/Ephrin-Bs Endocytosis

Like EphA/ephrin-A, endocytosis of EphB/ephrin-B complexes is a mechanism for switch-
ing from cell-cell adhesion to repulsion following plasma membrane contact. Rapid and bidi-
rectional internalization (forward in EphBs- and reverse in ephrin-Bs-expressing cells) of EphB/
ephrin-B complexes into vesicles from sites of cell-cell contact is essential for detachment and
unilateral cell retraction.’®>” The role of this endocytotic process of active cell surface EphB/
ephrin-B signaling is destabilization of the adhesive interface between two cells, permitting
rapid growth cone retraction in primary neurons®® and repulsion of EphB4-expressing venous
endothelial cells from those expressing ephrin-B2.% The fate of the internalized complexes is
unknown but may involve recycling to the cell surface or proteolytic degradation. Forward
endocytosis of EphB4/ephrin-B2 complexes requires a functional E?hB tyrosine kinase do-
main and rearrangement of the actin cytoskeleton via Rac-GTPase.”’ Reverse endocytosis of
EphB2/ephrin-B1 seems independent of the conserved ephrin-B tyrosine residues and C-terminal
PDZ domain. For both forward and reverse endocytosis, the determinants of internalization
are located in the cytoplasmic domains of both EphB receptors and ephrin-B ligands. Interest-
ingly, blocking reverse endocytosis of ephrin-B1 leads to strong retractive response of
EphB2-expressing cells, whereas blocking bidirectional endocytosis reverts the retractive re-
sponse to an adhesive one.*®

Functional Implications during Nervous System Development

Within the nervous system, Ephs and ephrins have been implicated in many biological
processes during development and in the adult, like hindbrain segmentation, neural crest cell
migration, axon guidance and topogra;l)hic ma{f)ging as well as dendritic spine formation, syn-
aptic plasticity and neuroregeneration, >/648:58:>9

Hindbrain Segmentation

The vertebrate hindbrain develops a segmental pattern of seven segments called thombomeres,
which are molecularly and neuroanatomically distince. The thombomere boundaries are formed
by cell intermingling restriction. Eph receptors and ephrin ligands are expressed in a
complemenatery pattern in the hindbrain, where EphA4 is found in the even-numbered
rhombomeres in mouse, Xenopus, zebrafish and chick, and ephrin-B2 is found in the
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odd-numbered segments in mouse and Xenopus.®* Interestingly, only bidirectional activation of
receptor and ligand together restricts the intermingling of cells resulting in clear segment bor-
ders, since experlments in zebrafish showed that unidirectional activation of either side does not
have this effect.! This sorting out process involves cooperation between an EphA4-dependent
repulsive interaction between rhombomeres and an EphA4-dependent adhesion within
thombomeres. 862 Recent data suggest also an involvement of a B-type receptor, EphB4 in the
segmentation control of the caudal hindbrain through interaction with ephrin-B2.5

Axon Guidance at the Midline

The midline is one of the major choice points for axons. Axon growth cones must decide
whether to cross the midline or not and furthermore, once this decision is made, what route to
take for reaching their target. Here we provide examples of Ephs and ephrins and their involve-
ment in these decisions at different midline structures: the optic chiasm, the forebrain commis-
sures and the ventral midline of the CNS. The formation of the corticospinal tract, a long fiber
tract connecting the brain and the spinal cord and providing central control of body move-
ments, requires EphA4 forward signaling through its ligand ephrin-B3. This long fiber tract
takes a complex route starting from one lobe of the neocortex, crossing the midline at the
brain-spinal cord junction and then continuing down in the opposite site of the spinal cord to
connect with motor neurons. Ephrin-B3 expressed at the mldlme in the spinal cord repels the
EphA4- expressmg neurons avoiding any aberrant recrossing. 36466

At the optic chiasm, some retinal ganglion cell axons cross the midline to the contralateral
side of the brain, whereas—in species with binocular vision—another population of axons
stays on the ipsilateral side. A number of different molecules (e.g., slits) have been found at the
chiasm that control in part the guidance of axons at this midline structure. However, it is
ephrin-B2 that plays a crucial role in whether to let RGC axons cross or not. This ligand is
expressed by midline glia cells and repels fE)hBl expressing RGCs to send them ipsilaterally
and therefore ensuring binocular vision.”% The spatiotemporal expression pattern of the re-
ceptor EphB1 in the retina is hl_/%hly dynamic and tightly regulated through a genetic hierarchy
of transcriptional regulators.®

Several members of the Eph family are expressed in the corpus callosum or the anterior
commissure during mouse forebrain development. Mutant analysis showed initially that the
loss of EphB2 and EphB3 result in a malformatlon or even loss (in the case of double mutant
mice) of these midline structures.”"”> However, recent work suggest that multiple receptors
(EphB1, B2, B3, A4 and A5) and ligands (e};hrm -B1, B2 and B3) are involved together in the
correct formation of the corpus callosum.”

Topographic Mapping

A topographic map is an ordered set of connections in which the spatial relationship of the
projecting neurons is preserved within the receiving set of neurons. In the nervous system,
topographic maps are dynamically formed at successive levels of sensory information process-
ing over an extended time frame during late embryonic and early postnatal development, and
are a fundamental organizational feature of our brains. As proposed by Sperry with his
Chemoaffinity Hypothesis almost 50 years ago, gradients of axon guidance molecules control
the formation of neural connections into topographic maps.”> Eph and ephrins have been
shown to be one of the most important families of molecules to control guidance decisions
during map development.

Retinotectal Mapping (Fig. 5)

Projections of retinal ganglion cells (RGCs) to their main target in the midbrain, the OT in
chick, frogs and fish (or SC in mammals) is the best-studied model system for map develop-
ment. We therefore describe this system and its developmental control through Eph and ephrins
in more detail. The spatial ordering of axonal arborizations of RGCs within the OT/SC maps
the retina, and therefore visual space, along two sets of orthogonally oriented axes. These are
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Ephrin-As gradients
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Figure 5. Map formation controlled by EphAs/ephrin-As gradients in retinocollicular,
retinogeniculate and thalamocortical projections.

the temporal-nasal (TN) axis of the retina along the anterior-posterior (AP) axis of the OT/SC
and the dorsal-ventral (DV) retinal axis along the lateral-medial (LM) OT/SC axis. The forma-
tion of the mature visual map in chick and rodents is based on axon overshoot and interstitial
branching.® The different Eph subfamilies are involved in various aspects of this developmental
process and along the two different axes of the map.

EphAs/Ephrin-As Control AP Mapping

Several studies demonstrate that the low-to-high NT gradients of the receprors EphA4, A5
and A6 in the retina and the low to high AP §radients of the ligands ephrin-A2 and A5 in the
OT/SC control retinotectal map formation.”%7578 The mechanism involved is based on axon
repulsion and neuronal competition for termination sites in the OT/SC determined by
ratiometric rather than absolute difference comparison in EphA signaling along N'T axis of the
eye.>”>% The repulsive effect of ephrin-As through EphA signaling does restrict the initital
axon overshoot and subsequently controls the AP location of the interstitial branch formation.
Countergradients of ephrin-As in the retina and EphAs in the OT/SC have recently been
shown to be required for proper retinotectal map development.3#?

EphBs/Ephrin-Bs Control LM Mapping

Countergradients also exist along the DV axis of the retina with EphBs expressed in an
overall low-to-high DV gradient, and ephrin-Bs in a high-to-low DV gradient, as well as the
ML axis of the midbrain with high-to-low ML gradients for ephrin-B1 and low-to-high ML
gradient for EphBs.%% Mice lacking EphB2 and EphB3 show an aberrant mapping along the
ML axis of the SC, consistent with an attractive guidance role of ephrin-B1 through EphB
forward signaling.®> On the other hand ephrin-B1 can also act as a repulsive cue through EphB
receptors as shown by overexpression experiments in chick tecta.% This bifunctionality of
ephrin-B1 as an attractant and as a repellent can therefore guide interstitial axon branches to
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the correct ML location of the termination zone, depending where the main axon shaft is
located.#34 In contrast to the chick and rodents, experiments in Xenopus suggest that ephrin-B
reverse signaling is the critical mechanism to control ML mapping.®” It remains unclear how-
ever if reverse signaling also plays a role for map development in other species. The fact that the
primary axon growth cones in mouse and chick (in contrast to fish and frog) do not respond to
the EphBs/ephrin-B1 gradient present in the OT/SC, but only the interstitial branches do,
remains unexplained.®>* One intriguing possibility is the selective localization and translation
of mRNAs for EphB receptors along the axon or in branches, a mechanism that has been
demonstrated recently for other members of the Eph family.%

Retinogeniculate Mapping (Fig. 5)

The lateral geniculate nucleus (LGN), including its dorsal (dLGN) and ventral (vLGN)
divisions is the primary thalamic recipient of visual projections from RGCs. Retino-LGN pro-
jections are retinotopic and provide local-eye specific segregation. Gradients of ephrin-As
(ephrin-A2, A3 and AS5) are present in the LGN and participate to the formation of the
retinotopic map.®’®” Moreover, ephrin-As are also required for proper placement of eye-specific
inputs in the dLGN but are not essential for the segregation of these inputs.®® Recent studies in
ferret demonstrate that the mechanism of retino-LGN projections formation, similarly to the
one described for retinotectal projections, takes ngace during early postnatal period and is based
on repulsion and competition between RGCs.

Auditory Mapping

Auditory circuitry conveys detailed information about the timing, intensity and frequency
of sounds. Complex computation of these features requires precise arrangement of the audi-
tory circuitry—the tonotopy- in primary and high-order projection levels. EphAs and ephrin-As
are required for the formation and organization of auditory neural maps at both primary and
higher order level. Ephrin-A2 and one of its receptor, EphA4 showed complementary expres-
sion in the embryonic and mature ear.’! In the chick, the receptors EphA3, A5 and A6 are
present in the brainstem (inferior olive) and their ligands ephrin-A2 and A5 are present in the
cerebellum.”? Thalamic targets of the auditory pathway also show complementary EphAs/
ephrin-As expression and projection defects are observed in ephrin-A2/A5 double mutant
mice.”>* Recent findings show also expression of EphBs and ephrin-Bs in the auditory system
of chick and mouse.”>® In vitro studies suggest that EphA4 provides repulsive signals through
ephrin-B2 and -B3 for cochlear ganglion neuritis,” whereas EphB receptors mediate repulsive
cues through ephrin-B1 for statoacoustic ganglion fibers.” Mutations in EphB2 cause vestibu-
lar defects in mouse.”®

Olfactory Sensory Mapping

Olfactory sensory neurons expressing a given odorant receptor (OR) project with precision
to specific glomeruli in the olfactory bulb, generating a discontinuous topographic map of
receptor activation. Unlike the visual system that has simple and stable gradients of EphAs/
ephrin-As, the olfactory system demonstrates complex dynamic spatio-temporal expression
patterns without gradients of expression. Sensory neurons express EphA4 and EphA5 receptors
and both ephrin-A3 and ephrin-A3 ligands whereas target cells in the olfactory bulb express
EphAS5, EphA7 as well as ephrin-A2 and A4.'® Moreover, neurons expressing different olfac-
tory receptors also express different levels of ephrin-As. In mutant mice alterations in the level
of ephrin-As lead to a significant perturbation of the glomerular map.!%! Therefore, ephrin-A
molecules play an instructive role and act together with ORs as guidance molecules that direct
the formation of the precise sensory map in the olfactory bulb.

The vomeronasal axons projection within the accessory olfactory bulb (AOB) also requires
EphAs/ephrin-As signaling system. Ephrin-A5 follows a basal to apical expression gradient in
the vomeronasal organ while EphA6 follows a posterior to anterior expression gradient in the
accessory olfactory bulb. The projections is such that axons with high ligand concentration
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project onto regions of the AOB with high receptor concentration and conversely. Therefore,
the mechanism of development of this projection is the ogzposite of the repellent interaction
between EphAs and ephrin-As observed in other systems.!

Mapping between Thalamus and Cortex (Fig. 5)

Most thalamic nuclei project to specific cortical areas, providing the first level of inter-areal
specificity of thalamocortical connections. A second level is achieved within each area, where
projections from each individual thalamic nucleus display a precise intra-areal topographic
organization. Gradients of EphA3, EphA4 and EphA?7 receptors, expressed in the dorsal thala-
mus and ephrin-A5 gradient, present in the ventral telencephalon, control the inter-areal speci-
ficity of thalamocortical projections through early topographic sorting of thalamocortical axons
in an intermediate target, the ventral telencephalon, around E15-16 in mouse.'%®'% Later
during development, EphA/ephrin-A gradients are also involved in the formation of the
intra-areal topographic connections.

The topography of the somatosensory projections is disrupted in ephrin-A5/EphA4 double
mutant mice with the formation of ectopic projections. Ephrin-A35 in the cortex acts as a
graded repulsive cue for thalamocortical axons expressing graded levels of EphA receprors to
generate a precise somatosensory map.'%>'** Misexpression of EphA7 in the sensory cortex
disrupts the topography of corticothalamic projections to sensory nuclei in the thalamus. Sur-
prisingly, corresponding thalamocortical projections are normal suggesting that EphA/ephrin-A
signaling indespendently controls the precision of the thalamocortical and the corticothalamic
projections.'®

Within the visual cortex, ephrin-A2, -A3 and -A5 control map formation in the V1 area.
Without those ligand, dorsal lateral s?reniculate axons misproject in the V1 area leading to a
shifted, rotated and compressed map.'% Cortical ephrin-A3 has a dual action on cortical neu-
rons, acting as a repulsive signal for layers 2/3 neurons without axonal branching effect, and as
a branch-promoting signal for layer 6 pyramidal cell axons without an effect on axon guid-
ance.'”1% Ephrin-AS also induces branchingg for thalamic axons and acts as a repulsive axonal
guidance cue for limbic thalamic axons.31?

In addition, ephrin-B3 was shown to contribute in the sorting of limbic and neocortical
projections through repulsive interaction with EphA4-expressing axons from lateral thalamus.'%

Motor Axon Projections

The anteroposterior and mediolateral positions of motor neurons in the spinal cord corre-
late with the pathway followed by their axons and with the location of their target muscle in
the limb.""® EphA4 is required and sufficient for lateral motor column neurons to project
dorsally in the hindlimb, to innervate dorsal muscle.**'!"'2 Distinc subsets of motor neu-
rons that express EphA4 respond differently to ephrin-A5 present in the hindlimb mesoderm.
EphA4-positive lateral motor column axons are repelled by ephrin-A5 whereas medial motor
column axons expressing EphA4 extend through ephrin-A5 positive domains.!!? Topographic
innervation of axial muscle targets are mediated by ephrin-AS and EphA3 in addition to other
EphA receptors.!1

Dendritic Spine Remodeling

Dendritic spines are small protrusions found on the surface of dendrites and are postsynap-
tic targets of most excitatory synapses in the brain. Abnormal development of dendritic spines
has been associated with various defects in neurodevelopmental disorders. EphA receprors are
localized in synapses and dendritic spines.! 116 They participate in cell-cell communication in
the extrasynaptyic regions of the dendritic spine, where spines are in close proximity with
astrocytes. The EphA4 receptor, present on dendritic spines of mouse hippocampal pyramidal
neurons is activated by the astrocytic ephrin-A3 ligand leading to changes in spine morphol-
ogy. Dendritic spines become shorter and even collapse upon ephrin-A3 stimulation. This
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suggests that neuron-glia interactions involving EphA4/ephrin-A3 forward signaling stabilize
spine morphology and possibly synapses in adult hippocampus.>*!!”

As mentioned above, signaling through EphB receptors plays an important role for den-
dritic spine formation and synapse modulation. EphBs and ephrin-Bs are found in lipid rafts,
which are important structural components of synaptic junctions. The direct interaction of
EphBs and ephrin-Bs has been shown to cluster EphB and NMDA receptors at the synapse.'!®
Furthermore, this interaction was also shown to modulate NMDA-receptor-dependent cal-
cium influx."'” EphB1/B2 and B3 all have an effect on spine development, although to differ-
ent extent.””'?” Most work has been done on EphB2, which regulates spine development throu:
intersectin, cdc42 and N-WASP®® and leads to interaction and clustering with syndecan-2."%!
It is unclear however which ephrin-B ligand activates the EphB receptors.

Neurogenesis

Regulation of neural progenitor cell proliferation, differentiation, survival and migration
controls the number of new neurons that integrate the brain and therefore the brain size. EphA/
ephrin-A si§naling has been implicated in neural progenitor proliferation acting as negative
regulators.*>!* Some authors describe a reverse signaling through ephrin-A2 in the neural
stem cell niche in the adult brain inhibiting neural progenitor proliferation.'? In contrast, upon
activation by ephrin-A5, EphA7 forward signaling in the developing neocortex leads to a tran-
sient wave of neural progenitor cell apoptosis and subsequent dramatic decrease in cortical size.'??
These results suggest that EphA/ephrin-A signaling negatively regulate neural progenitors cell
proliferation in the brain but the mechanism might be depending on the cellular context.

Neuroregeneration

The adult CNS in mammals possesses little ability for self-repair after injury due to mul-
tiple inhibitory processes. It is believed that guidance molecules involved in axon rargetin§
during development are reused after lesion to reestablish proper neuronal circuits.'?
Up-regulation of ephrin-A ligand expression has been shown in the OT/SC following nerve
crush/section or brachial lesions. *12>127 This graded expression pattern in the OT/SC after
lesion is very similar to the expression patterns found during development. Moreover EphA
expression in the SC is severely reduced after lesion, allowing guidance function by collicular
ephrin-As.'% In fish, EphA/ephrin-A interactions restore precise topography and regulate
ephrin-A2 expression during regeneration.'?® These observations suggest that ephrin-As topo-
graphic guidance information for a successful reestablishment of the retinocollicular projection
is available after injury. Moreover, EphA4 seems to regulate axonal inhibition and astrocytic
gliosis after spinal cord injury. EphA4 mutant mice recovered the ability to walk and grasp after
spinal cord hemisection whereas astrocytic gliosis and the glial scar were greatly reduced in
these mutants.'? Recent data in rats suggest that upregulation of EphA3 in reactive astrocytes
may contribute to the repulsive environment for neurite outgrowth after spinal cord injury.'>

Conclusion and Perspectives

Eph receptors and their ephrin ligands are essential for a variety of biological processes, and
signaling though these molecules is critical to the regulation of attractive or repulsive behaviors
in cell migration, cell adhesion, axon guidance and branching, as well as for certain events
outside the nervous system. Indeed Ephs/ephrins have been implicated in blood vessel forma-
tion, where they provide repulsive signals for the establishment and maintenance of boundaries
at the arterial-venous interface, reminiscent of the repulsive guidance of axonal growth cones.'!
The remodeling of the lymphatic vasculature into a hierarchically organized vessel network
consisting of lymphatic capillaries and collecting lymphatic vessels depends on ephrin-B func-
tion.'*2 Ephs/ephrins also have a role in T-cell function and development by facilitating T-cell
co-stimulation and proliferation, and reducing the response threshold of T-cell receptor activa-
tion.'*> Moreover, up-regulated expression and de-regulated function of Ephs and ephrins in a
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large variety of human cancers (lung, breast, colon, prostate and neuroblastomas) may pro-
mote a more aggressive and metastatic tumour phenotype. In contrast to other RTKs, Ephs do
not act as classical proto-oncogenes and do not affect cell proliferation or differentiation but
rather influence cell movements and positioning. High levels of Ephs/ephrins are correlated
with tumor progression/metastasis, tumor angiogenesis and poor clinical prognosis,!3%13
Unexpectedly, ephrin-B2 and ephrin-B3 have been identified as the ent?f receptor for an emer-
gent deadly virus, the Nipah virus that causes fatal encephalitis.'**'3” Bidirectional EphBs/
ephrin-B signaling controls urorectal development.'3® Considering the involvement of the Eph/
ephrin proteins in these many different biological processes, very much attention has been
given to their functional role but still much has to be done to get a clear picture of the network
of interacting proteins involved in Eph/ephrin signaling, especially how the choice between
Eph/ephrin contact repulsion and stable adhesion is made at the molecular level.
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CHAPTER 4

Role of Semaphorins during Axon Growth
and Guidance

Eric Koncina, Lise Roth, Bertand Gonthier and Dominique Bagnard*

Introduction

uring development, neuronal growth cones navigate over long distances to reach their

target and establish appropriate connections. This process is usually described as a

step-by-step mechanism of growth recruiting several guidance cues with attractive
and repulsive properties. Among these signals, the semapheorins define a large family of more
than 20 members divided into eight classes according to their phylogemc relationship and the
existence of differential structural domains or sequence motifs' (Fig. 1). Classes I and II are
found in invertebrates and classes I1I, IV and VII in vertebrates while class V contains members
from both vertebrates and invertebrates. The class VIII corresponds to viral semaphorins.
Semaphorins can be soluble proteins (classes II and III), transmembrane proteins (classes I, IV,
V and VI) or membrane-bound through a glycosylphosphatidylinesitol anchor (class VII).
Together with plexins and scatter factor receptors, semaphorins belong to the semaphorin su-
perfamily whose defining feature is the existence of a conserved domain: the semaphorin do-
main. This domain of more than 500 amino acids located at the mature protein N-terminus
was first identified by Kolodkin and collaborators in 1993.2 All semaphorins also contain
N-glycosylation sites and their C-terminal part is differing from one class to another. Indeed,
class V contains seven copies of thrombospondin repeats, classes II-V and VII contain an
immunoglobulin-like domain while class IIT has an N-terminus basic motif. Semaphorins are
widely expressed in the developing nervous system. Initially described as guidance cues ensur-
ing axon targeting, further studies showed that they are also key regularors of cell migration,
cell death or synapse formation during nervous system development. Like other guidance cues,
semaphorins are also clearly implicated in various aspects of organogenesm (mcludmg lung
and kidney formation or angiogenesis) and during tumor progression.* Here, we review the
major functions of semaphorins in the nervous system together with the signaling mechanisms
involved both at the level of receptor complex formation and recruitment of selective intracel-
lular pathways.

Functional Roles of Semaphorins during Axon Guidance

The most studied semaphorin is certainly the soluble Sema3A. The first functional descrip-
tion was the ability of Sema3A to act as a repulsive factor on chicken DRG neurons by induc-
ing the collapse and retraction of their growth cones.” Further studies showed a repulsive effect
of Sema3A on other neuronal cells, such as sensory, sympathetic and cortical neurons (Table 1
and for review see ref. 6). Most of the semaphorins identified so far mediate axon repulsion.
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Figure 1. Semaphorin family (adapted from Unified nomenclature of semaphorins, Cell 1999).

Smkmgly some members have a growth promoting effect on specific neuronal subpopulations.
This is the case of Sema3C that promotes the growth of cortical axons’ and Sema3F that
promotes the growth of olfactory bulb axons.® In vivo experiments conducted in the zebrafish
showed that Sema3D trlggcred attraction or repulsion depending on a differential recruitment
of receptor subunits.” In this study, a receptor complex composed of neuropilin-1 (NRP1)
induced repulsion of commissural axons whereas a heterodimer composed of the two class I1I
semaphorin receptors (neuropilin-1 and -2) triggered attraction of these axons. Thus, the tem-
poral regulation of semaphorins and/or their receptors expression is of crucial importance to
determine their functions. For example, Sema3A is expressed in the olfactory bulb from E5 to
E7 in the chick when axons begm to invade the telencephalum. At E9, when axons enter the
olfactory bulb, this expression is reduced.'® Similarly, during the development of the limb
innervation by the peripheral nervous system, the target limb expresses Sema3A at early time
points (E10.5 in mice) thereby preventing growth cones of neuropilin-expressing motor neu-
rons to enter this region. At E12.5 this inhibitory barrier disappears and the limb becomes
permissive for the axons destined to synapse there. Again, a differential expression of semaphorin
receprors contributes to the segregation of these axons since the NRP2-expressing growth cones

Table 1. Guidance effect of class 11l semaphorins in the nervous system

Semaphorin Axon Effect
Sema3A DRG axons repellent
cortical axons repellent, induces fasciculation
sympathetic axons repellent
hippocampal axons repelient
sensitive axons repellent
cerebellar mossy fibers repellent
motoneuron axons repellent
Sema3C cortical axons attractant
Sema3D commissural axons repellent through NRP1
attractant through NRP1-NRP2
Sema3F olfactory bulb axons attractant

motoneuron axons

repellent
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are repelled by the Sema3F-containing dorsal limb region and redirected towards the ventral
part of the limb while growth cones lacking NRP2 innervate the dorsal part of the limb.!!

The genetic analysis of semaphorin function revealed several defects such as abnormal pro-
jections of sensory axons, abnormal cortical neurites orientation'? or distorted odor map'? in
Sema3A-deficient mice. In many cases, the most severe phenotype was the defasciculation of
axonal tracts in absence of Sema3A signaling.'*!> These results are consistent with in vitro
studies that have demonstrated how the inhibitory environment produced by Sema3A along
cortical efferent and afferent pathways forces the axons to fasciculate.'® Several defects in pro-
jections in the hippocampus, mid brain, forebrain and in the PNS of Sema3F deficient-mice
have also been described.!” The diversity of the guidance effects triggered by semaphorins is
therefore consistent with their role in the complex wiring of various brain regions. In the
cortex, a combination of Sema3A (acting as a repellent for axons and attractant for dendrites)
and Sema3C (acting as a chemoattractant) is thought to control the establishment of the corti-
cal efferent projections”!® and apical dendrites development.!”” Multiple combinations of
semaphorins participate in the construction of axonal projections in the hippocampus,”®?2 the
olfactory bulb,® the thalamus,'® the spinal cord'"?3 or in the peripheral system.'¥ Recenly, it
has been shown that not only neurons are sensitive to semaphorins in the nervous system, but
also glial cells and particularly oligodendrocytes, which express semaphorin receptors. In vitro
experiments showed that class 3 semaphorins control oligodendrocytes outgrowth*?> and are
able to induce the collapse of their growth cones.2® Oligodendrocytes migration is also con-
trolled by class 3 semaphorin? and a comparable function in cell migration has been described
for Sema3A and Sema3F that have been shown to differentially guide subtypes of GABAergic
neurons to their appropriate target in the cortical plate or intermediate zone.”® While the
strongest expression of semaphorin is observed during development, some regions such as the
hippocampus or the olfactory bulb continue to express semaphorins in adulthood.?* This
expression in regions presenting high level of network remodeling is consistent with evidence
implicating class 3 semaphorins in the modulation of the synapric function in the
hippocampus.®"32 These regions are also known to maintain a neurogenic potential®*3> thereby
suggesting that the role of the semaphorins in the nervous system is certainly more complex
than initially thought. Indeed, some of the semaphorins have been shown to induce cell death
of dopaminergic and sensory neurons® as well as neural precursors.”’ Hence, there is also
increasing evidence for a potential role of semaphorin signaling in different pathologies of the
nervous systemm. For example, Sema3A is over-expressed in the cerebellum of schizophrenic
patients.® Sema3A is also accumulated in the hippocampus during Alzheimer disease.” In a
rat model of temporal lobe epilepsy, Sema3A is down-regulated thereby permitting mossy fibers
sprouting and subsequent hyper excitability of the hippocampal formation.*® Finally, the role
of class 3 semaphorins in the context of nerve lesion has also been largely documented. *!42

From these results, it appears that semaphorins have multiple roles ranging from axon guid-
ance (attraction or repulsion) to cell migration or cell death. This functional diversity must be
ensured by a complex signaling mechanism recruiting various receptors and co receptors coupled
to specific intracellular pathways. In the following section, we will present the different families
of semaphorin receptors and their interactions (Fig. 3).

Receptors of Secreted-Semaphorins: The Neuropilins

The molecular nature of semaphorin receptors remained elusive for many years until the
identification of neuropilin-1 as a membrane receptor for the secreted Sema3A.** Neuropilin-1
was initially described by Fujisawa and colleagues as an orphan receptor expressed in the tad-
pole neuropil.*# During a search for other semaphorin receptors, a neuropilin-1-related
molecule, neuropilin-2, was identified."%” Neuropilin-2 is 44% identical to neuropilin-1.
Neuropilins are cell surface glycoproteins of about 130 kD (Fig. 2). They are composed of a
large extracellular part, a unique transmembrane domain and a small 39 amino acid cytoplas-
mic tail. The extracellular moiety of neuropilins contains three domains with homology to
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several functionally diverse proteins. The N-terminus domain is referred to as the al/a2 or
CUB domain with homology to complement components Clr and Cls, this domain is fol-
lowed by two coagulation-factor-homology domains (CF V/VIII, also called b1/b2) and a
juxtamembrane MAM (meprin/A5/p-phosphatase) domain also called ¢ domain. The
C-terminal part of neuropilins contains a three amino acids sequence which might bind to
PDZ domain proteins such as NIP (Neuropilin Interacting Protein).* NRP1 or NRP2 have to
dimerize to form a functional receptor complex. They can both form homo- or heterodimers™
involving the MAM domains.?#° Our recent data suggest that the transmembrane domain
of NRP1 contains a specific motif ensuring NRP1 dimerization (unpublished data, Roth and
Bagnard). The constitution of homo- or heterodimers is considered to be a prerequisite for
semaphorin binding. Indeed, binding experiments revealed that Sema3A may preferentially
bind to NRP1 dimers, Sema3F to NRP2 dimers while Sema3C would bind to NRP1 as well as
to homo or heterodimers of NRP2. Dimerization is also required at the level of ligand since to
be functional, class I1I semaphorins dimerize through a disulfide bound located between the
immunoglobulin (Ig) domain and their basic tail.>!»? Overall, a model for the semaphorin/
neuropilin complex has been proposed by several groups.>33> In this model, 2 semaphorin
dimer binds to a neuropilin dimer on the cell surface. More precisely, the binding interface is
composed of the sema domain’s N-terminal part and Ig domain of semaphorins interacting
with the neuropilin CUB domain while the basic C-terminal part of semaphorins bind to the
coagulation factor domains of neuropilins. High affinity binding of the semaphorin Ig-basic
region to the coagulation factor domains is itself not sufficient for signal transduction. Rather,
it is considered to facilitate binding of the sema domain to CUB and coagulation factor do-
mains. Interestingly, the MAM domain is not involved in the semaphorin/neuropilin interac-
tion. The most striking feature of semaphorin/neuropilin interaction is the lack of transduc-
tion capacity supposedly due to the short intracellular tail of NRP1. The role of NRP1 and
NRP2 for semaphorin signaling has been clearly shown in experiments mutating the corre-
sponding genes! ™7 suggesting that the semaphorin/neuropilin interaction is the initial step
for the assembly of a receptor complex recruiting transducing elements. Among the multiple
possible partners that have been identified recently, members of the plexin family are crucial
components of the receptor complex. Interestingly, the plexins are the binding receptor of
transmembrane semaphorins.

Receptors of Transmembrane-Semaphorins: The Plexin Family

To date, nine plexins divided into four subfamilies (A-D) have been identified.® Plexins are
single-membrane-spanning protein of approximately 240 kDa thar possess a sema domain
near the N-terminal part, followed by cysteine-rich motifs, Met-related sequences (MRS)*?
and glycine-proline-rich repeats (Fig. 2). The cytoplasmic part of plexins possesses a character-
istic domain of 600 amino acids called the SP domain (Sex Plexins). This highly conserved
domain within and across species contains some phosphorylation sites but is devoid of charac-
teristic tyrosine kinase catalytic site.?® Similarly to neuropilins, plexins can form homodimers®
and heterodimers.®"%? In 2001, Takahashi and Strittmatter have proposed that Plexin-A1 sema
domain binds to the remainder of the extracellular domain of the protein thereby inducing
Plexin-Al auto-inhibition.®® This auto-inhibition is released upon ligand binding to NRP1.
An alternative view proposed by Turner et al® suggests that plexin dimers could auto inhibit
through reciprocal interactions of their PHI and PH2 domains.

Plexins are considered to be the primary binding sites for semaphorins that do not bind to
neuropilins. Hence, with the exception of Sema3E,* class III semaphorins are unable to bind
directly to plexins (see ref. 65 for review). Rather, plexin-neuropilin complexes are required as
high-affinity receptors for secreted semaphorins, neuropilin acting as the ligand binding subunit
while the plexin subunit ensures signal transduction.®® Several neuropilin/ &lexin couples have
been identified to transduce the diverse biological effects of semaphorins.®® In any case, at
least one plexin has been identified for each semaphorin class as the signaling partner. The
exact nature of the domains controlling receptor complex formation and/or binding is not
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Figure 2. Characteristic features of the two major semaphorin receptors.
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Figure 3. Molecular diversity of semaphorin receptor complexes.

known. However, structural analysis and crystal structure characterization strongly support the
crucial role of the sema domain contained both in semaphorins and plexins.”

Other Receptors Associated with Semaphorin Signaling

Mounting evidence is now consistent with a strong molecular diversity of the receptors and
coreceptors of semaphorins. This section briefly reviews the different components which have
been cleatly showed to control semaphorin signaling or binding.
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VEGFRs

Vascular Endothelial Growth Factor (VEGF) family is a major regulator of angiogenesis’*
whose members bind to three tyrosine kinase receptors: VEGFR1, VEGFR2 and VEGFR3.
Soker and collaborators discovered in 199872 that NRP1 is a fourth receptor for VEGF165 (a
splice variant of the VEGF-A isoform), suggesting an interplay between VEGF and semaphorin
signaling. Indeed, VEGF165 and Sema3A bind to NRP1 with the same affinity and compete
for NRP1 binding. VEGF165 binds to NRP1 via interactions between the heparin binding
domain of VEGF and the b1 domain of NRP1,%>”? which also interacts with the basic domain
of semaphorins. Soker and collaborators also demonstrated that binding of VEGF165 to NRP1
enhances affinity of VEGF for VEGFR2 and that NRP1 expression potentiates VEGF165
chemotactic effect.”? Finally, NRP1 is also a receptor for other members of the VEGF family
(VEGEF-B and VEGEF-E forms) and placental-growth factor-2 (PIGF-2). VEGF165 and PIGF-2,
but also VEGF145 and VEGF-C bind to NRP2.7# Gu and collaborators suggested that the
NRP1-enhanced affinity of VEGF165 for VEGFR-2 may reveal a receptor complex composed
of the two proteins,” but the domains required for the interaction between the two receptors
have not been yet characterized. Nevertheless, NRP1 can bind VEGFR-1 with high affinity,
and this interaction inhibits the binding of NRP1 to VEGF165. VEGFR-1 may then function
as a negative regulator of angiogenesis by competing with NRP1.7? In contrast, repulsion by
Sema3A depends on both NRP1 and VEGFR-1 in neural precursor cells.”’ Thus, VEGFR-1
might serve as a co receptor for NRP1 in the transduction of Sema3A signaling. This is further
supported by the Sema3A-dependent selective recruitment of MAP kinases by a receptor com-
plex involving VEGFR-1 activation.”® Finally, it has been shown that Plexin-Al can form a
functional complex with VEGFR-2 in the cardiac tube.” This complex has been reported to
be involved in Sema6D signaling during cardiac morphogenesis.

L1-CAM and Nr-CAM

L1-CAM belongs to the immunoglobulin superfamily of adhesion molecules. This glyco-
protein contains 6 immunoglobulin-like domains and 5 fibronectin-like domains. In addition
to its classical cell adhesion function, L1 has now been implicated in Sema3A signaling. In-
deed, L1-deficient axons do not respond to Sema3A. Coimmunoprecipitation and binding
assays showed that L1 and NRP1, but not NRP2, interact with each other through their extra-
cellular domains to form a stable complex. Moreover, soluble L1 converts Sema3A-induced
axonal repulsion into attraction.”’ Recently, Castellani and collaborators showed that upon
binding to NRP1, L1 and NRP1 are cointernalized through a clathrin-dependent mechanism
mediated by L1.78 Hence, this group has also demonstrated that NrCAM, a member of the
immunoglobulin superfamily adhesion molecule of the L1 subfamily, associates with neuropilin-2
and is a component of a receptor complex for Sema3B and Sema3E”’

Heparin Binding Domains

A quantitative optical biosensor-based binding assay revealed that NRP1 interacts with a
subset of heparin-binding proteins, notably fibroblast growth factor FGF-1, FGF-2, FGF-4,
FGF-7, FGF receptor and hepatocyte growth factor/scatter factor (HGF/SF). These results
suggest that NRP1 possesses a “heparin” mimetic site that is able to interact at least in part
through ionic bonding with the heparin binding site of several proteins.® The biological relevance

of these interactions has to be characterized.

Integrins

Integrins are functional heterodimers composed of a and  subunits.®! There are 18 o and
8 B subunits that associate to form 24 integrin receptors with different ligand specificities.??
Pasterkamp and collaborators showed that Sema7A has a pronounced effect on axon outgrowth,
and that this activity is dependent on B-subunit-containing integrin receptor but is
plexin-independent.®? Several studies have also outlined the potential role of integrins in
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semaphorin signaling in other systems. Serini and collaborators for example showed that
autocrine loops of class 3 chemorepellent semaphorins exert an essential permissive role in
vasculature remodeling by inhibiting integrin-mediated adhesion of endothelial cells to the
extracellular matrix, allowing the necessary de-adhesion for vascular remodeling.® Finally, the
poxvirus A39R, member of the semaphorin family, induces actin cytoskeleton rearrangement
and inhibits integrin-mediated adhesion.®

CD72, Tim2

CD?72 is a 45-kDa type II transmembrane protein belonging to the C-type lectin family.
Sema4D, the first semaphorin shown to be expressed in the immune system,% specifically
binds to CD72 on B cell surface when Plexin-B1 is not expressed.®”#8 In that particular case,
Sema4D may enhance B cells response by inhibiting the CD72 negative effect.

Tim 2 belongs to the Tim protein family characterized by expression on T cells and the
presence of conserved immunoglobulin and mucin domains. Sema4A, expressed on dendritic
cell surface, enhances T cells activation through binding to Tim 2.2 Given the crucial roles of
Sema4A and Sema4D signaling during the immune response, these two signals make of class
IV semaphorins as a new family of immunoregulatory molecules™ using specific receptors.

Scatter Factor Receptor

Recent evidence proposes that various tyrosine kinase receptors can be associated to the
semaphorin receptor complex. Met and Ron tyrosine kinases can form disulfide-linked
heterodimers and are members of the Scatter Factor receptor family containing a sema domain
and a MRS sequence in their extracellular part. Giordano and collaborators showed that in
cancer cells expressing the endogenous proteins, Plexin-B1 and Mer associate in a complex to
elicit invasive growth in response to Sema4D.”' The same group also demonstrated that Met
and Ron receptors can specifically interact with each of the three members of class B plexins.
Interestingly, the role of Met/Ron interaction with plexins could be the fine-tuning of the
invasive growth program of tumor cells.” Finally, Sema5A can trigger the intracellular signal-
ing of Met via a receptor complex including Plexin-B3.%

Off-Track

Off-track (OTK) belongs to the neurotrophin receptor family. It is a glycoprotein of 160
kDa whose extracellular domain contains six immunoglobulin repeats.** In Drosophila, OTK
and class A plexins can associate as components of a receptor complex mediating the repulsive
signal in response to Semala.”” Nevertheless, despite its homology with tyrosine kinase recep-
tors, OTK itself is probably not an active tyrosine kinase and it should be determined if OTK
recruits another protein for plexin phosphorylation. Moreover, Toyofuku and collaborators
recently showed that SemaGD exerts expansion or narrowing of the ventricular chamber during
cardiac morgphogenesis through region-specific association of Plexin-Al with off-track or

VEGFR-2.”

Intracellular Signal Transduction

As described so far, the diversity of the semaphorin functions is related to the assembly of
specific receptor complexes composed of various proteins. This diversity, not always demonstrated
in neuronal cells, is the source of a wide range of possible intracellular pathways. Here, we
decided to present the signaling cascades intimately linked to the signaling properties of the
major transducer elements of the semaphorin receptor complex (Fig. 4).

Role of Rho GTPases

Consistent with the considerable amount of data collected on Sema3A, most of the de-
scribed signaling pathways relate to this protein and its association to the neuropilin/plexin
complex. As previously mentioned, NRP1 is not able to trigger any intracellular signal. Thus,



Role of Semaphorins during Axon Growth and Guidance 57

the whole signaling cascade depends on the pathways recruited upon co receptors activation.
Before the identification of plexins as the main signaling receptors of semaphorins, two studies
by the groups of Strittmatter and Bamburg suggested the involvement of members of the
Rho-GTPases family during Sema3A growth cone collapse.”®*” These studies revealed a com-
plex and somehow controversial role of Racl by transfection into neurons of dominant nega-
tive form or constitutively active form of the protein. The mechanism of action has been re-
cently elucidated by different studies showing that Racl is sequestered away from its effector
PAK thereby favoring actin depolymerisation pathways.”®1% Subsequent studies also revealed
the direct interaction of the cytoplamic tails of plexins with RhoGTPases. The group of Piischel
for exam&;le determined that Plexin-Al is able to bind to the small G proteins Rnd-1 and
Rho-D.'%! Interestingly, these two GTPases compete for binding to the same site thereby con-
trolling Plexin-A1 activation or inactivation respectively. Moreover, Plexin B1-Rac interaction
is able to modulate the binding of Sema4D to Plexin B1.'%* Intriguingly, the Plexin-B1 pos-
sesses an intrinsic guanine triphosphate (GTP)ase activating protein activity for R-Ras, a mem-
ber of Ras family of small GTPases. This particular activity has been shown to be required in
promoting cell adhesion and neurite outgrowth through integrin activation.'® Several studies
also demonstrated that Rho-specific GEFs (activators of Rho-GTPases) such as PDZ-Rho-GEF
and LARG ensure coupling of RhoA to Plexin B.!%1%7 RhoA has been shown to mediate
Sema4D-induced growth cone collapse of hippocampal neurons.'® Finally, (PDZ)-RhoGEF
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Figure 4. Representative diagram of semaphorin intracellular pathways.
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and LARG can also bind to Plexin-B2 and Plexin-B3.'% As expected from the classical descrip-
tion of the interplay berween Rho-GTPases,'® a concomitant inactivation of Racl and activa-
tion of RhoA is necessary to trigger growth cone collapse. Although differences exist between
RhoGTPases/plexin interactions in vertebrates and invertebrates, the emerging scheme is the
existence of a functional balance between Rho-GTPases that controls axon growth or inhibi-
tion in response to semaphorins. Ultimately, such a balance leads the modulation of actin
cytoskeleton reorganization (see Nothias chapter).

The Role of Cytoskeleton Dynamics Regulators

The actin cytoskeleton is precisely regulated by multiple factors that are very similar in all
cell types. Like in other cells, the Rho-GEFs and Rho-GAPs ate the upstream regulators which
control activation or inhibition of Rho-GTPases in neurons. Actin dynamic is thus regulated
by Rho-GTPases at the level of filament nucleation and branching (role of ARP2/3 complex),
filament extension (role of capping proteins) and actin recycling (role of cofilin).!"®!!! I has
been shown that Sema3A-induced growth cone collapse of mouse DRG neurons is correlated
with a rapid increase of the phosphorylation state of cofilin, an actin binding protein support-
ing depolymerisation when phosphorylated.!' This phosphorylation of cofilin is triggered by
the Ser/Thr kinase LIM-kinase. Many additional kinases have been identified in the semaphorin
signaling cascade.

Among them, the Fes/Fps tyrosine kinase has been implicated in Sema3A-induced growth
cone collapse.!! Fes/Fps is a nonreceptor-type tyrosine kinase shown to directly bind to the
cytoplasmic region of Plexin-Al. Strikingly, the binding of Fes/Fps to Plexin-Al is prevented
by the association of NRP1 to Plexin-A1l. The Fes/Fps tyrosine kinase also phosphorylates the
CRMP2 (Collapsin Response Mediator Protein 2)/CRAM (CRMP-associated-molecules)
complex.''? This complex was originally identified as a crucial element of the Sema3A
intracellular signaling during growth cone collapse.!*!!> In addition to Fes/Fps, the Fyn ty-
rosine kinase associates with and phosphorylates Plexin-A2 in response to Sema3A."' Further-
more, Fyn can ghosphorylate the serine/threonine kinase Cdk5 which in turn can phosphory-
late CRMP2."!

Another Ser/Thr kinase, GSK3 B, is also able to phosphorylate CRMP2. Interestingly, the
phosphorylation of CRMP2 by both Cdk5 and GSK38 is essential for Sema3A-induced growth
cone collapse.!'®!'? CRMP2 binds to tubulin heterodimers and is supposed to control micro-
tubules assembly.'?® Hence, Cdk5 and GSK38 may ensure the regulation of microtubules
dynamics by phosphorylation of CRMP2 in response to semaphorins.

The continuing identification of novel intracellular molecular partners of plexins is
demonstrated by the recent implication of MICAL, a flavoprotein oxidoreductase that binds to
the C2 domain of Plexin-A in Drosophila to ensure Semala/Plexin-A-mediated repulsive axon
guidance.'?! Hence, it has been shown that Sema3A stimulates the synthesis of
12(S)-hydroxyeicosatetraenoic acid (HETE) to induce DRG growth cone collapse.'??

The Role of the MAP Kinase Pathway

The MAP kinases ERK1/2 and p38 are important signaling components often associated to
cell proliferation, cell migration or cell death. Indeed, the MAP kinase pathway has been shown
to regulate signaling of guidance molecules of the Netrin or Ephrin families.!?*1% As ex-
pected, the MAP kinase pathway is also recruited by semaphorins. This has been demonstrated
by the activation of ERK1/2 during Sema3A-induced retinal growth cone collapse.'”” More-
over, the neurotrophic effect of Sema4D in PC12 cells also requires ERK1/2 activation.'?® The
recruitment of MAP kinases during semaphorin signaling is receptor dependent. As shown by
Pasterkamp and collaborators,® the Sema7A growth promoting effect requires an
integrin-dependent MAP kinase signaling. Moreover, our work demonstrated the selective re-
cruitment of ERK1/2 during Sema3A/VEGFR-1-mediated neural precursor cells repulsion
and p38 activation to trigger cell death.”” The integrity of the MAP kinase cascade has been
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shown to be important to ensure outgrowth promoting effect of L1 and other adhesion mol-
ecules such as NCAM.'? It would therefore not be surprising that L1-mediated semaphorin
effects also require activation of MAP kinases. Many arguments including the involvement of
MAP kinases in the signaling of VEGE ' the activation of MAP kinases by small GTPases'!
and the multiplicity of the semaphorin receptors linked to MAP kinases strongly support this
pathway as a point of convergence in semaphorin signaling. Hence the complexity of the inter-
actions between intracellular pathways is illustrated by the ability of Sema3F to suppress
NGF-dependent activation of the PI3K/Akt and ERK1/2 gathways, 32 two pathways involved
in cancer cells to trigger EGF-induced NRP1 expression,'>

Conclusion

Extensive work has been conducted over the past decade to elucidate the biological functions
of semaphorins. A particular effort has been done to understand the complex signaling path-
ways recruited by semaphorins to exert their various roles. While the inhibitory pathways have
been well dissected, semaphorin-triggered growth promoting pathways remain obscure. Nev-
ertheless, compelling data being fully detailed in the chapter by Holt and collaborators (see
Holt chapter, this book) identified cGMP as a key regulator of semaphorin function.!3#1%
Future studies will have to investigate this fascinating question making things much more
complex since inhibition and growth promotion can take place in the same cell in the presence
of a single semaphorin.'® Moreover, the driving force of guidance cues is intimately linked to
the existence of gradients.'® In the case of class 3 semaphorins, we have shown that growth
cones have stereotyped responses to semaphorin gradients and do not require precise dimen-
sioned gradients to be attracted or repulsed.'®” The exact molecular mechanism allowing growth
cones to read and integrate semaphorin gradients remain obscure. Hence, the molecular hier-
archy of the signaling pathways will have to be determined when cells are exposed to semaphorin
combinations and, to address the biological reality, when neuronal growth cones are exposed to
multiple families of guidance cues that may have converging or diverging signaling pathways.

Acknowledgement

The lab of DB is supported by grants from the FRM (#INE20011109006), BQR-ULP
(#BE/CH/2001-225V) and ACI JC (#5327) and APETREIMC. BG is supported by Neurex.
We thank AW Piischel for critical reading of the manuscript.

References

1. Semaphorin Nomenclature Committee. Unified nomenclature for the semaphorins/collapsins. Cell
1999; 97:551-552.

2. Kolodkin AL, Matthes DJ, Goodman CS. The semaphorin genes encode a family of transmem-
brane and secreted growth cone guidance molecules. Cell 1993; 75:1389-1399.

3. Hinck L. The versatile roles of “axon guidance” cues in tissue morphogenesis. Dev Cell 2004;
7:783-793.

4. Chédotal A, Kerjan G, Moreau-Fauvarque C. The brain within the tumor: New roles for axon
guidance molecules in cancers. Cell Death Differ 2005; 12:1044-1056.

5. Luo Y, Raible D, Raper JA. Collapsin: A protein in brain that induces the collapse and paralysis of
neuronal growth cones. Cell 1993; 75:217-227.

6. Raper JA. Semaphorins and their receptors in vertebrates and invertebrates. Curr Opin Neurobiol
2000; 10:88-94.

7. Bagnard D, Lohrum M, Utziel D et al. Semaphorins act as attractive and repulsive guidance signals
during the development of cortical projections. Development 1998; 125:5043-5053.

8. de Castro F, Hu L, Drabkin H et al. Chemoattraction and chemorepulsion of olfactory bulb axons
by different secreted semaphorins. J Neurosci 1999; 19:4428-4436.

9. Wolman MA, Liu Y, Tawarayama H et al. Repulsion and attraction of axons by semaphorin 3D
are mediated by different neuropilins in vivo. ] Neurosci 2004; 24:8428-8435.

10. Renzi M], Wexler TL, Raper JA. Olfactory sensory axons expressing a dominant-negative semaphorin
receptor enter the CNS early and overshoot their target. Neuron 2000; 28:437-447.

11. Huber AB, Kania A, Tran TS et al. Distinct roles for secreted semaphorin signaling in spinal
motor axon guidance. Neuron 2005; 48:949-964.



60

Axon Growth and Guidance

12.
13.
14.
15.

16.

17.

18.
19.
20.
21.
22.
23.

24.

25.

26.
27.
28.

29.

30.
31
32.
33.
34.
35.
36.

37.

38.

Behar O, Golden JA, Mashimo H et al. Semaphorin III is needed for normal patterning and
growth of nerves, bones and heart. Nature 1996; 383:525-528.

Taniguchi M, Nagao H, Takahashi YK et al. Distorted odor maps in the olfactory bulb of
semaphorin 3A-deficient mice. ] Neurosci 2003; 23:1390-1397.

Kitsukawa T, Shimizu M, Sanbo M et al. Neuropilin-semaphorin III/D-mediated chemorepulsive
signals play a crucial role in peripheral nerve projection in mice. Neuron 1997; 19:995-1005.
Taniguchi M, Yuasa S, Fujisawa H et al. Disruption of semaphorin III/D gene causes severe ab-
normality in peripheral nerve projection. Neuron 1997; 19:519-530.

Bagnard D, Chounlamountri N, Piischel AW et al. Axonal surface molecules act in combination
with semaphorin 3a during the establishment of corticothalamic projections. Cereb. Cortex 2001;
11:278-285.

Sahay A, Molliver ME, Ginty DD et al. Semaphorin 3F is critical for development of limbic
system circuitry and is required in neurons for selective CNS axon guidance events. ] Neurosci
2003; 23:6671-6680.

Polleux F, Giger R], Ginty DD et al. Patterning of cortical efferent projections by
semaphorin-neuropilin interactions. Science 1998; 282:1904-1906.

Polleux F, Morrow T, Ghosh A. Semaphorin 3A is a chemoattractant for cortical apical dendrites.
Nature 2000; 404:567-573.

Chédotal A, Del Rio JA, Ruiz M et al. Semaphorins III and IV repel hippocampal axons via two
distinct receptors. Development 1998; 125:4313-4323.

Steup A, Ninnemann O, Savaskan NE et al. Semaphorin D acts as a repulsive factor for entorhinal
and hippocampal neurons. Eur ] Neurosci 1999; 11:729-734.

Steup A, Lohrum M, Hamscho N et al. Sema3C and netrin-1 differentially affect axon growth in
the hippocampal formation. Mol Cell Neurosci 2000; 15:141-155.

Cohen S, Funkelstein L, Livet ] et al. A semaphorin code defines subpopulations of spinal motor
neurons during mouse development. Eur J Neurosci 2005; 21:1767-1776.

Ricard D, Stankoff B, Bagnard D et al. Differential expression of collapsin response mediator
proteins (CRMP/ULIP) in subsets of oligodendrocytes in the postnatal rodent brain. Mol Cell
Neurosci 2000; 16:324-337.

Ricard D, Rogemond V, Charrier E et al. Isolation and expression pattern of human Unc-33-like
phosphoprotein 6/collapsin response mediator protein 5 (Ulip6/CRMP5): Coexistence with Ulip2/
CRMP2 in Sema3a- sensitive oligodendrocytes. J Neurosci 2001; 21:7203-7214.

Cohen Rl, Rottkamp DM, Maric D et al. A role for semaphorins and neuropilins in oligodendro-
cyte guidance. J Neurochem 2003; 85:1262-1278.

Spassky N, de Castro F, Le Bras B et al. Directional guidance of oligodendroglial migration by
class 3 semaphorins and netrin-1. ] Neurosci 2002; 22:5992-6004.

Marin O, Yaron A, Bagri A et al. Sorting of striatal and cortical interneurons regulated by
semaphorin-neuropilin interactions. Science 2001; 293:872-875.

Giger RJ, Pasterkamp R], Heijnen S et al. Anatomical distribution of the chemorepellent semaphorin
HNl/collapsin-1 in the adult rat and human brain: Predominant expression in structures of the
olfactory-hippocampal pathway and the motor system. ] Neurosci Res 1998; 52:27-42.

Hirsch E, Hu L], Prigent A et al. Distribution of semaphorin IV in adult human brain. Brain Res
1999; 823:67-79.

Sahay A, Kim CH, Sepkuty JP ct al. Secreted semaphorins modulate synaptic transmission in the
adult hippocampus. ] Neurosci 2005; 25:3613-3620.

Bouzioukh F, Daoudal G, Falk ] et al. Semaphorin3A regulates synaptic function of differentiated
hippocampal neurons. Eur ] Neurosci 2006; 23:2247-2254.

Altman J, Das GD. Autoradiographic and histological evidence of postnatal hippocampal neurogenesis
in rats. ] Comp Neurol 1965; 124:319-335.

Luskin MB. Restricted proliferation and migration of postnatally generated neurons derived from
the forebrain subventricular zone. Neuron 1993; 11:173-189.

Taupin P, Gage FH. Adult neurogenesis and neural stem cells of the central nervous system in
mammals. ] Neurosci Res 2002; 69:745-749.

Shirvan A, Ziv I, Fleminger G et al. Semaphorins as mediators of neuronal apoptosis. ] Neurochem
1999; 73:961-971.

Bagnard D, Vaillant C, Khuth ST et al. Semaphorin 3A-vascular endothelial growth factor-165
balance mediates migration and apoptosis of neural progenitor cells by the recruitment of shared
receptor. ] Neurosci 2001; 21:3332-3341.

Eastwood SL, Law AJ, Everall IP et al. The axonal chemorepellant semaphorin 3A is increased in
the cerebellum in schizophrenia and may contribute to its synaptic pathology. Mol Psychiatry 2003;
8:148-155.



Role of Semaphorins during Axon Growth and Guidance 61

39.

40.

4

—

42.
43.
44.
45.

46.

47.

48.

49.
50.
51.
52.
53.
54.

55.

56.
57.
58.
59.
60.
61.
62.
63.
64.

65.
66.

Good PF, Alapat D, Hsu A et al. A role for semaphorin 3A signaling in the degeneration of
hippocampal neurons during Alzheimer’s disease. ] Neurochem 2004; 91:716-736.

Holtmaat AJ, Gorter JA, De Wit J et al. Transient downregulation of Sema3A mRNA in a rat
model for temporal lobe epilepsy. A novel molecular event potentially contributing to mossy fiber
sprouting, Exp Neurol 2003; 182:142-150.

. Pasterkamp R], Verhaagen ]. Emerging roles for semaphorins in neural regeneration. Brain Res

Brain Res Rev 2001; 35:36-54.

Niclou SP, Ehlert EM, Verhaagen J. Chemorepellent axon guidance molecules in spinal cord in-
jury. ] Neurotrauma 2006; 23:409-421.

He Z, Tessier-Lavigne M. Neuropilin is a receptor for the axonal chemorepellent Semaphorin I11.
Cell 1997; 90:739-751.

Kolodkin AL, Levengood DV, Rowe EG et al. Neuropilin is 2 semaphorin III receptor. Cell 1997;
90:753-762.

Takagi S, Tsuji T, Amagai T et al. Specific cell surface labels in the visual centers of Xenopus
laevis tadpole identified using monoclonal antibodies. Dev Biol 1987; 122:90-100.

Fujisawa H. From the discovery of neuropilin to the determination of its adhesion sites. In: Bagnard
D, ed. Neuropilin from Nervous system to vascular and tumor biology. Adv Exp Med Biol 2002;
515:1-12.

Chen H, Chédotal A, He Z et al. Neuropilin-2, a novel member of the neuropilin family, is a
high affinity receptor for the semaphorins Sema E and Sema IV but not Sema III. Neuron 1997;
19:547-559.

Cai H, Reed RR. Cloning and characterization of neuropilin-1-interacting protein: A PSD-95/Dlg/
ZO-1 domain-containing protein that interacts with the cytoplasmic domain of neuropilin-1. J
Neurosci 1999; 19:6519-6527.

Nakamura F, Tanaka M, Takahashi T et al. Neuropilin-1 extracellular domains mediate semaphorin
D/Ill-induced growth cone collapse. Neuron 1998; 21:1093-1100.

Chen H, He Z, Bagri A et al. Semaphorin-neuropilin interactions underlying sympathetic axon
responses to class III semaphorins. Neuron 1998; 21:1283-1290.

Klostermann A, Lohrum M, Adams RH et al. The chemorepulsive activity of the axonal guidance
signal semaphorin D requires dimerization. ] Biol Chem 1998; 273:7326-7331.

Koppel AM, Raper JA. Collapsin-1 covalently dimerizes, and dimerization is necessary for collapsing
activity. ] Biol Chem 1998; 273:15708-15713.

Feiner L, Koppel AM, Kobayashi H et al. Secreted chick semaphorins bind recombinant neuropilin
with similar affinities but bind different subsets of neurons in situ. Neuron 1997; 19:539-545.
Giger RJ, Urquhart ER, Gillespie SK et al. Neuropilin-2 is a receptor for semaphorin IV: Insight
into the structural basis of receptor function and specificity. Neuron 1998; 21:1079-1092.

Gu C, Limberg BJ, Whitaker GB et al. Characterization of neuropilin-1 structural features that
confer binding to semaphorin 3A and vascular endothelial growth factor 165. J Biol Chem 2002;
277:18069-18076.

Giger R], Cloutier JF, Sahay A et al. Neuropilin-2 is required in vivo for selective axon guidance
responses to secreted semaphorins. Neuron 2000; 25:29-41,

Walz A, Rodriguez I, Mombaerts P. Aberrant sensory innervation of the olfactory bulb in
neuropilin-2 mutant mice. ] Neurosci 2002; 22:4025-4035.

Tamagnone L, Artigiani S, Chen H et al. Plexins are a large family of receptors for transmembrane,
secreted, and GPl-anchored semaphorins in vertebrates. Cell 1999; 99:71-80.

Tamagnone L, Comoglio PM. Control of invasive growth by hepatocyte growth factor (HGF) and
related scatter factors. Cytokine Growth Factor Rev 1997; 8:129-142.

Turner L], Nicholls S, Hall A. The activity of the plexin-Al receptor is regulated by Rac. ] Biol
Chem 2004; 279:33199-33205.

Artigiani S, Barberis D, Fazzari P et al. Functional regulation of semaphorin receptors by proprotein
convertases. ] Biol Chem 2003; 278:10094-10101.

Usui H, Taniguchi M, Yokomizo T et al. Plexin-Al and plexin-B1 specifically interact at their
cytoplasmic domains. Biochem Biophys Res Commun 2003; 300:927-931.

Takahashi T, Strittmatter SM. Plexinal autoinhibition by the plexin sema domain. Neuron 2001;
29:429-439.

Gu C, Yoshida Y, Livet ] et al. Semaphorin 3E and plexin-D1 control vascular pattern indepen-
dently of neuropilins. Science 2005; 307:265-268.

Potiron V, Roche J. Class 3 semaphorin signaling: The end of a dogma. Sci STKE 2005; 285:pe24.
Takahashi T, Fournier A, Nakamura F et al. Plexin-neuropilin-1 complexes form functional
semaphorin-3A receptors. Cell 1999; 99:59-69.



62

Axon Growth and Guidance

67.
68.
69.
70.
71.
72.
73.

74.

75.

76.

77.
78.
79.
80.
81.
. Hynes RO. Integrins: Bidirectional, allosteric signaling machines. Cell 2002; 110:673-687.
83.
84.

85.

86.

87.

88.

89.
90.
9L
92.
93.

94.

Rohm B, Ottemeyer A, Lohrum M et al. Plexin/neuropilin complexes mediate repulsion by the
axonal guidance signal semaphorin 3A. Mech Dev 2000; 93:95-104.

Cheng HJ, Bagri A, Yaron A et al. Plexin-A3 mediates semaphorin signaling and regulates the
development of hippocampal axonal projections. Neuron 2001; 32:249-263.

Suto F, Murakami Y, Nakamura F et al. Identification and characterization of a novel mouse
plexin, plexin-A4. Mech Dev 2003; 120:385-396.

Gherardi E, Love CA, Esnouf RM et al. The sema domain. Curr Opin Struct Biol 2004; 14:669-678.
Cleaver O, Melton DA. Endothelial signaling during development. Nat Med 2003; 9:661-668.
Soker S, Takashima S, Miao HQ et al. Neuropilin-1 is expressed by endothelial and tumor cells as
an isoform-specific receptor for vascular endothelial growth factor. Cell 1998; 92:735-745.

Fuh G, Garcia KC, de Vos AM. The interaction of neuropilin-1 with vascular endothelial growth
factor and its receptor flt-1. ] Biol Chem 2000; 275:26690-26695.

Gluzman-Poltorak Z, Cohen T, Herzog Y et al. Neuropilin-2 is a receptor for the vascular endothelial
growth factor (VEGF) forms VEGF-145 and VEGF-165 [corrected]. J Biol Chem 2000;
275:18040-18045.

Bagnard D, Sainturet N, Meyronet D et al. Differential MAP kinases activation during
semaphorin3A-induced repulsion or apoptosis of neural progenitor cells. Mol Cell Neurosci 2004;
25:722-731.

Toyofuku T, Zhang H, Kumanogoh A et al. Dual roles of Sema6D in cardiac morphogenesis
through region-specific association of its receptor, Plexin-Al, with off-track and vascular endothelial
growth factor receptor type 2. Genes Dev 2004; 18:435-447.

Castellani V, Chédotal A, Schachner M et al. Analysis of the L1-deficient mouse phenotype reveals
cross-talk between Sema3A and L1 signaling pathways in axonal guidance. Neuron 2000; 27:237-249.
Castellani V, Falk ], Rougon G. Semaphorin3A-induced receptor endocytosis during axon guid-
ance responses is mediated by L1 CAM. Mol Cell Neurosci 2004; 26:89-100.

Falk J, Bechara A, Fiore R et al. Dual functional activity of semaphorin 3B is required for posi-
tioning the anterior commissure. Neuron 2005; 48:63-75.

West DC, Rees CG, Duchesne L et al. Interactions of multiple heparin binding growth factors
with neuropilin-1 and potentiation of the activity of fibroblast growth factor-2. J Biol Chem 2005;
280:13457-13464.

Hynes RO. Integrins: A family of cell surface receptors. Cell 1987; 48:549-554.

Pasterkamp R], Peschon JJ, Spriggs MK et al. Semaphorin 7A promotes axon outgrowth through
integrins and MAPKs. Nature 2003; 424:398-405.

Serini G, Valdembri D, Zanivan S et al. Class 3 semaphorins control vascular morphogenesis by
inhibiting integrin function. Nature 2003; 424:391-397.

Walzer T, Galibert L, Comeau MR et al. Plexin C1 engagement on mouse dendritic cells by viral
semaphorin A39R induces actin cytoskeleton rearrangement and inhibits integrin-mediated adhe-
sion and chemokine-induced migration. ] Immunol 2005; 174:51-59.

Delaire S, Elhabazi A, Bensussan A et al. CD100 is a leukocyte semaphorin. Cell Mol Life Sci
1998; 54:1265-1276.

Kumanogoh A, Watanabe C, Lee I et al. Identification of CD72 as a lymphocyte receptor for the
class IV semaphorin CD100: A novel mechanism for regulating B cell signaling. Immunity 2000;
13:621-631.

Ishida I, Kumanogoh A, Suzuki K et al. Involvement of CD100, a lymphocyte semaphorin, in the
activation of the human immune system via CD72: Implications for the regulation of immune and
inflammatory responses. Int Immunol 2003; 15:1027-1034.

Kumanogoh A, Marukawa S, Suzuki K et al. Class IV semaphorin Sema4A enhances T-cell activa-
tion and interacts with Tim-2. Nature 2002; 419:629-633.

Takegahara N, Kumanogoh A, Kikutani H. Semaphorins: A new class of immunoregulatory
molecules. Philos. Trans R Soc Lond B Biol Sci 2005; 360:1673-1680.

Giordano S, Corso S, Conrotto P et al. The semaphorin 4D receptor controls invasive growth by
coupling with Met. Nat Cell Biol 2002; 4:720-724.

Conrotto P, Corso S, Gamberini S et al. Interplay between scatter factor receptors and B plexins
controls invasive growth. Oncogene 2004; 23:5131-5137.

Artigiani S, Conrotto P, Fazzari P et al. Plexin-B3 is a functional receptor for semaphorin 5A.
EMBO Rep 2004; 5:710-714.

Pulido D, Campuzano S, Koda T et al. Dtrk, a Drosophila gene related to the trk family of
neurotrophin receptors, encodes a novel class of neural cell adhesion molecule. EMBO ] 1992;
11:391-404.



Role of Semaphorins during Axon Growth and Guidance 63

95.

96.

97.

98.
99.
100.
101.
102.
103.

104.

105.

106.

107.

108.

109.
110.

111.
112.

113.
114.

115.

116.

117.

118.

119.
120.

121.

Winberg ML, Tamagnone L, Bai ] et al. The transmembrane protein Off-track associates with
Plexins and functions downstream of Semaphorin signaling during axon guidance. Neuron 2001;
32:53-62.

Jin Z, Strittmatter SM. Racl mediates collapsin-1-induced growth cone collapse. ] Neurosci 1997;
17:6256-6263.

Kuhn TB, Brown MD, Wilcox CL et al. Myelin and collapsin-1 induce motor neuron growth
cone collapse through different pathways: Inhibition of collapse by opposing mutants of racl. ]
Neurosci 1999; 19:1965-1975.

Driessens MH, Hu H, Nobes CD et al. Plexin-B semaphorin receptors interact directly with active
Rac and regulate the actin cytoskeleton by activating Rho. Curr Biol 2001; 11:339-344.

Rohm B, Rahim B, Kleiber B et al. The semaphorin 3A receptor may directly regulate the activity
of small GTPases. FEBS Lett 2000; 486:68-72.

Vikis HG, Li W, He Z et al. The semaphorin receptor plexin-B1 specifically interacts with active
Rac in a ligand-dependent manner. Proc Natl Acad Sci USA 2000; 97:12457-12462.

Zanata SM, Hovatta I, Rohm B et al. Antagonistic effects of Rndl and RhoD GTPases regulate
receptor activity in Semaphorin 3A-induced cytoskeletal collapse. ] Neurosci 2002; 22:471-477.
Vikis HG, Li W, Guan KL. The plexin-B1/Rac interaction inhibits PAK activation and enhances
Sema4D ligand binding. Genes Dev 2002; 16:836-845.

Negishi M, Oinuma I, Katoh H. R-ras as a key player for signaling pathway of plexins. Mol
Neurobiol 2005; 32:217-222.

Aurandt ], Vikis HG, Gutkind ]S et al. The semaphorin receptor plexin-B1 signals through a
direct interaction with the Rho-specific nucleotide exchange factor, LARG. Proc Natl Acad Sci
USA 2002; 99:12085-12090.

Chikumi H, Fukuhara S, Gutkind JS. Regulation of G protein-linked guanine nucleotide exchange
factors for Rho, PDZ-RhoGEF, and LARG by tyrosine phosphorylation: Evidence of a role for
focal adhesion kinase. ] Biol Chem 2002; 277:12463-12473.

Hirotani M, Ohoka Y, Yamamoto T et al. Interaction of plexin-B1l with PDZ domain-containing
Rho guanine nucleotide exchange factors. Biochem Biophys Res Commun 2002; 297:32-37.
Perrot V, Vazquez-Prado J, Gutkind JS. Plexin B regulates Rho through the guanine nucleotide
exchange factors leukemia-associated Rho GEF (LARG) and PDZ-RhoGEF. ] Biol Chem 2002;
277:43115-43120.

Swiercz JM, Kuner R, Behrens J et al. Plexin-B1 directly interacts with PDZ-RhoGEF/LARG to
regulate RhoA and growth cone morphology. Neuron 2002; 35:51-63.

Hall A. Rho GTPases and the actin cytoskeleton. Science 1998; 279:509-514.,

Wear MA, Schafer DA, Cooper JA. Actin dynamics: Assembly and disassembly of actin networks.
Curr Biol 2000; 10:R891-895.

Dickson B]. Rho GTPases in growth cone guidance. Curr Opin Neurobiol 2001; 11:103-110.
Aizawa H, Wakatsuki S, Ishii A et al. Phosphorylation of cofilin by LIM-kinase is necessary for
semaphorin 3A-induced growth cone collapse. Nat Neurosci 2001; 4:367-373.

Mitsui N, Inatome R, Takahashi § et al. Involvement of Fes/Fps tyrosine kinase in semaphorin3A
signaling. EMBO ] 2002; 21:3274-3285.

Goshima Y, Nakamura F, Strittmatter P et al. Collapsin-induced growth cone collapse mediated by
an intracellular protein related to UNC-33. Nature 1995; 376:509-514.

Inatome R, Tsujimura T, Hitomi T et al. Identification of CRAM, a novel unc-33 gene family
protein that associates with CRMP3 and protein-tyrosine kinase(s) in the developing rat brain. J
Biol Chem 2000; 275:27291-27302.

Sasaki Y, Cheng C, Uchida Y et al. Fyn and Cdk5 mediate semaphorin-3A signaling, which is
involved in regulation of dendrite orientation in cerebral cortex. Neuron 2002; 35:907-920.
Uchida Y, Oshima T, Sasaki et al. Semaphorin3A signalling is mediated via sequential Cdk5 and
GSK3beta phosphorylation of CRMP2: implication of common phosphorylating mechanism un-
derlying axon guidance and Alzheimer's disease. Genes Cells 2005; 10:165-79.

Brown M, Jacobs T, Eickholt B et al. Alpha2-chimaerin, cyclin-dependent Kinase 5/p35, and its
target collapsin response mediator protein-2 are essential components in semaphorin 3A-induced
growth-cone collapse. ] Neurosci 2004; 24:8994-9004.

Eickholt BJ, Walsh FS, Doherty P. An inactive pool of GSK-3 at the leading edge of growth cones
is implicated in Semaphorin 3A signaling. J Cell Biol 2002; 157:211-217.

Fukata Y, Itoh TJ, Kimura T et al. CRMP-2 binds to tubulin heterodimers to promote microtu-
bule assembly. Nat Cell Biol 2002; 4:583-591.

Terman JR, Mao T, Pasterkamp R] et al. MICALS, a family of conserved flavoprotein oxidoreduc-
tases, function in plexin-mediated axonal repulsion. Cell 2002; 109:887-900.



64

Axon Growth and Guidance

122.
123.
124.

125.

126.

127.
128.
129.
130.
131.

132.

133.

134.
135.

136.
137.

Mikule K, Gatlin JC, de la Houssaye BA et al. Growth cone collapse induced by semaphorin 3A
requires 12/15-lipoxygenase. ] Neurosci 2002; 22:4932-4941.

Forcet C, Stein E, Pays L et al. Netrin-1-mediated axon outgrowth requires deleted in colorectal
cancer-dependent MAPK activation. Nature 2002; 417:443-447.

Miao H, Wei BR, Pechl DM et al. Activation of EphA receptor tyrosine kinase inhibits the Ras/
MAPK pathway. Nat Cell Biol 2001; 3:527-530.

Kim I, Ryu YS, Kwak HJ et al. EphB ligand, ephrinB2, suppresses the VEGF- and angiopoietin
1-induced Ras/mitogen-activated protein kinase pathway in venous endothelial cells. FASEB ] 2002;
16:1126-1128.

Elowe S, Holland SJ, Kulkarni § et al. Downregulation of the Ras-mitogen-activated protein ki-
nase pathway by the EphB2 receptor tyrosine kinase is required for ephrin-induced neurite retrac-
tion. Mol Cell Biol 2001; 21:7429-7441.

Campbell DS, Hole CE. Apoptotic pathway and MAPKs differentially regulate chemotropic re-
sponses of retinal growth cones. Neuron 2003; 37:939-952.

Fujioka S, Masuda K, Toguchi M et al. Neurotrophic effect of Semaphorin 4D in PC12 cells.
Biochem Biophys Res Commun 2003; 301:304-310.

Doherty P, Williams G, Williams EJ. CAMs and axonal growth: A critical evaluation of the role of
calcium and the MAPK cascade. Mol Cell Neurosci 2000; 16:283-295.

Zachary 1, Gliki G. Signaling transduction mechanisms mediating biological actions of the vascular
endothelial growth factor family. Cardiovasc Res 2001; 49:568-581.

Vojtek AB, Cooper JA. Rho family members: Activators of MAP kinase cascades. Cell 1995;
82:527-529.

Atwal JK, Singh KK, Tessier-Lavigne M et al. Semaphorin 3F antagonizes neurotrophin-induced
phosphatidylinositol 3-kinase and mitogen-activated protein kinase kinase signaling: A mechanism
for growth cone collapse. ] Neurosci 2003; 23:7602-7609.

Parikh AA, Liu WB, Fan F et al. Expression and regulation of the novel vascular endothelial
growth factor receptor neuropilin-1 by epidermal growth factor in human pancreatic carcinoma.
Cancer 2003; 98:720-729.

Song H, Ming G, He Z et al. Conversion of neuronal growth cone responses from repulsion to
attraction by cyclic nucleotides. Science 1998; 281:1515-1518.

Campbell DS, Regan AG, Lopez ]S et al. Semaphorin 3A elicits stage-dependent collapse, turning,
and branching in Xenopus retinal growth cones. J Neurosci 2001; 21:8538-8547.

Goodhill GJ. Mathematical guidance for axons. Trends Neurosci 1998; 21:226-231.

Bagnard D, Thomasset N, Lohrum M et al. Spatial distributions of guidance molecules regulate
chemorepulsion and chemoattraction of growth cones. ] Neurosci 2000; 20:1030-1035.



CHAPTER 5

Slits and Their Receptors

Alain Chédotal*

Abstract

lit was identified in Drosophila embryo as a gene involved in the patterning of larval
S cuticle." It was later shown that Slit is synthesized in the fly central nervous system by

midline glia cells.”” Slit homologues have since been found in C. elegans® and many
vertebrate species, from amphibians,” fishes,® birds>!" to mammals.”'%'4 A single s/i was iso-
lated in invertebrates, whereas there are three sl genes (slitl-sfit3) in mammals, that have
around 60% homology.'? All encodes large ECM glycoproteins of about 200 kDa!>!¢ (Fig.
1A), comprising, from their N terminus to their C terminus, a long stretch of four leucine rich
repeats (LRR) connected by disulphide bonds, seven to nine EGF repeats, a domain, named
ALPS (Agrin, Perlecan, Laminin, Slit) or laminin G-like module (see ref. 17), and a cystein
knot (Fig. 1A). Alternative s?liced transcripts have been reported for Drosophila Slit?, human
Slic2 and Slit3,' and Slic1.'8!® Moreover, two Slitl isoforms exist in zebrafish as a conse-
quence of gene duplication.” Last, in mammals, two Slit2 isoforms can be purified from brain
exiracts, a long 200 kDa one'>'® and a shorter 150 kDa form (Slit2-N) that was shown to
result from the proteolytic processing of full-length Slit2.2! Human Slit1 and Slit3 and Droso-
phila Slit are also cleaved by an unknown protease in a large N-terminal fragment and a shorter
C-terminal fragment, suggesting conserved mechanisms for Slit cleavage across species.! %223
Moreover, Slit fragments have different cell association characteristics in cell culture suggesting
that they may also have different extents of diffusion, different binding properties, and, hence,
different functional activities in vivo. This conclusion is supported by in vitro data showing
that full-length Slit2 functions as an antagonist of Slit2-N in the DRG branching assay, and
that Slit2-N, not full-length Slit2, causes collapse of OB growth cones.? In addition, Slit1-N
and full-length Slit1 can induce branching of cortical neurons (see below), but only full-length
Slit1 repels cortical axons.??

Structure-function analysis in vertebrates and Drosophila demonstrated that the LRRs of
Slits are required and sufficient to mediate their repulsive activities in neurons.?*?® More re-
cent detailed structure function analysis of the LRR domains of Drosaphila Slit,” revealed that
the active site of Slit (at least regarding its pro-angiogenic activity) is located on the second of
the fourth LRR (LRR?2), which is highly conserved between Slits. Slit can also dimerize through
the LRR4 domain and the cystein knot.'® However, a Slit1 spliced-variant that lacks the cys-
teine knot and does not dimerize is still able to repel OB axons. '8

Introduction
The first roundabout gene, robo, was identified in Drosophila during a comprehensive screen
for genes regulating midline crossing in the CNS.? If SAX-3 is the unique robo ortholog in
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Figure 1. A) Structure of the slit proteins. B) Diagrammatic comparison of the structure of Robo
receptors in invertebrate and vertebrate species. v: vertebrate; d: Drosophila; z: zebrafish. ALPS:
domain found in Agrin, Laminin, Perlecan and Slit.

C.clegans,® three robo genes have been found in Drosophila,”?** zebrafish,>32 chick’ (Chedotal
unpublished data) and mammals.”!*** Robo proteins belong to the immunoglobulin (Ig)
superfamily and have five Ig-like domains followed by three fibronectin type III (FNIII) re-
peats, a transmembrane portion and a long intracellular tail containing up to four conserved
cytoplasmic motifs, CC0-CC3, with no obvious catalytic domains (Fig. 1B). The first two Ig
domains are the most highly conserved portion and are also found in another protein called
Robo4 or mﬁic roundabout that is only expressed by endothelial cells and plays a role in
angiogenesis.>*> However, Robo4 lacks the last three Ig domains, some FNIII domains and

the CC1 and CC3 motifs found in other Robo proteins. Moreover, its capacity to bind Slits is
still debated.3%%



Slits and Their Receptors 67

CCO0 has no known function but is a site of tyrosine phosphorylation.*® CC1 also contains
tyrosine residues that can be phosphorylated and was shown to bind to the P3 domain of the
netrin-1 receptor, deleted in colorectal cancer (DCC; see below).

CC2 is a proline-rich sequence that matches the consensus binding site for Drosophila En-
abled (Ena; see below), CC3 is also a polyproline stretch.?? Drosophila Robo2 and Robo3 lack
the CC2 and CC3 domains™ and the second half of CC2 is also not conserved in mouse and
zebrafish Robo3. Furthermore, mouse Robo3/Rig-1 (Rig—l for retinoblastoma inhibiting gene
1%%) lacks the CC1 motif*®3° but zebrafish Robo3 has it.*? In addition, some spliced variants of
mouse Robo3/Ri§-1, including a secreted form, may exist.” Last, Robo 1 can be cleaved in
transfected cells.?

In Drosophila, genetic and biochemical evidence demonstrated that Slit is a ligand of the
Robo1-Robo3 receptors.*>23040 Ljkewise, mammalian Slits can bind to all Robo receptors
with comparable affinity.”'%*! Slit cleavage fragments appear to have different cell association
characteristics, with the smaller C-terminal fragment being more diffusible and the larger
N-terminal and full length fragments being more tightly cell-associated.?! In addition, the
C-fragment does not bind to Robo.? More recent studies have shown that in Drosophila all
three Robo receptors compete for a single active binding site in the second LRR of Slit” and
that neither the FNIII domains nor Robo dimerization are required for Slit binding. The major
Robol-3 binding site of Slit is in the second of the four LRRs, is evolutionary conserved and
has a similar affinity for all Robos. However, Slit affinity is higher when all LRRs are present,
probably due to its dimerization. On the receptor side, several results suggest that the first two
Ig domains of Robos are required for Slit binding. First, the genetic deletion of Igl and Ig2
results in abnormal lung development.*? Second, antibodies against Robo Igl inhibit cumor
growth in mice*? and neurite outgrowth in vitro.* Third, Robol Igl-2 are important for Slit
binding and function in vitro.>

Several studies suggest that Slit can bind to other proteins than Robo, in particular heparan
sulfate glycosaminoglycans that are negatively charged carbohydrates found on the cell surface.
Slit1 and Slit2 were shown to bind to heparin column®"* and to Glypican-1,% a glycosyl
phosphatidyl inositol (GPI)-anchored heparan sulfate proteoglycan known to interact with
positively charged molecules. Biochemical data suggest that Slit binds to glypican-1 through its
C-terminus.*” Moreover, heparinase 111 treatment reduces Slit2 activity and binding to Robo1.
In Drosophila, expression of the transmembrane heparan sulfate proteoglycan syndecan in tar-
get cells appears to be required for Slit signaling.*’ There is also genetic evidence in mouse
supporting interaction between Slit and heparan sulfates in vivo.’® Heparan sulfates could help
stabilizing the Robo/Slit complex or function as coreceptors presenting Slits to Robos or to
alternative receptors.

Robo Partners

The analysis of Frazzled-Robo chimeric proteins in Drosophila, first revealed that the
cytoplasmic domain of Robo is required to control the lateral positioning of post-crossing
axons.”! Genetic and biochemical studies have then led to the identification of a number of
transmembrane and cytoplasmic proteins that may participate or modulate Slit signaling through
Robo receptors (Fig. 2). However, only a few of these proteins have been shown to directly
participate to Robo signaling upon binding Robo CC domains.

Abelson Tyrosine Kinase

In Drosophila, Robo was found to be a substrate for the cytoplasmic tyrosine kinase Abelson
(Ab). Abl is able to phosphorylate Robo’s CC0 and CCl1 leading to Robo inactivation.*® In the
Drosophila visual system, Abl was also found to interact with Robo2 and Robo3. An Abl
substrate, the actin binding protein Enabled (Ena), is also involved in Robo repulsion in Droso-
phila®® and C. elegans.’* Ena was shown to bind Robo’s CC2 muotif, therefore participating to
Robo signaling. However, other studies showed that Abl rather than inactivating Robo, could
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Figure 2. A central role for Abelson tyrosine kinase in Robo repulsion. Abl can inactivate Robo
signaling through phosphorylation of CCO and CC1. Other data suggest that Abl is recruited
following Robo activation. Abl interacts with multiple effectors such as Enabled (Ena), capulet
(CAP) and Orbit/MAST/CLASP that control cytoskeletal dynamics. Slit binding to Robo was also
shown to inactivate the cell adhesion molecule N-cadherin. Abl also mediates interaction be-
tween Robo and N-cadherin, most likely through an unknown partner. Robo can also bind to the
netrin-1 receptor DCC uponsslitbinding. This leads to the inhibition of netrin-1 attractive activity.

promote repulsion downstream of Robo.>® The adenylyl cyclase associated proteins (CAP)
regulate actin polymerization and bind to the SH3 domain of Abl. Interestingly, axon guidance
defects at the midline were observed in the Drosophila CAP homolog capulet (capt), or in
capt-slit or capt-robo-robo2 transheterozygotes. In this system, Abl and Capt are recruited by
Robo activation and inhibit actin polymerization, therefore acting positively in the Slit path-
way. Thus, Abl may play both positive and negative roles in Slit signaling.”* Slit binding to
Robo was also shown to inactivate the cell adhesion molecule N-cadherin that mediates
homophilic binding,. Interestingly, Abl is required for Robo binding to N-cadherin. Robo is
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thoughe to inhibit N-cadherin function by interfering with its cytoplasmic domain and by
inducing a decrease in N-cadherin-mediated adhesion. Slit binding to Robo increases the phos-
phorylation of B-catenin and thus its ability to bind to N-cadherin. This induces the binding of
Robo to N-cadherin resulting in its inhibition.>

Abl function downstream of Robo may involve microtubule associated proteins (MAP) in
addition to actin binding proteins.”® The MAP Orbit/MAST, ortholog of the vertebrate cyto-
plasmic linker protein (CLIP)-associated proteins (CLASP) are microtubule-associated plus
end tracking proteins that seem to reduce microtubule stability. Genetic evidence supports a
role for Orbi/MAST downstream of Abl in the Slit repellent pathway.

Although all these studies suggest that Abl plays a pivotal role in mediating Robo signaling

in Drosophila, it remains to determine if Abl function is conserved in vertebrates.

Rhbo Family of Small GTPases

Rho family of small GTP-binding proteins (Rho GTPases) are major modulators of the
actin cytoskeleton and play a central role in axonal growth and cell migration.”” Rho GTPases
are activated upon GTP binding and inactive when bound to GDP. The switch from their
active to their inactive state is controlled by two families of proteins: the guanine nucleotide
exchange factors (GEFs) and the GTPase activating proteins (GAPs). GEFs activate Rho
GTPAses while GAPs inactivate them by inducing GTP hydrolysis.”’

Many studies have shown that Rho GTPases play an important role in the modulation of
Slit function (Fig, 3). First, activation of RhoA in Drosophila causes axons to cross the mid-
line.® Second, In this system, Racl inactivation or Cdc42 activation can overcome the effect
of constitutively active Robo suggesting that Cdc42 and Racl function downstream of Robo.>®
Likewise, in vertebrate neurons, a constitutively active Cdc42 blocks the repulsive effect of
Slit.%* Biochemical studies have shown that the SH3-SH2 adaptator protein Dock, can bind
directly to Robo and that this interaction requires the SH3 domain of Dock and the CC2 and
CC3 motifs of Robo.®"? Dock is known to interact with key regulators of the actin cytoskel-
eton such as p21-activated protein kinase (Pak), a serine-threonine kinase which in turn can
interact with RhoGTPases such as Racl and Cdc42. Slit binding to Robo increases the level of
Dock-Robo association, recruits Pak and stimulates Rac (in particular Racl). Thus Slit regu-
lates the assembly of a multiproteic complex composed of Dock, Pak and Rac that couples
Robo receptor activation to the regulation of the actin cytoskeleton.

Robo also controls the activity of Rho GTPases through a family of Slit/Robo specific GAPs,
StGAP1-3, that were identified using yeast two hybrid and Robol CC3 domain as a bait.
SrGADPs consist of a RhoGAP domain, a SH3 domain and a Fes/CIP4 (FCH) homology do-
main. StGAP1 and stGAP3 bind to the CC3 domain of Robol through their SH3 domain.
Slit2 increases Robol binding to srGAP1 and its activity and this regulation requires CC3. In
turn, StGAP1 inactivates Cdc42 and activates RhoA but not Racl.% Contrary to stGAP1,
stGAP3 is mainly a repressor of Rac1.®® Recently, it was also shown that in Drosophila, Slit/
Robo signaling could also control Rac activity upon binding the GAP Vilse/CrossGAP, that is
conserved in vertebrates.**%> Genetic evidence showed that CrossGAP may be involved in
Robo-dependent axonal repulsion and tracheal cell migration and that it specifically inactivates
Rac. Moreover, CrossGAP WW domains can directly bind to the CC2 domain of Robo and
thus may not function downstream of other Robo receptors that lack the CC2 domain.%
Moreover, the two proteins can be coimmunoprecipitated from brain extracts.% Although it
inactivates Rac, Vilse seems to have a positive role in Robo repulsion.®*

The Netrin Receptor DCC

Deleted in colorectal cancer (DCC) is a transmembrane receptor for the secreted protein
netrin-1 (see Chapter l()%r Moore et al). Robol can bind DCC and this results in the inhibition
of netrin-1 attraction.*® This silencing activity requires the binding of the CC1 domain of
Robo 1 and to the P3 domain of DCC. The C. elegans homolog of DCC, UNC-40, can also
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Figure 3. Rho GTPases in Slit/Robo signaling. Rho family of smali GTP-binding proteins (Rho
GTPases) are activated upon GTP binding and inactive when bound to GDP. Rho GTPases play
an important role in the modulation of Slit function. The SH3-SH2 adaptator protein Dock, can
bind directly to Robo. Dock interacts with key regulators of the actin cytoskeleton such as
p21-activated protein kinase (Pak), which in turn can interact with RhoGTPases such as Rac1
and Cdc42. Slitbinding to Robo increases the level of Dock-Robo association, recruits Pak and
stimulates Rac. Robo also controls the activity of Rho GTPases through a family of Slit/Robo
specific GAPs. SrGAP1 inactivates Cdc42 and activates RhoA but not Rac1. Slit/Robo signaling
could also control Rac activity upon binding the GAP Vilse/CrossGAP. CrossGAP WW do-
mains can directly bind to the CC2 domain of Robo. Although it inactivates Rac, Vilse seems
to have a positive role in Robo repulsion.

bind SAX-3.%? Interestingly, Slit also binds netrin-1,'? but the functional consequence of this
interaction is unknown.

Other Modulators of Slit/Robo Function

ECM molecules, specially laminin-1 have been shown to influence the response of retinal
axons to netrin-1. Thus, exposure of Xenopus retinal axons to laminin converts their response
to netrin-1 from attraction to repulsion, apparently by lowering cAMP levels in the growth
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cones.”” The level of cyclic nucleotides in the growth cone in part determines the action of
many guidance cues.®® It was found that Slit2-N growth-promoting action could be converted
into an inhibition by lowering cGMP levels. Along this line, the activation of CXCR4 by the
chemokine SDF-1 reduces the repulsive activity of Slit2 on retinal axons indirectly, by stimu-
lating PKA® and increasing cAMP levels. Other second messengers such as calcium may also
participate to Slit signaling.”® Interestingly, as for netrin-1, a laminin-1 peptide was able to
convert Slit2-N activity and this may also involve integrins.”' Accordingly, there is genetic
evidence in flies for a regulation of Slit action by integrins.®?

Last, there is also genetic evidence suggesting that receptor-linked tyrosine phosphatases,’
Calmodulin and the Ras/Rho GEF Son of Sevenless (SOS) critical for Ras activation’? may
participate to Slit/Robo signaling. Both Sos and CaM signaling pathways are required to pre-
vent certain axons from crossing the midline. However, the link with the transduction of Robo
signaling is unclear and these proteins may just function in parallel pachways.

Molecular Control of Slit and Robo Expression

Transcriptional Regulation

In Drosophila, Slit function is controlled by the BTB transcription factor Lola.” In addi-
tion, several transcription factors were shown to control Slit expression in fly embryo” such as
the PAS bHLH single minded.”® Slit promoter region also contains bindin; sites for the SOX
HMG domain protein Fish-Hook and the POU domain protein Drifter.”® Likewise, in the
chick retina optic layer, the Irx homeobox gene family member, /x4, negatively controls Slitl
expression.”” Last, Islet-2, a LIM/homeodomain-type transcription factor of the Islet-1 family
was also proposed to control in zebrafish sensory neurons the expression of some factors impor-
tant for Slit signaling.”® One of these factors may be the semaphorin receptor plexin-A4.

Similarly, Robos could be subject to transcriptional regulation.”*® For instance, in fly em-
bryo, Robo2 expression in the mesoderm is likely to be controlled by homeotic genes such as
homothorax®' and there is a hox binding site in the 0602 gene.

Post Transcriptional and Post-Translational Regulation Commissureless

In Drosophila and rodents, Robo expression is regionally restricted”#®2 to longitudinal
axons and absent from commissures. In fly, this localization of Robo to the post-crossing seg-
ment of commissural axons is controlled by the transmembrane protein commissureless
(Comm) .53

Comm was initially proposed to be expressed and required at the midline for appropriate
midline crossing and to triggers Robo internalization.>* However, more recent studies have
shown that Comm is expressed by commissural axons and acts autonomously in commissural
neurons.?> Moreover, there is no need for Comm at the midline for restoring midline crossing
in comm mutants.%® Comm protein appears to be prevented from reaching the contralateral
portion of commissural axons and accumulates at the midline. In turn, Comm prevents the
delivery of Robo at the growth cone, by recruiting it to late endosomes.® It is still unclear why
Robo is present on the post-crossing segment.

Comm is a predicted transmembrane protein of 370 amino acids with no known domains.
Structure-function analysis revealed that the N-terminal and transmembrane domains of Comm
are required to downregulate Robo.®” The intracellular portion of Comm is also essential for its
function and contains an endosomal sorting domain that is required, together with the mem-
brane proximal region of comm (108-131) to relocalize Robo in transfected cells.® It also
includes a binding site for the ubiquitine ligase dNedd4 and interaction with Nedd4 is re-
quired for Comm to localize within vesicles in transfected S2 cells.*® In yeast two hybrid,
Nedd4 was shown to bind Robo.%® However, more recent studies have shown that comm
ubiquitination is not required for its function and that Nedd4 does not influence midline
guidance in vivo.% Robo2 and Robo3 expression can also be negatively regulated by Comm
when the protein is overexpressed but this probably does not occur in vivo.%>* In normal
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condition, the restricted expression of Robo2 and Robo3 expression may be controlled by
other Comm proteins, but may also be transcriptionally regulated.’

Despite its major role in Drosophila, so far no commissureless homolog has been found in
vertebrates suggesting the existence of additional regulatory mechanisms and modulators one
of which could be Robo3/Rigl.

In the mouse spinal cord, commissural axons become responsive to midline repellents, in-
cluding Slit2, after crossin%.o89 Moreover, in mouse spinal cord, Robol and Robo2 expression is
upregulated after crossing.”™ This suggests that the expression and function of vertebrate Robo
is also precisely controlled at the midline. Surprisingly, this regulation seems to involve the
receptor Robo3/Rigl. Rigl expression overlaps with Robol in dorsal spinal cord®! and is
downregulated in post-crossing axons and neurons.?!"”! In addition, axons from Rigl knock-
out exhibit a premature response to Slit. In the spinal cord and hindbrain,”! Rigl seems to
function as an inhibitor of Slit signaling in precrossing axons. Accordingly, there is a significant
rescue of midline crossing by commissural axons in rigl/slit2 and rigl/robol double mutants
and rigl/sli¢1/5lir2 triple mutants.*° Rig1 exact function is unknown. It may sequester Slit, or
interfere with Robo1 signaling, but there is still no evidence for direct Robo/Rigl interaction. *!

Other Regulators

As mentioned above, all Slits, and possibly some Robo receptors can be proteolytically
processed into shorter fragments. The enzymes regulating the cleavage of these proteins are
unknown, although there is some evidence’ for a role of the metalloprotease of the ADAM
family kuzbanian in Drosephila. There is also some data supporting a postranscriptional
modulation of Slit function by the Arf6-GEE Schizo, through a regulation of endocytosis or
membrane dynamics.”

Muldiple Functions for Slit/Robo in the Nervous System
Slits play a major role in axon guidance in many systems and animal species. In most cases
Slits act as repellents but there is some evidence that they may act positively on some axons.”"”

Midline Crossing

Slit and Robo are primarily known for their function in regulating midline crossing in the
nervous system. In Drosogbi[a robe mutants, many axons abnormally cross the CNS midline
and some multiple times.”® In Drosophila, Robo also controls midline crossing in the olfactory
system.” In the CNS of s/i# mutant, axons converge to the midline and remains there. Slit was
later shown to be a repellent for noncrossing axons and for commissural axons once they have
crossed the midline. Biochemical and genetic studies showed that Slit is produced by midline
glia cells and that its binding to Robo triggers axonal repulsion. The different midline pheno-
type between robo and slir mutants suggested that additional Slit receptors may be present
on commissural axons. Accordingly, Robo2 was shown to act redundandy with Robo to con-
trol midline crossing in Drosophila.*> However, each receptor has a unique role and their func-
tion in controlling midline crossing is only partially redundant. In contrast, Robo3 does not
seem to play a role in midline crossing in fly.

Interestingly, this essential function of Slit/Robo at the CNS midline is evolutionary
conserved from C. elegans to humans.*® In all these species, Slits are expressed at or near the
midline, such as the floor plate and septum in vertebrates, or are expressed around decussating
axons, canalizing them as they approach the midline. Thus, in vertebrates, Slit/Robo were
shown to govern midline crossing by retinal axons’>*® commissural axons in the spinal cord,
olfactory bulb axons,” cortical axons,”®?? precerebellar axons.”! They were also shown
to control midline crossing by migrating neurons in the hindbrain.”!

In the vertebrate visual system both ipsilaterally and controlaterally projecting axons
respond to Slits and in their absence, pathfinding errors are observed prior to crossing. In this
system, Slit expressing cells surround retinal axons, channeling the axons before and after the
chiasm up to the diencephalon.”®!® The same occurs in the neocortex where Slit2 expression
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in the glial wedge and induseum griseum prevent callosal axons from entering the septum.’®’

In vertebrates, the function of the three sz genes, that are often totally or partially coexpressed'®!
appears largely redundant. Thus, axonal tracts are onl sligghtly perturbed in mice deficient for
a single slit gene and sometimes for two slit genes.’**>?7% This redundancy may explain why
some major commissures such as the anterior commissure and the hippocampal commissure
are normal in mice deficient for both Slit1 and Slit2. Accordingly, it is only in the spinal cord
of triple Slit1/2/3 knockouts™ that many commissural axons stay at the midline and recross it,
a phenotype reminiscent of the Drosaphila slit mutant. The organization of the brain of sf¢1/
slit2/stit3 wriple knockouts will have to be fully studied to determine if Slit/Robo controls the
development of all commissural tracts in vertebrates.

Projection Map Formation

In many systems, in particular those conveying sensory informations, axonal projections are
topographically ordered in the target territory. Slit and Robo seem to play an important role in
regulating axonal targeting in vertebrates and invertebrates. Thus, in the Drosophila visual sys-
tem, Slit and Robo control the segregation of lamina cells (that express Slit) and lobula cells
(that express all Robo receptors) by preventing cell mixing. %% Likewise, in the visual system of
zebrafish, Robo2 (Astray) in addition to control axon guidance at the chiasm regulates
pathfinding within the tectum.”*1%

In the Drosophila olfactory system, distinct subtypes of olfactory axons express various
combinations of Robo receptors and Robo controls axonal positioning in the olfactory lobes.”*
In rodents, the projection from the vomeronasal organ (VNO) to the accessory olfactory bulb
(AOB) is topographically organized. Neurons in the apical part of the VNO send axons to
glomeruli in the anterior half of the AOB and VNO neurons in the basal part project to the
posterior AOB. All VNO axons were shown to express obo/ mRNA during development,
while r0602 is present only in basal ones.'®"'% Slit1 and Slit3 are also expressed in the VNO
(preferentially in the apical part ) and the anterior AOB and VNO axons are repelled by Slit in
collagen gel.!911931% The important role of Slitl in VNO axon targeting was recently
confirmed in vivo using s/it-deficient mice.'® In zebrafish, Robo2 controls the development
of olfactory projections from to the olfactory bulb, in particular the establishment of the
glomerular map.

Branching

In vertebrate, Slit2 was originally purified as a factor able to stimulate the formation of axon
collateral branches by NGF-responsive neurons of the dorsal root ganglia (DRG).?! It was also
shown that only the N-terminal fragment of Slit2, but not the full length protein is capable of
stimulating DRG elongation and branching. 2" Moreover, full-length Slit2 can antagonize
the effect of Slit2-N.% Slit2 also controls the branching/arborization of central trigeminal sen-
sory axons in the brainstem of rodents'® and in zebrafish.”® In this later case, the branching
activity of Slit2 is modulated by the semaphorin receptor plexin-A4.”® Last, although DRG
express Robo2,”! and trigeminal axons express both Robol and Robo2, the axonal receptor
mediating Slit branching activity is unknown.

Interestingly, Slit/Robo not only influence axonal branching but also dendritic branching.
First, in Drosophila, the directionality of dendritic outgrowth at the midline is controlled
cell-autonomously by Robo.'”” In 7060 mutant, dendrites of motor neurons grow abnormally
toward the midline while no phenotype was observed in 0602 and rebo3 mutants. Likewise,
Slit] has a dual activity on rat cortical neurons,!® as it repels their axons but induces dendritic
growth and branching. This effect appears to involve Robo signaling.

Longitudinal Tract Formation

In Drosophila, Robo, Robo2 and Robo3 are expressed in overlapping domains within
longitudinal tracts of the CNS, and this combination of Robo receptors is thought to control
the lateral position of longitudinal axons. Thus, genetic alterations of the Robo code displace
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longitudinal axons along the mediolateral axis. However, it is not known if these changes
involves Slit signaling. As Robos are immunoglobulins and able to mediate homophilic and
heterophilic binding, it is possible that the control of lateral positioning by Robo involves
Robo-Robo interactions and selective axonal fasciculation.

In mouse, there is also some data supporting a differential expression of Robo receptors by
longitudinal axons that project at distinct ventro-dorsal position in the spinal cord.*!

Control of Cell Differentiation

In fly, serotoninergic neurons ate bilaterally organized and must cross the midline to achieve
their differentiation. Robo2 and Robo3 were shown to regulate the expression of the serotonin
transporter (SerT) as many serotoninergic neurons fail to express SerT in robo2 and robo3
mutants. Moreover, Robo2 and Robe3 are required for eagle expression, a transcription factor
controlling serotoninergic differentiation.'® Interestingly, SerT activity is normal in sfir mu-
tants suggesting that Robo2/3 function in serotoninergic differentiation is Slit independent. In
Drosophila, Slit also promotes the terminal asymmetric division of ganglion mother cells by
regulating the asymmetric distribution of Inscuteable and by downregulating the expression of
POU genes.!!% In vertebrates,'"! Robol may also control cell differentiation as its overexpression
in Xenopus leads to ectopic neuronal differentiation. Last, during kidney development in mouse,
slit2 and robo2 inactivation leads to supernumerary ureteric buds, possibly through
postranscriptional effect on other developmental genes.!'?

Cell Migration

Another important function for Slits and Robos is the control of cell migration in the
nervous system (both neurons and glia) and in several other tissues. As for axons, Slits were
found to be important regulators of the behavior of migrating cells at the midline. But in
contrast with axons, migrating cells can either be attracted or repelled by Slits.

In Drosophila, longitudinal glia is generated from glioblasts that migrate ventrally to contact
pioneer neurons at a distance from the midline. These cells express Robol and in r0bo mutant,
glial cells migrate over the midline' ' suggesting that Slit is repulsive. Likewise, Muscle precursors
in Drosophila embryos! ' fail to migrate away from the midline in s/ mutant. In this system also,
Slit produced by midline glia acts as a repellent. However, at later stages Slit expressed at muscle
attachment sites attracts muscle precursors that express both Robo and Robo2. Interestingly,
Comm also cooperates with Robo and Robo2 to control muscle precursors migration.”® The
mechanism responsible for the switch from repulsion to attraction is still unknown but may
involve signaling through different Robo receptors as suggested in other systems. Hence, Robo2
was proposed to mediate the long-range attraction of tracheal cell into the CNS'"> while Robo
may mediate a repulsive action of Slit on tracheal cells. This different activity of the two receptors
may rely on differences in their cytoplasmic domains. In C. elegans, Slit was also shown to be
positive regulator of neuronal migration C.elegans along the anterior posterior axis.®

In vertebrates, Slits and Robo participate to the migration of many neurons in the CNS and
PN but so far there is only evidence for a repulsive activity. Moreover, whereas Slit and Robo
were shown to guide tangentially migrating neurons, they do not seem to participate to radial
migration. During development and throughout adulthood, several types of olfactory bulb
(OB) interneurons (the granule cells and the tufted cells) are generated from progenitors
located in the so-called subventricular zone (SVZ) that surrounds the lateral ventricles'!® and
migrate to the OB via the rostral migratory stream (RMS). The rostral migration of SVZ-derived
neuroblasts was shown to involve chemorepellents secreted by the septum.!!”""? Biochemical
and in vitro studies have since demonstrated that Slitl and Slic2 are mediating this repulsive
activity.!? Accordin%lly, some SVZ-derived neuroblasts showed abnormal migration pattern in
slit] deficient-mice.'’ However, those cells were also shown to express Slit]!!'* that may act
cell autonomously. Migrating OB neuroblasts express robo2and r0b03 mRNAs'”' and stGAP1.%
Although dominant-negative stGAP1 blocks Slit repulsion of SVZ cells,”* the contribution of
Robo signaling in this system is largely unknown. Elegant in vitro assay also showed thar Slit
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repels migrating svz cells without blocking their migration. Thus, Slit may just control the
directionality of the migration without affecting cell motility,'? although this issue is still
controversial.'?! In chick embryo, Slit2 repels the migration of trunkal but not vagal neural
crest cells'? that take different migratory pathways during development. As observed in the
SVZ system, Slit2 appears to enhance cell motility: neural crest cells migrate further in the
presence of soluble Slit2.

In the telencephalon, Slitl repels in vitro the migration of GABAergic interneurons from
the ganglionic eminence.'?? However, the phenotypic analysis of sli1/slit2 deficient mice
revealed that they are not necessary for tangential migration of GABAergic interneurons to the
cortex in vivo.'?* On the other hand, this study revealed that Slits influence the migration of
cholinergic neurons of the basal magnocellular complex.

In the hindbrain, Slit and Robo participate to the migration of thombsic lip derivatives both
in chick and rodents.!’””**! Although Slits primarily act as repellents for rhombic lip-derived
cells, the?r were also proposed to antagonize the attractive activity of floor plate-derived
netrin-1.'%

Last, Slits and Robo also influence the migration of other vertebrate cells; either negatively
as shown for leukocytes,'%° but sometimes positively as shown for endothelial cells?*'*” In this
later case, Slit attractive activity involves Robol signaling.

A Role for Slit and Robo in Neurological Disorders?

There is relatively little direct evidence so far indicating that Slit and Robo may be involved
in pathological processes except in cancers.'”® However, several patients suffering from a rare
congenital syndrome named Horizontal gaze palsy with progressive scoliosis and hindbrain
dysplasia (HGPPS) were recently shown to bear mutations in the ROBO3 gene. In these pa-
tients, the pyramidal tract and the dorsal column-medial lemniscus are uncrossed.>* Moreover,
there is a reduced pontine nucleus and abducens nuclei. As shown in 70603 knockout mice the
pontine nucleus defect is probably caused by an abnormal migration during development.”! It
is still unknown if the other human brain defects are also present in mice lacking Robo3 and as
those die at birth, behavioral analysis are not possible.

One of the Slit/Robo GAP, StGAP3 has a putative role in idiopathic mental retardation® as
it is mutated in patients with X chromosome-linked MR. However, the cellular basis for these
defects and the normal function of StGAP3 in the CNS are unknown.

The incapacity of adult axons to regenerate in the CNS of mammals is known to rely for a
large extent on the existence of inhibitors of axonal growth expressed either in the glial scar or
in myelin. Several studies have shown that repulsive axon guidance molecules may be respon-
sible for some of the inhibition.'? Slit an Robo expression after injury has not been extensively
studied so far. However, in a model of cryoinjury, Slit2 was found to be expressed in reactive
astrocytes together with glypican-1."*° In addition, adult DRG neurons also express mRNAs
for Robo2 and Slit] but their expression does not change after sciatic nerve transection or
dorsal column lesion in the spinal cord.'?! In contrast, Glypican-1 and SrGAP2 expression are
upregulated after such lesions.!*"'3? Thus, it is still unclear if Slit and Robo play any role in
preventing axonal regeneration.

Perspectives

There is mounting evidence that Slits regulate a lar%e range of biological functions, from
axon guidance, neuronal migration, immune response'> to cell differentiation most likely
through Robo signaling. However there are still many open questions.

First, could Robo functions independendy of Slit in particular through Robo/Robo interaction
and what are the signaling pathways involved. Thus, in the Drosophila PNS, Robo2 ex-
pressed on visceral mesoderm binds Slit and present it to Robo expressing chordotonal sensory
neurons. This may also involve Robo-Robo2 direct interaction.®!'* In vitro experiments also showed
that the growth of retinal and olfactory Robo expressing axons is stimulated on Robo expressing
cells, suggesting that Robo might work as cell-adhesion molecule to regulate outgrowth.* In
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Drosophila, Robo and Robo2 can dimerize in vitro®® and ectopic expression of low level of Robo2
causes a Robo-like phenotype suggesting that Robo2 could interfere with Robo function.®

The function of Slits and Robos to in the normal adult brain and in pathological condition
also remains to be clarified. Many data support a role for these molecules in tumorigenesis, in
particular in gliomas'®® but this needs to be further demonstrated. As all Slits and Robos are
expressed in adult neurons it is likely that they modulate synaptic transmission as shown recently
for other secreted axon guidance molecules of the semaphorin family.'* Many answers to these
questions should come from the analysis of mouse deficient for one or several of these proteins.
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CHAPTER 6

Neurotrophic Factors:
Are They Axon Guidance Molecules?

Sarah Guthrie*

Introduction
eurotrophic factors play a multiplicity of roles during development. They can
N promote axonal growth in vitro and are capable of orienting axons. Recently, molecular
evidence suggests that neurotrophic factors and axon guidance molecules regulate the
same signalling pathways in neurons. Yet only a few critical studies have tested a possible role
for neurotrophic factors as guidance molecules in vivo. In this chapter I review the evidence for
and against neurotrophic factors as axon guidance molecules.

Evaluation of Neurotrophic Factors as Axon Guidance Molecules

In the past two decades, the Semaphorin, Ephrin, Netrin and Slit molecules have been
found to exert positive (growth promoting/chemoattractant) and/or negative (growth inhibi-
tory/chemorepellent) effects on axon guidance.! Neurotrophic factors are known to positively
regulate neuronal survival and axon growth, but their status as guidance molecules is much less
certain. What criteria should therefore be used in evaluating the ability of neurotrophic factors
to guide axons? Firstly, it is important to distinguish between ‘trophic’ effects—promotion of
neuronal survival and axon outgrowth, and ‘tropic’ effects—axonal chemoattraction. In vitro
studies should therefore test not only the ability of neurotrophic factors to increase axonal
growth when applied globally, but also their capacity to chemoattract axons when applied
focally. Secondly, in vivo gain and loss of function approaches should cause ectopic axon pro-
jections or pathfinding defects respectively, ot alterations in branching and terminal arborisation.
Thirdly, evidence of common signalling pathways might provide a circumstantial link for a
role of neurotrophic factors as guidance molecules.

The Discovery of the Neurotrophins

The ground-breaking work of Rita Levi-Montalcini and Viktor Hamburger in the 1940s
first revealed the vital role played by neurotrophic factors in the development of the nervous
system. They discovered that neuronal cell death occurs in normal embryos, and that the size
of the surviving neuronal population depends on the size of the target field they innervate.
The full implications of these findings were not clear at the time, but the work paved the way
for the development of the idea that neuronal survival depends on limiting amounts of fac-
tors taken up by neurons from their targets.>*> Experiments in which tumour tissues were
implanted into mice showed that diffusible factors from this source potently promoted the
survival and outgrowth of sensory and sympathetic neurons. The active component proved
to be Nerve Growth Factor, the founder member of the family of neurotrophins and of the
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extended family of neurotrophic factors.* When anti-NGF antiserum was injected into em-
bryonic or neonatal mice and rats, there was extensive atrophy of the sympathenc and sen-
sory ganglia, showing a physiological requirement for NGF in neuronal survival.’ Injection
of NGF into the brains of neonatal rats resulted in abundant ingrowth of sympathetlc axons,
which entered the CNS via the dorsal and ventral roots, apparently growing towards the
source of NGE® Moreover, exposure of embryonic sympathetic or sensory ganglia to NGF
in vitro resulted in a massive enhancement of axon outgrowth.? Subsequent experiments
used subdivided tissue culture dishes to demonstrate that NGF-dependent neuronal survival
was dependent upon uptake of NGF from nerve terminals and retrograde transport to the
cell body.” Together, these findings established NGF as a target-derived factor with potent
effects on neuronal survival and axon outgrowth.

Whilst it was identified by its actions on sensory and sympathetic neurons, NGF was later
found to exert biological effects on defined populations of both peripheral and central neu.
ronal types; in the latter category for example are cholinergic neurons of the basal forebrain.?
This theme was developed and extended, with the purification of the related molecules,
brain-derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3), and néurotrophin-4/5
(NT-4/5). Together with NGE these molecules form the neurotrophin family. Correspond-
ingly, the Trk family of tyrosine kinase receptors, TrkA, TrkB and TrkC bind preferentially to
NGE BDNF/NT4/5 and NT-3 respectively In addition, all neurotrophins bind with low
affinity to the common p75 neurotrophin receptor (p75NTR). The different neurotrophins
are capable of supporting the survival of specific and (sometimes) overlapping groups of neu-
rons.”!! Mice lacking the function of individual neurotrophins have deficits in the production
of particular groups of neurons, and this is largely mirrored in the deficits in mice lacking the
corresponding receptors. So, for example, mice mutant for NGF/TrkA display loss of sympa-
thetic and nociceptive sensory neurons, whilst mutants for BDNF/TrkB lose vestibular and
other subsets of sensory neurons, and N7-3/T7#C mutants lose proprioceptive sensoty neu-
rons. TrkB and Tr#C mutants show an additional deficit in a subset of motor neurons.”'* A key
aspect of neurotrophin function is thus to promote neuronal survival, regulating programmed
cell death and matching neuronal numbers to target structures. However, a much broader
range of activities have subsequently been revealed; neurotrophins are capable of regulating cell
prohferatlon, differentiation, axon extension and branching, as well as influencing the regrowth
and synaptic plasticity of adult neurons.'"!?

The Extended Family of Neurotrophic Factors

At the time of the identification of NGF it could hardly have been suspected that the
neurotrophins form a subset within a huge and diverse family of neurotrophic factors, possess-
ing a multiplicity of influences in neural development. These include the glial cell line-derived
neurotrophic factor (GDNF) family, the interleukin-6 (IL-6) family of cytokines, and hepato-
cyte growth factor (HGF). Although other molecules might be considered to belong under the
general umbrella of neurotrophic factors, I shall restrict my discussion to these families to-
gether with the neurotrophms GDNEF was originally characterised as a trophic factor for mid-
brain dopaminergic neurons,'* and was subsequently found to have wider effects on the sur-
vival of motor neurons,'” peripheral sensory neurons, and autonomic and noradrenergic
neurons.'® The related molecules neurturin (NTN) and artemin (ART) also have survival ef-
fects on sympathetic and sensory neurons and dopaminergic neurons, whlle persephin (PSP)
supports motor and dopaminergic neurons but not peripheral neurons."” GDNF family mem-
bers signal via a receptor complex consisting of the Ret tyrosine kinase receptor and a glycosyl
phosphatidylinositol (GPI)- anchored ligand binding-component (GFRa). GDNE NRTN,
ART and PSP bind preferentially to GFRal, GFRa2, GFRa3 and GFRa4 respectively, al-
though promiscuity of binding to alternative receptors can also occur. In concordance with the
in vitro data on the actions of GDNF family members, there is evidence that mice deficient in
GDNF ligands or receptors lose specific neuronal subtypes, namely peripheral sensory and
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autonomic neurons and motor neurons; for example, defects in the 9p:;\rasympathetic nervous
system have been found in mice lacking either NTN or GFRo2.!3!

The IL-6 family of cytokines comprises ciliary neurotrophic factor (CNTF), leukaemia
inhibitory factor (LIF), cardiotrophin-1 (CT-1) and interleukin-6 (IL-6); some members of
the family act via a common receptor complex including the transmembrane proteins gp130
and LIFRB. The CNTF and CT-1 receptors contain an additional, GPI-anchored subunit.?’
CNTF was originally named based on its survival effects on ciliary ganglion neurons, but can
also support motor neurons in vitro.”' However, CNTF mutant mice failed to show a signifi-
cant loss of motor neurons, in contrast to a 50% loss of motor neurons in mice mutant for
CNTFaR or LIFR§.2? CT-1 is the most potent motor neuron trophic factor in vitro® as
well as having actions on other central and peripheral neuronal types. Mice lacking CT-1 show
loss of spinal and subsets of cranial motor neurons.

HGF was originally identified as a mitogen and a regulator of cell motility, which acts via
the c-MET tyrosine kinase receptor. HGF is capable of inducing axon growth of embryonic
motor, sensory, sympathetic and cortical neurons.”’*!

Neurotrophic Factors Can Promote Axon Growth and Orient Axons

in Vitro

There is a large body of evidence showing that neurotrophic factors applied in the medium
can promote axon outgrowth; e.g., the effects of BDNF and N'T-4 on retinal ganglion neu-
rons.”? However, the role of neurotrophic factors in maintaining neuronal survival presents a
problem experimentally, since these effects may not be readily separable from those on axon
growth and guidance. Since some types of primary neurons are initially neurotrophic
factor-independent, it is also possible to test effects of these factors on axon outgrowth at early
developmental timepoints. For example, young cranial motor neurons show an increase in
axon outgrowth in response to HGE, BDNE CNTF and CT-1 at times before standard sur-
vival assays are carried out.”> Another strategy to separate survival and outgrowth effects in
vitro is to overexpress the anti-apoptotic protein Bcl-2 in neurons, leading to neuronal survival
in the absence of neurotrophic support. Retinal ganglion neurons which expressed Bcl-2 failed
to extend axons unless BDNF or CNTF were not supplied, thus implying that these factors
also regulate axon extension. NTN and most strikingly ART (but not GDNF) promote axon
outgrowth from embryonic sympathetic ganglia in vitro, and ART is also capable of
chemoattracting these axons.”> GDNE, and to a lesser effect NTN exerts a potent effect on the
outgrowth of motor axons in postnatal rat spinal cords in vitro,* and GDNF supports survival
of oculomotor neurons while PSP increases their axon outgrowth.”

The first evidence of NGF’s chemoattractant role came from experiments in which chick
dorsal root ganglion neurons turned and grew towards NGF applied focally from a pipette.*®
Presentation of NGF via diffusion from polystyrene beads also chemoattracts growth cones, in
a manner which is dependent on the TrkA receptor.®’ Moreover, BDNF and N'T-3 can both
induce a chemoattractant response of Xengpus spinal neurons.’ Rat cranial motor axons are
chemoattracted by HGF presented on beads or transfected into cell clusters, and assumed to
diffuse to form a gradient.

Neurotrophic Factors and Axon Guidance Molecules Use Common
Signalling Pathways

Dissection of the pathways by which neurotrophic factors influence neuronal growth has
identified sets of molecules which overlap with those which mediate responses to axon guid-
ance cues (see Fig. 1).142 Therefore at the level of signal integration at least, neurotrophic
factors have the potential to influence axon guidance. Key structures involved in growth and
guidance are the actin filaments in the growth cone which interact dynamically with the ends
of microtubules located in the axon shaft, and splaying out into the periphery of the growth
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Figure 1. Chemoattractive turning of chick dorsal root ganglion axon in response to focal
application of NGF. Time after application of NGF is indicated at top left; position of NGF
pipette shown by dotted line. Adapted from Gundersen and Barrett (1979).3°

cone. Extension, remodelling and turning of growth cones depends on dynamic instability of
the cytoskeleton, including polymerisation/depolymerisation of actin, actomyosin contractil-
ity and microtubule polymerisation in the peripheral region of the growth cone, retrograde
flow and actin depolymerisation in the central region of the growth cone, and actomyosin
contractility. This ‘treadmilling’ determines the rate of protrusion or retraction of the growth
cone leading edge, and is in turn dependent on the action of proteins such as profilin and
cofilin, actin-binding proteins which control actin polymerisation. Local variations in these
processes across the growth cone in turn determine turning, i.c., chemoartraction/
chemorepulsion.

The signalling cascades by which neurotrophic factors regulate neuronal survival, differen-
tiation and growth are best understood for the neurotrophins. Binding of neurotrophin ligands
to Trks triggers receptor tyrosine phosphorylation at several locations, and docking of proteins
containing SH2 or PTB domains to the receptor cytoplasmic domains, leading to the forma-
tion of signalling complexes. Among the downstream consequences of this process is the acti-
vation of three key pathways; the Ras-Raf-Mek-Erk cascade (also called the MAP kinase path-
way), phosphatidylinositol-3-kinase (PI3K) pathway and phospholipase C gamma (PLC-y)
pathway.

The MAP kinases are known to have different downstream targets which mediate transcrip-
tional and differentiation effects in cells. For example, Erk1, Erk2 and Erk5 phosphorylate the
Rsk family, which together with MAPK-activated protein kinase 2 phosphorylate CREB, lead-
ing to survival and differentiation.*>** However, this pathway also appears to be involved in
the axon-growth-promoting effects of the neurotrophins. For example, the effects of BDNF
and NGF in promoting axon growth in sensory neurons have been shown to require the
Ras-MAPK pathway.*% The PI3K pathway regulates the protein kinase Akt, which is in-
volved in cell survival pathways, but also activates other effectors including those which regu-
late the RhoA GTPase family, GSK3p and microtubule dynamics.”” PI3K together with the
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PTEN lipid phosphatase regulate levels of 3-phosphoinositides such PIP; and PIP; which
interact with PH-domain containing proteins and in turn regulate further elements in down-
stream signalling cascades.®® The PI3K pathway is involved in neurotrophin-dependent axon
outgrowth, since sprouting of dorsal root ganglion neurons induced by NGF-coated beads is
blocked by application of an inhibitor of PI3K, wortmannin.*” Ligand binding to Trk recep-
tors also activates PLC-y, which converts PIP; to diacylglycerol (DAG) and inositol tri-phosphate
(IP3), leading to release of calcium from internal stores, with activation of Ca2+-rcgulated isoforms
of protein kinase C, and Ca?* -calmodulin-regulated protein kinases including PKC-3. The
latter has been shown to be required for NGF-promoted neurite outgrowth from PC12 cells.”®

Evidence is also accumulating that the neurotrophins regulate the activity of the Rho family of
small GTPases, which are targets of axon guidance molecules and play a pivotal role in actin
cytoskeleton rearrangements. Whilst Rac and Cdc42 are generally positive regulators of axon
extension, RhoA is a negative regulator which causes collapse of growth cones; some exceptions to
this have been reported however.! The chain of events leading from receptor activation to the
Rho GTPases is not completely elucidated. Possible targets of Trk activation are RhoG, Rac and
Cdc42, while RhoA is inactivated.>? For example, BDNF activates Racl and Cdc42 in Xenapus
spinal neurons.” In a differentiation model in PC12 cells, NGF signals through the PI3K path-
way to activate Rac and to inactivate RhoA.>® Another possible link is that activation of Trk
receptors causes an elevation in cAMP, which increases PKA activity, inactivating RhoA, so that
Racl and Cdc42 predominate, thereby favouring increased axonal growth and chemoattraction.!!

There is currently less detailed information concerning the signalling pathways downstream
of neurotrophic factors other than the neurotrophins. However, in general it appears that simi-
lar signalling cascades are activated. One recent study shows that mutation of two separate
residues within RET linked respectively to the P13K and Racl pathways both inhibit
lamellipodia formation in response to GDNE>* Receptor activation by IL-6 cytokines results
in activation of signalling pathways including those involving P13, MAPK and PLC-y.55
Activation of the gp130/LIFRB receptor activation also leads to phosphorylation of Jak (Janus
kinase) tyrosine kinases which are then docking sites for members of the STAT (signal trans-
ducer and activator of transcription) family of transcription factors.” HGF signalling depends
on the presence within the Met receptor cytoplasmic domain of a multifunctional docking site
for various SH2-domain containing signal transducers, including PI3K and PLC-y.*® Survival
and growth effects of HGF on sympathetic neurons has been shown to depend on PI3K and
MAP-kinase pathways.”’

The Role of Signalling Pathways in Axonal Chemoattraction
by Neurotrophins and Netrin-1

There are striking similarities in the signalling pathways mediating the effects of the axon
guidance molecule Netrin-1 and neurotrophins. For example, as mentioned for BDNE Netrin-1
can activate Racl and Cdc42 in cell lines,’® and can stimulate the MAP kinase pathway in cell
lines and during chemoattraction of commissural neurons.” In a turning assay utilising Xezno-
pus spinal neurons to analyse the role of particular second messenger signalling pathways, the
PI3K pathway and PLCy were implicated in chemoattractive responses to both Netrin-1 and
neurotrophins. Expression in Xenopus spinal neurons of separate TrkA forms which contained
mutated 6?'rosines unable to mediate effects via PI3K or PLCy abolished the turning response
to NGE®™ Netrin-1-induced turning was also abolished in normal spinal neurons in the pres-
ence of PI3K inhibitors, and activation of either the PI3K pathway or the PLCy pathway alone
via focal exposure to NGF was sufficient to abolish turning in the presence of Netrin-1.%
Similarly, there was a dose-dependent cross-desensitisation of growth cones to Netrin-1 in re-
sponse to BDNE and activation of the MAPK pathway in response to Netrin-1 or BDNF was
required for resensitisation to guidance cues.®! These observations on the mode of action of Netrin-1
and the neurotrophins imply that the latter could be chemoattractant in vivo, but do not provide
direct evidence for such a role.
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Figure 2. Speculative scheme of major neurotrophin-mediated signalling pathways.

Role of cAMP and Calcium Concentrations in Chemoattraction

Another compelling parallel between the operation of neurotrophins and more established
families of axon guidance molecules is the apparent importance of ambient levels of cyclic
nucleotides and calcium ions in determining a chemoattractant or chemorepellent response.
NGF can cause an increase in intracellular AAMP®? and the application of compounds which
increase CAMP effected an attractive turning response of dorsal root ganglion axons.®> Con-
versely, attractive responses to NGE, BDNF and Netrin-1 can be converted to repulsion by
decreasing levels of AAMP%% Modulating levels of cyclic GMP can alter responses to NT-3
and Semaphorins.®% Calcium levels within the growth cone also profoundly influence guid-
ance behaviour, and are im7p1icated in growth cone turning in response to local application of
both Netrin-1 and BDNE®”%® Indeed, creation of an intracellular gradient of calcium or localised
release of calcium is sufficient to trigger growth cone turning in vitro.%”%* For netrin-mediated
chemoattraction, a link has been established between cAMP levels and Calcium influx since
cAMP directly modulates activity of L-type Calcium channels.”® The PLC-y pathway is one
route capable of causing calcium release intracellularly, but these initial calcium increases are
known to be amplified by ion influxes across the membrane. Recently, chemoattractive growth
cone turning in response to both Netrin-1 and BDNF has been shown to utilise transient
receptor potential (TRP) channels, which are activated in response to intracellular calcium
release and depolarise cells sufficiently to activate voltage-dependent calcium channels, to-
gether allowing sufficient local calcium influx to cause growth cone turning.”"’? There are
multiple targets of calcium in growth cones which lead to chemoattractant turning (see previ-
ous section).'? Cdc42 and Racl may also be upregulated in response to elevated calcium dur-
ing chemoattractive growth cone turning.

In view of these multiple levels of similarity between the action of the neurotrophins and
other diffusible guidance cues, it appears that neurotrophic factors modulate responses to a
number of axon guidance cues. For example, embryonic dorsal root ganglion neurons grown in
the presence of BDNF show increased sensitivity to Sema3A compared with those grown in
NGE”?> NGF provides a dose-dependent protection against Sema3A-mediated growth cone
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collapse in embryonic sensory neurons.”# Similarly, cross-talk occurs between positive and nega-
tive cues in sympathetic neurons in vitro, with Sema3F-induced growth cone collapse being
attenuated by NGF-stimulation of PI3K and MAP kinase pathways.”

In Vivo Tests of Neurotrophic Factors in Axon Guidance

Despite the abundant evidence that neurotrophic factors guide axons in vitro, critical in
vivo tests are required. These experiments are not so numerous, and I have also included some
using explant cultures. As in vitro, an important constraint of ‘knocking out’ neurotrophic
factors in vivo is that it leads to neuronal death, but this problem can be circumvented by
eliminating components of the genetic pathways required for neuronal apoptosis. Thus, in
NGF or TrkA mutant mice crossed with mice mutant for the Bax pro-apoptotic gene, sensory
neurons (which would otherwise die) survive, and their peripheral (though not central) axonal
processes are missing.”® Separate studies showed that in these animals the majority of sympa-
thetic target organs showed a reduced innervation, implying a role for NGF in this process.
In BDNF/Bax double mutant mice, cranial sensory neurons which were rescued from cell
death navigated correctly to their targets, but showed local deficiencies in target innervation.”®
Overall, the axon growth defects in these animals were fairly local deficiencies in branching
within the target region.

One interesting system is the innervation of the ‘whisker field’ by trigeminal sensory axons
in the mouse embryo. Collagen gel cocultures, in which gradients of diffusible molecules can
be established, were used to show that regions of the maxillary and mandibular primordia
exerted a chemoarttractant influence on embryonic trigeminal sensory neurons, producing a
strong bias in the normally radial outgrowth from ganglion explants.””®® NGF did not appear
to be responsible since anti-NGF antibodies did not affect the chemoattraction,” and expres-
sion studies later confirmed that NGF was not expressed in the target region until after the
arrival of the sensory axons.8! However, subsequent experiments showed the presence of BDNF
and NT-3 in the target tissue at the time of axon outgrowth, while antibodies against these
factors could completely eliminate the directed outgrowth of trigeminal sensory axons in vitro.8?
Maxillary tissue taken from either BDNF or NT-3 mutant mice showed a reduced ability to
promote directional outgrowth. However, in BDNF/NT-3 double mutant embryos, the initial
pattern of outgrowth of the trigeminal ganglion was normal, pointing to the existence of addi-
tional chemoattractants in this system.

One study which demonstrates that neurotrophic factors affect axon outgrowth and orien-
tation utilised slice cultures of embryonic spinal cord and limb bud derived from a teu-EGEP
reporter transgenic mouse line, in which sensory and motor projections were labelled.®? When
beads soaked in any of the neurotrophins (NGE, BDNE NT-3 or NT4/5) were placed on slice
cultures in the path of nerve growth, portions of the spinal nerves diverted their trajectories to
grow towards the beads (Fig. 3). Retrograde labelling of the nerve branches at the bead labelled
sensory neurons within the dorsal root ganglia, rather than motor neurons. However, the growth
of mixed spinal nerves containing both sensory and motor axons was inhibited in proximity to
beads carrying neutralising antibodies against the neurotrophins.® These blocking experiments
suggest that neurotrophins play a role in nerve extension towards targets in vivo, as opposed to
in the last stages of arbour formation. Expression of NGF and N'T-3 in the periphery and the
limb bud in particular are broadly consistent with a role for these molecules in guidance of
sensory and motor branches.3##> The GDNF family of neurotrophic factors in particular has
been implicated in growth and guidance of the autonomic nervous system.® In RET mutant
embryos there are sympathetic axon outgrowth defects which may be due to the inability of
axons to reach the blood vessels which act as their intermediate targets, en route to the sympa-
thetic ganglia.> Mice mutant for ART or GFRa3 showed defects in axon projections, while
implantation of an artemin-soaked bead near to the sympathetic chain in mouse embryos
followed by 24 hours in culture revealed an induction of axonal outgrowth (Fig. 4).* In a
separate study, the projection of parasympathetic neurons of the ciliary ganglion was shown to
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Figure 3. Growth of mouse motor and sensory axons in response to NGF-loaded beads in slice
cultures. Shaded areas represent tau-EGFP expressing axon tracts. Top left panel shows section
through mouse embryo expressing tau-EGFPin spinal cord and peripheral pathways. Top right
panel and bottom panels show higher power views of axon growth at various timeg)oints after
application of an NGF-loaded bead (asterisk). Adapted from Tucker et al (2001).53

depend on GDNF and NTN released from their target eye muscles, with blockade of GDNF
using antibodies in chick embryos in vivo leading to a lack of axon projections from the ciliary
ganglion.® In addition, there was an absence of parasympathetic nerve supply to the sublin-
gual and lacrimal glands in mice lacking the function of GFRa2, implying a role for NTN in
the innervation of these structures.'®

Experiments in explant cultures and in vivo have shown that HGF acts as a chemoattractant
for motor axons. Blocking experiments demonstrated that HGF is responsible for a portion
of the chemoattractant activity of limb bud tissue and branchial arch tissue on spinal and
cranial motor axons respectively. 3’ Mice which were mutant for HGF showed defects in
the branchin§ atterns of spinal motor axons in the limbs and the hypoglossal motor nerve
in the head.”% The effects of HGF also extend to sensory neurons, since in mice lacking
¢-MET function, innervation of the skin by sensory axons is deficient and there are path-
finding errors within the hindlimb.?

Role of Neurotrophic Factors in Branching

Aside from a possible role in guiding axon projections, do neurotrophic factors influence
the distinct phenomenon of branching? Many axons form branches, either during innervation
of multiple targets, or in the final target area. In some cases, branching may be under distinct
molecular control from the set of guidance cues required to reach the primary target. Although
the molecular control of collateral branching is poorly understood, there is some evidence that
neurotrophins play a role in this process. While ephrins and their Eph receptors are required
for the correct targeting of retinal axons to particular regions of the optic tectum/superior
colliculus,”® a uniformly-expressed activity appears necessary to ensure branching occurs.
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Figure 4. Growth of sympathetic axons in Artemin-deficient mice and in response to applica-
tion of Artemin-loaded beads in vivo. A,B) show pathways of sympathetic axons in wild-type
mice (A) and ART mutant mice (B). C,D) shows ectopic outgrowth of sympathetic axons in
response to ART-loaded bead in a wild-type (C) and GFRa3-deficient mouse (D). Dotted line
indicates position of the bead. Adapted from Honma et al (2002).8”

Several studies have implicated BDNF as accounting for at least part of this branching activity.
In the Xenopus visual system, BDNF and TrkB are expressed by the optic tectum and retinal
neurons respectively, and injections of BDNF into the optic tectum in vivo increased retinal
axon branching and arbour complexity, while injection of anti-BDNF antibodies had the op-
posite effect.”’?? In vivo time-lapse imaging of retinal axons also demonstrated that axon
arborisation was enhanced in the presence of microinjected BDNE*

In vivo studies have also implicated neurotrophic factors in regulating axon branching. For
example, in NT-3 deficient mice, sympathetic axons approach but fail to invade the pineal
gland, but this process is rescued following infusion of N'T-3.”> NGF and GDNF influence the
terminal arborisation of sensory/sympathetic axons and motor axons respectively.”%” In re-
generation models in the adult rat following corticospinal axon transection, BDNF and NT-3
can cause enhanced collateral sprouting, either in the presence or the absence of foetal spinal
cord transplants to provide permissive conditions for growth.”%%’
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In vitro, focal application of neurotrophins on beads or from pipettes has been used to show
branching effects of NT3 and NGF on trigeminal and dorsal root ganglion sensory neu-
rons.*1%1%1 BONF application in vitro rapidly induces filopodia and lamellipodia along the
axon shaft in Xengpus spinal axons, accompanied by increases in F-actin and local microtubule
debundling. ' The probable pathways whereby neurotrophins influence branching have been
litde studied, but point to the PI3K pathway, since NGF-responsive sensory neurons showed
increased branching when transfected with Akt and application of PI3K inhibitors blocked
branching in response to NGE* Akt can also increase axon diameter and cause branching,
suggesting that distinct facets of neurotrophin signalling mediate different events in pathfind-
ing and cytoskeletal remodelling, %

Conclusions

Are neurotrophic factors axon guidance molecules? Thete can be no question that neu-
rotrophic factors are capable of guiding growth cones in vitro. They promote axon outgrowth
under conditions in which their survival effects have been eliminated, and when applied focally
can elicit chemoattractant growth cone turning. Neurotrophins in particular share signalling
pathways with axon guidance molecules including Netrin-1, and regulate the same key intrac-
ellular molecules such as the Rho GTPases. Nevertheless, it remains to be determined whether
the details of how neurotrophic factors and axon guidance molecules chemoattract axons are
the same. The major weakness in the argument that neurotrophic factors are axon guidance
molecules comes in discussing the in vivo data. A strong case is emerging that the GDNF
family regulates axon growth/guidance of sympathetic and parasympathetic neurons, while
NGF is involved with the growth of peripheral branches of sensory neurons. However, the
majority of the evidence, arguably, points to predominantly short-range effects of neurotrophic
factors in the later stages of axon branching and arborisation at the target. As yet, there is little
evidence for long-range action, and in studies such as that on the trigeminal/branchial arch
system, neurotrophic factors do not appear to be the primary guidance cues. Nor is there
evidence that neurotrophic factors form gradients in vivo, but this has been extremely difficult
to demonstrate for even the most intensively-researched guidance molecules. There are also
difficulties in extrapolating from in vitro to in vivo systems, and demonstrations that axons
turn in a gradient of NGF in vitro are hard to interpret in in vivo terms. Interestingly, recent
studies which modelled axon behaviour in a strictly controlled gradient of NGF demonstrated
that axons 10 pm wide could orient within a gradient of 0.1% at 1nM, implying much higher
sensitivity to gradient steepness than has hitherto been suspected.'®® In summary, current evi-
dence suggests that neurotrophic factors may act at shorter range than axon guidance mol-
ecules and may collaborate with them to modify axonal behaviour. Since it is highly likely that
axons are exposed to established axon guidance cues in conjunction with neurotrophic factors,
it will be important but extremely challenging to evaluate the range of interactions which
oceur.

Acknowledgements
Many thanks to Uwe Drescher for extensive discussions and for making (Fig. 2). Thanks
also to Britta Eickholt and Andrew Lumsden for critical comments on the manuscript.

References

1. Huber AB, Kolodkin AL, Ginty DD et al. Signalling at the growth cone: Ligand-receptor com-
plexes and the control of axon growth and guidance. Annu Rev Neurosci 2003; 26:509-563.

2. Levi-Montalcini R. The nerve growth factor 35 years later. Science 1987; 237:1154-1162.

3. Hamburger V. The history of the discovery of the nerve growth factor. J Neurobiol 1993;
24:893-897.

4, Cowan WM. Viktor Hamburger and Rita Levi-Montalcini: The path to the discovery of nerve
growth factor. Annu Rev Neurosci 2001; 24:551-600.

5. Levi-Montalcini R. The morphological effects of immunosympathectomy. In: Steiner G, Schonbaum
E, eds. Immunosympathectomy. Amsterdam: Elsevier, 1972:55-78.



Neurotrophic Factors 91

6.

11.
12.
13.
14.

15.

17.

18.

19.

20.

21.

22,
23.
24.
25.

26.

27.
28.

29.

30.
31.
32,

33.

Menesini Chen MG, Chen ]S, Levi-Montalcini R. Sympathetic nerve fibers ingrowth in the cen-
tral nervous system of neonatal rodent upon intracerebral NGF injections. ] Cell Biol 1978;
87:546-554.

. Campenot RB. Regeneration of neurites in long-term cultures of sympathetic neurons deprived of

nerve growth factor. Science 1981; 214:579-581.

. Hefti F. Nerve growth factor promotes survival of septal cholinergic neurons after fimbrial transac-

tions. ] Neurosci 1986; 6:2155-2162.

. Klein R. Role of neurotrophins in mouse neuronal development. FASEB ] 1994; 8:738-744.
. Henderson CE. Role of neurotrophic factor in neuronal development. Curr Opin Neurobiol 1996;

6:64-70.

Gillespie LN. Regulation of axonal growth and guidance by the neurotrophin family of neurotrophic
factors. Clin and Exp Pharmacol and Physiol 2003; 30:724-733.

Snider WD. Function of the neurotrophins during nervous system development: What the knock-
outs are teaching us. Cell 1994; 77:627-638.

Huang EJ, Reichardt LF. Ttk receptors: Roles in neuronal signal transduction. Annu Rev Biochem
2003; 72:609-642.

Lin LF, Doherty DH, Lile JD et al. GDNF: A glial line-derived neurotrophic factor for midbrain
dopaminergic neurons. Science 1993; 260:1130-1132.

Henderson CE, Phillips HS, Pollock RA et al. GDNF: A potent survival factor for motoneurons
present in peripheral nerve and muscle. Science 1994; 266:1062-4,

. Airaksinen MS, Saarma M. The GDNF family: Signalling, biological functions and therapeutic

value. Nat Rev Neurosci 2002; 3:383-394.

Sariola H, Saarma M. Novel functions and signalling pathways for GDNF. J Cell Sci 2003;
116:3855-3862.

Rossi ], Luukko K, Poteryacv D et al. Retarded growth and deficits in the enteric and parasympa-
thetic nervous system in mice lacking GFR alpha2, a functional neurturin receptor. Neuron 1999;
22:243-252.

Heuckeroth RO, Enomoto H, Grider JR et al. Gene targeting reveals a critical role for neurturin
in the development and maintenance of enteric, sensory, and parasympathetic neurons. Neuron
1999; 22:253-263.

Stahl N, Yancopoulos GD. The tripartitt CNTF receptor complex: Activation and signalling in-
volves components shared with other cytokines. ] Neurobiol 1994; 25:1454-1466.

Arakawa Y, Sendtner M, Thoenen H. Survival effect of ciliary neurotrophic factor (CNTF) on
chick embryonic motoneurons in culture: Comparison with other neurotrophic factors and cytokines.
] Neurosci 1990; 11:3507-3515.

Masu Y, Wolf E, Holtmann B et al. Disruption of the CNTF gene results in motor neuron degen-
eration. Nature 1993; 365:27-32.

DeChiara TM, Vejsada R, Poueymirou WT et al. Mice lacking the CNTF receptor, unlike mice
lacking CNTF, exhibit profound motor neuron deficits at birth. Cell 1995; 83:313-322.

Li M, Sendwner M, Smith A. Essential function of LIF receptor in motor neurons. Nature 1995;
378:724-727.

Pennica D, Arce V, Swanson TA et al. Cardiotrophin-1, a cytokine present in embryonic muscle,
supports long-term survival of spinal motorneurons. Neuron 1996; 17:63-74.

Oppenheim RW, Wiese S, Prevette D et al. Cardiotrophin-1, a muscle-derived cytokine, is re-
quired for the survival of subpopulations of developoing motorneurons. ] Neurosci 2001;
21:1283-1291.

Yamamoto Y, Livet ], Pollock RA et al. Hepatocyte growth factor (HGF/SF) is a muscle-derived
survival factor for a subpopuladion of embryonic motoneurons. Development 1997; 124:2903-2913.
Caton A, Hacker A, Naeem A et al. The branchial arches and HGF are growth-promoting and
chemoattractant for cranial motor axons. Development 2000; 127:1751-1766.

Maina F, Hilton MC, Pomzetio C et al. Met receptor signalling is required for sensory nerve
development and HGF promotes axonal growth and survival of sensory neurons. Genes Dev 1997;
11:3341-3350.

Maina F, Hilton MC, Andres R et al. Multiple roles for hepatocyte growth factor in sympathetic
neuron development. Neuron 1998; 20:835-846.

Hamanoue M, Takemoto N, Matsumoto K et al. Neurotrophic effect of hepatocyte growth factor
on central nervous system neurons in vitro. J Neurosci Res 1996; 43:554-564.

Bosco A, Linden R. BDNF and NT-4 differentially modulate neurite outgrowth in developing
retinal ganglion cells. ] Neurosci Res 1999; 57:759-769.

Naeem A, Abbas L, Guthrie S. Comparison of the effects of HGF, BDNF, CT-1, CNTF, and the
branchial arches on the growth of embryonic cranial motor neurons. ] Neurobiol 2002; 51:101-114.



92

Axon Growth and Guidance

34,
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.
50.

51.
52.

53.

54.

55.

56.

57.

58.
59.
60.
61.

62.

Goldberg JL, Espinosa JS, Xu Y et al. Retinal ganglion cells do not extend axons by default:
Promotion by neurotrophic signalling and electrical activity. Neuron 2002; 33:689-702.
Enomoto H, Crawford PA, Gorodinsky A et al. RET signalling is essential for migration, axonal
growth and axon guidance of developing sympathetic neurons. Development 2001; 128:3963-3974.
Ho TW, Bristol LA, Coccia C et al. TGFB trophic factors differentially modulate motor axon
outgrowth and protection from excitotoxicity. Exp Neurol 2000; 161:664-675.

Chen J, Butowt R, Rind HB et al. GDNF increases the survival of developing oculomotor neurons
through a target-derived mechanism. Mol Cell Neurosci 2003; 24:41-56.

Letourneau P. Chemotactic response of nerve fiber elongation to nerve growth factor. Dev Biol
1978; 66:183-196.

Gundersen RW, Barrett JN. Neuronal chemotaxis: Chick dorsal root axons turn towards high
concentrations of nerve growth factor. Science 1979; 206:1079-1080.

Gallo G, Lefcort FB, Letourneau PC. The TrkA receptor mediates growth cone turning toward a
localized source of nerve growth factor. ] Neurosci 1997; 17:5445-5554.

Ming G, Lohof AM, Zheng JQ. Acute morphogenic and chemotropic effects of neurotrophins on
cultured embryonic Xenopus spinal neurons. ] Neurosci 1997a; 17:7860-7871.

Markus A, Patel TD, Snider WD. Neurotrophic factors and axonal growth. Curr Opin in Neurobiol
2002a; 12:523-531.

Lonze BE, Riccio A, Cohen S et al. Apoptosis, axonal growth defects, and degeneration of periph-
eral neurons in mice lacking CREB. Neuron 2002; 34:371-385.

Riccio A, Ahn S, Davenport CM et al. Mediation by a CREB family transcription factor of
NGEF-dependent survival of sympathetic neurons. Science 1999; 286:2358-2361.

Atwal JK, Massie B, Miller FD et al. The TrkB-Shc site signals neuronal survival and local axon
growth via MEK and PI3-kinase. Neuron 2000; 27:265-277.

Markus A, Zhong ], Snider WD. Raf and Akt mediate distinct aspects of sensory axon growth.
Neuron 2002b; 35:65-76.

Yuan X, Jin M, Xu X et al. Signalling and crosstalk of Rho GTPases in mediating axon guidance.
Nature Cell Biol 2003; 5:1-8.

Comer FI, Parent CA. PI 3-kinases and PTEN: How opposites chemoattract. Cell 2002;
109:541-544,

Gallo G, Letourneau PC. Localized sources of neurotophins initiate axon collateral sprouting. J
Neurosci 1998; 18:5403-5414.

Corbit KC, Soh JW, Yoshida K et al. Different protein kinase C isoforms determine growth factor
specificity in neuronal cells. Mol Cell Biol 2000; 20:5392-5403.

Dickson BJ. Rho GTPases in growth and guidance. Curr Opin Neurobiol 2001; 11:103-110.
Mueller BK. Growth Cone Guidance: First steps to a deeper understanding. Annu Rev Neurosci
1999; 22:351-388.

Nusser N, Gosmanova E, Zheng Y et al. Nerve growth factor signals through TrkA,
phosphatidylinositol 3-kinase, and Racl to inactivate RhoA during the initiation of neuronal dif-
ferentiation of PC12 cells. J Biol Chem 2002; 277:35840-35846.

Fukuda T, Kiuchi K, Takahashi M. Novel mechanism of regulation of Rac activity and lamellipodia
formation by RET tyrosine kinase. ] Biol Chem 2002; 277:19114-19121.

Dolcet X, Soler RM, Gould TW et al. Cytokines promote motorneuron survival through the janus
kinase-dependent activation of the phosphatidylinositol 3-kinase pathway. Mol Cell Neurosci 2001;
18:619-631.

Ponzetto C, Bardelli A, Zhen Z et al. A multifunctional docking site mediates signaling and trans-
formation by the hepatocyte growth factor/scatter factor receptor family. Cell 1994; 77:261-271.
Thompson ], Dolcet X, Hilton M et al. HGF promotes survival and growth of maturing sympa-
thetic neurons by PI-3 kinase and MAP kinase-dependent mechanisms. Mol Cell Neurosci 2004;
27:441-452.

Shekarabi M, Kennedy TE. The Netrin-1 receptor DCC promotes filopodia formation and cell
spreading by activating Cdc42 and Racl. Mol Cell Neurosci 2002; 19:1-17.

Forcet C, Stein E, Pays L et al. Netrin-1 mediated axon outgrowth requires deleted in colorectal
cancer-dependent MAPK activation. Nature 2002; 417:443-447.

Ming G, Song H, Berninger B et al. Phospholipase C-gamma and phosphoinositide 3-kinase mediare
cytoplasmic signalling in nerve growth cone guidance. Neuron 1999; 23:139-148.

Ming G, Wong S, Henley ] et al. Adaptation in the chemotactic guidance of nerve growth cones.
Nature 2002; 417:411-418.

Hier DB, Arnason BG, Young M. Studies on the mechanism of action of nerve growth factor.
Proc Natl Acad Sci 1972; 69:2268-2272.



Neurotrophic Factors 93

63.
64.
65.
66.
67.
68.
69.
70.
71
72.
73.
74.

75.

76.
77.
78.
79.
80.
81.
82.
83,
84.
85.
86.
87.
88.
89.
90.

91.

Gundersen RW, Barrett JN. Characterization of the turning response of dorsal root neurites to-
wards nerve growth factor. J Cell Biol 1980; 86:546-554.

Ming G, Song H, Berninger B et al. cAMP-dependent growth cone guidance by netrin-1. Neuron
1997b; 19:1225-1235.

Song H, Ming G, Poo M. cAMP-induced switching in turning direction of nerve growth cones.
Nature 1997; 388:275-279.

Song H, He Z, Lehmann M et al. Conversion of neuronal growth cone responses from repulsion
to attraction by cyclic nucleotides. Science 1998; 281:1465-1466.

Hong K, Nishiyama M, Henley ] et al. Calcium signalling in the guidance of nerve growth by
netrin-1. Nature 2000; 403:93-98.

Jin M, Guan CB, Jiang YA et al. Ca’*-dependent regulation of RhoGTPases triggers turning of
nerve growth cones. ] Neurosci 2005; 25:2338-2347.

Wen Z, Guirland C, Ming GL et al. A CaMKII/calcineurin switch controls the direction of Ca(2+)-
dependent growth cone guidance. Neuron 2004; 43:760-762.

Nishiyama M, Hoshino A, Tsai L et al. Cyclic AMP/GMP-dependent modulation of Ca2+ chan-
nels sets the polarity of nerve growth-cone turning. Nature 2003; 423:996-995.

Li Y, Jia YC, Cui K et al. Essential role of TRPC chennels in the guidance of nerve growth cones
by brain-derived neurotrophic factor. Nature 2005; 434:894-897.

Wang GX, Poo MM. Requirement of TRPC channels in netrin-1 induced chemotropic turning of
nerve growth cones. Nature 2005; 434:835-904.

Tuttle R, O’Leary DDM. Neurotrophins rapidly modulate growth cone response to the axon guid-
ance molecule, collapsing-1. Mol Cell Neurosci 1998; 11:1-8.

Dontchev VD, Letourneau PC. Nerve growth factor and semaphoring 3A signalling pathways in-
teract in regulating sensory neuronal growth cone motility. ] Neurosci 2002; 22:6659-6669.
Arwal JK, Singh KK, Tessier-Lavigne M et al. Semaphorin 3F anatagonizes neurotrophin-induced
phosphatidylinositol 3-kinase and mitogen-activated protein kinase kinase signalling: A mechanisms
for growth cone collapse. J Neurosci 2003; 23:7602-7609.

Patel HD, Jackman A, Rice FL et al. Development of sensory neurons in the absence of NGEF/
TrkA signalling in vivo. Neuron 2000; 25:345-357.

Glebova NO, Ginty DD. Heterogeneous requirement for NGF for sympathetic target innervation
in vivo. ] Neurosci 2004; 24:743-751.

Hellard D, Brosenitsch T, Fritzsch B et al. Cranial sensory neuron development in the absence of
brain-derived neurotrophic factor in BDNF/Bax double null mice. Devl Biol 2004; 275:34-43.
Lumsden AGS, Davies AM. Earliest sensory nerve fibers are guided to peripheral targets by attrac-
tants other than NGF. Nature 1983; 306:786-788.

Lumsden AGS, Davies AM. Chemotropic effect of specific targe epithelium in the developing
mammalian nervous system. Nature 1986; 323:538-539.

Davies AM, Bandtlow C, Heumann R et al. Timing and sitc of nerve growth factor synthesis in
developing skin I relation to innervation and expression of the receptor. Nature 1987; 326:353-358.
O’Connor, Tessier-Lavigne M. Identification of maxillary factor, a maxillary process-derived
chemoattractant for developing trigeminal sensory axons. Neuron 1999; 24:265-178.

Tucker KL, Meyer M, Barde YA. Neurotrophins are required for nerve growth during develop-
ment, Nat Neurosci 2001; 4:29-37.

White FA, Silos-Santiago I, Molliver DC et al. Synchronous onset of NGF and TrkA survival
dependence in developing dorsal root ganglia. ] Neurosci 1996; 16:4662-4672.

Farinas I, Yoshida CK, Backus C et al. Lack of neurotrophin-3 results in death of spinal sensory
neurons and premature differentiation of their precursors. Neuron 1996; 17:1065-1078.

Young HM, Anderson RB, Anderson CR. Guidance cues involved in the development of the pe-
ripheral autonomic nervous system. Autonomic Neuroscience: Basic and Clinical 2004; 112:1-14.
Honma Y, Araki T, Gianino § et al. Artemin is a vascular-derived neurotrophic factor for develop-
ing sympathetic neurons. Neuron 2002; 35:267-282.

Hashino E, Shero M, Junghans D et al. GDNF and neurturin are target-derived factors essential
for cranial parasympathetic neuron development. Development 2001; 128:3773-3782.

Ebens A, Brose K, Leonardo ED et al. Hepatocyte growth factor/scatter factor is an axonal
chemoattractant and a neurotrophic factor for spinal motor neurons. Cell 1996; 82:359-370.
Mann F, Harris WA, Holt CE. New views on retinal axon development: A navigation guide. Int ]
Dev Biol 2004; 48:957-64.

Cohen-Cory S, Escandon E, Fraser SE. The cellular patterns of BDNF and trkB expression suggest
multiple roles for BDNF during Xenopus visual system development. Dev Biol 1996; 179:102-115.



94

Axon Growth and Guidance

92.
93.
94,
95.
96.

97.

98.

99.

100.
101.
102.

103.

Cohen-Cory S, Fraser SE. Effects of brain-derived neurotrophic factor on optic axon branching
and remodelling in vivo. Nature 1995; 378:192-196.

Lom B, Cohen-Cory S. Brain-derived neurotropic factor differentially regulates retinal ganglion
cell dendritic and axonal arborisation in vivo. ] Neurosci 1999; 19:9928-9938.

Alsina B, Vu T, Cohen-Cory S. Visualizing synapse formation in arborizing optic axons in vivo:
Dynamics and modulation by BDNF. Nat Neurosci 2001; 4:1093-1101.

El Shamy WM, Linnarsson S, Lee KF et al. Prenatal and postnatal requiremens of NT-3 for sym-
pathetic neuroblast survival and innervation of specific targets. Development 1996; 122:491-500.
Kennedy TE, Tessier-Lavigne M. Guidance and induction of branch formation in developing axons
by target-derived diffusible factors. Curr Opin Neurobiol 1995; 5:83-90.

Keller-Peck CR, Feng G, Sanes JR et al. Glial cell line-derived neurotrophic factor administration
in postnatal life results in motor unit enlargement and continuous synaptic remodelling at the
neuromuscular junction. J Neurosci 2001; 21:6136-6146.

Schnell L, Schneider R, Kolbeck R et al. Neurotrophin-3 enhances sprouting of corticospinbal
tract during development and after adult spinal cord lesion. Nature 1994; 367:112-113.
Coumans JV, Lin TT, Dai HN et al. Axonal regeneration and functional recovery after complete
spinal cord transaction in rats by delayed treatment with transplants and neurotrophins. ] Neurosci
2001; 21:9334-9344.

Ulupinar E, Jacquin MF, Erzurumlu RS. Differential effects of NGF and NT-3 on embryonic
trigeminal axon growth patterns. ] Comp Neurol 2000; 425:202-218.

Ozdinler PH, Ulupinar E, Erzurumlu RS. Local neurotrophin effects on central trigeminal axon
growth patterns. Brain Res Dev 2004; 151:55-66.

Gibney J, Zheng JQ. Cytoskeletal dynamics underlying collateral membrane protrusions induced
by neurotrophins in cultured Xenopus embryonic neurons. ] Neurobiol 2003; 54:393-405.
Rossoff W], Urbach ]S, Esrick MA et al. A new chemotaxis assay shows the extreme sensitivity of
axons to molecular gradients. Nat Neurosci 2004; 7:678-682.



CHAPTER 7

The Role of Cell Adhesion Molecules
in Axon Growth and Guidance

Hiroyuki Kamiguchi*

Abstract

uring development, axons elongate along the correct path toward their final targets.
D Growing axons maintain adhesive interactions with specific environmental cues via

cell adhesion molecules (CAMs). The axon-environment adhesion must be dynami-
cally controlled, both temporally and spatially, to enable the axons to navigate and migrate
correctly. In this way, CAMs play a central role in mediating contact-dependent regulation of
motile behavior of the axons. This chapter examines the mechanisms underlying how CAMs
control axon growth and guidance, with a particular focus on intracellular signaling, traffick-
ing, and interactions with the actin cytoskeleton.

Introduction

So far, three major classes of cell adhesion molecules (CAMs) have becen identified in the
nervous system: integrins, cadherins, and the immunoglobulin (Ig) superfamily. During
development, CAMs play critical roles not only in static cell adhesion but also in dynamic
cellular events such as cell migration and process outgrowth. For example, NCAM, a CAM in
the Ig superfamily, mediates side-to-side adhesion of axons {fasciculation)! and controls axon
guidance via a mechanism called selective fasciculation.” Another member in the Ig superfamily,
L1, is a homophilic adhesion molecule that stimulates axon growth.a'5 Integrins have been
identified as a neuronal cell-surface receptor that promotes axon elongation on extracellular
matrix (ECM) molecules such as laminin and fibronectin.%” Furthermore, cadherins mediate
cell-cell adhesion and regulate axon elongation via a homophilic binding mechanism.®? In this
way, CAMs on the neuronal surface mediate the interaction between the axon and its environ-
ment (neighboring cells or ECM molecules) and direct axon growth along the correct path.!°
However, more recent work revealed that CAMs control neuronal functions in a very complex
manner.'' 1) CAMs have multiple binding partners and form homophilic as well as heterophilic
complexes, (2) CAM interactions can occur both in trans (between neighboring cells) and in
cis (in the plane of the plasma membrane of one cell), (3) CAMs generate intracellular signals
and interact dynamically with the cytoskeleton, (4) CAMs move on the cell surface and inside
the cell via vesicular transport, (5) CAM functions can be modified by lipid microenvironment
in the cell membrane, and (6) CAMs undergo proteolytic cleavage. Therefore, CAMs can be
viewed as adhesive/signaling/trafficking molecules that transmit chemical and physical infor-
mation across the plasma membrane in both outside-in and inside-out directions. In this
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chapter, I will desctibe the molecular mechanisms of axon growth and guidance, with a par-

ticular focus on the role of NCAM and the L1 subfamily CAMs.

Molecular Structure

Ig superfamily CAM:s are either transmembrane or GPI-anchored proteins, with their
extracellular region consisting of Ig-like domains and fibronectin type III repeats (Fig. 1).
NCAM has three major isoforms in the nervous system, GPI-anchored NCAM (120 kD) and
transmembrane NCAM (140 and 180 kD), which are translated from a single gene via alternative
splicing.'> NCAM140 and NCAM180 are present on neurons, whereas glial cells express mainly
NCAM140 and myotubes express NCAM120. The NCAM extracellular domain carries
carbohydrate chains of varying length of a2-8 linked sialic acid (polystalic acid) that serve asa
negative modulator of cell-cell adhesion.'> Consequently, polysialic acid attenuates axon
fasciculation and therelzy allows axon reorganization that is important for the proper formation of
neuronal projections.’

Other important Ig CAMs are L1/NgCAM and its subfamily members (NrCAM,
neurofascin, close homolog of L1). L1 is a single-pass transmembrane protein with its extra-
cellular region consisting of Ig-like domains and fibronectin type I1] repeats.'® The L1 cytoplasmic
domain contains an alternatively spliced sequence, RSLE, which is expressed in neurons but
not in the other L1-expressing cells such as Schwann cells and lymphocytes.' Members in the
TAG-1/axonin-1 family (TAX-1/TAG-1/axonin-1, F3/F11/contactin, BIG-1, BIG-2, NB-2,
NB-3) are GPI-anchored CAMs.!”!® The L1 family members cooperate with the TAG-1/
axonin-1 family members to regulate axon growth and guidance, in which CAMs in both
families form a hetero-multimeric complex through trans- and cis-binding.'**® Mutational
analyses of the L1 extracellular domain demonstrated that the re§ions for L1 homophilic and
heterophilic binding span multiple Ig and fibronectin domains.”""** Furthermore, structural
studies of NCAM? and axonin-1?* showed that multiple Ig domains are involved in
trans-binding.

More recently, small Ig superfamily molecules, either secreted or membrane bound via a
transmembrane region or a GPI anchor, have been identified. The Drosophila Beat proteins
regulate axon fasciculation,” and the C. elegans ZIG proteins are involved in the maintenance
of axonal positioning.?® For example, Beat Ia is a secreted protein with two Ig domains, which
appeats to function as an anti-adhesive factor leading to selective defasciculation at defined
choice points.”” It is likely that these molecules play a role in axon tract development by regu-
lating, rather than mediating, axon adhesion.

Biophysical and Signaling Mechanisms

Intracellular signaling pathways downstream of CAMs have been extensively studied in
vitro (Fig. 2). Doherty and Walsh and their colleagues 9performed a series of experiments that
led to a model for CAM-mediated axon growth.?% In response to homophilic binding,
N-cadherin and two Ig superfamily CAMs, L1 and NCAM, activate the fibroblast growth
factor receptor (FGFr) that subsequently activates phospholipase Cy to generate diacylglycerol
{DAG). DAG is hydrolyzed by DAG lipase to arachidonic acid that increases localized Ca®
influx through N- and L-type channels followed by activation of the Ca**/calmodulin-dependent
kinase.

Studies by several groups have focused attention on the involvement of mitogen-activated
protein kinase (MAPK) pathway in CAM-stimulated neurite growth. Crosslinking NCAM on
the cell surface activates the MAPK pathway, which is needed for NCAM-stimulated neurite
growth.’*>! A model of NCAM signaling has been proposed that involves two distinct cas-
cades converging on the MAPK pathway: NCAM-Ras-MAPK and NCAM-FGFr-phospholipase
Cy-protein kinase C-Raf-MAPK (Fig. 2). Similarly, L1-mediated neurite growth requires the
MAPK activity.> Crosslinking L1 activates the MAPK pathway,? which involves Src-dependent
clathrin-mediated endocytosis of L1, phosphatidylinositol 3-kinase and the small GTP-binding
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Figure 1. The structure of Ig superfamily CAMs.

protein Rac.’? Interestingly, the endocytosed L1 colocalizes with the activated MAPK in
endosomes,” suggesting that membrane trafficking plays a role in localizing CAM-generated
signals to specific intracellular compartments. Although signaling pathways for neurite growth
on several different substrates converge at MAPK activation,™ an important question remains
to be answered as to what downstream effectors are involved and how the MAPK pathway
promotes neurite growth.

CAM signaling has been further complicated by the presence of membrane microdomains.
Proteins and lipids are not uniformly distributed in the cell membrane but form spatially dif-
ferentiated microdomains such as lipid rafts. L1 and N-cadherin are localized to rafts and
nonraft membranes whereas 1 integrin is expressed only in nonraft areas. Lipid rafts in growth
cones, especially in their peripheral (P) domain, are required for axon growth mediated by L1
and N-cadherin but not by Bl integrin.® This observation suggests the importance of
CAM-associated signals that are controlled by lipid rafts in the growth cone periphery. Such a
mechanism may exist in NCAM signaling. Upon homophilic ligation, NCAM140 triggers
distinct signaling cascades through rafts and nonraft membranes.* NCAM140 phosphory-
lates the focal adhesion kinase most likely via the nonreceptor kinase Fyn in rafts, while nonraft
NCAM140 facilitates FGFr-activated downstream signals. Both pathways merge in the activation
of MAPK (sce also Fig. 2) and are necessary for NCAM140 to stimulate neurite growth.

In the growth cone P-domain, filamentous actin (F-actin) continuously moves toward the
central (C) domain as a result of spatially localized actin polymerization/depolymerization and
actin-myosin interactions. The retrograde movement of F-actin produces a traction force that
pulls the growth cone forward.”-® The force can be transmitted to extracellular environment
by CAMs thar link the retrograde F-actin flow with extracellular immobile ligands.”® The
CAM-actin linkage is mediated by a cytoplasmic linker (a molecular clutch) that plays a crucial
role in the spatial and temporal regulation of force transmission. 404! Ankyring has been
identified as a component of the clutch module that mediates L1 coupling with retrograde
F-actin flow and promotes the initial formation of neuritis.*? Understanding growth cone
biophysics requires further identification of clutch components and the regulatory mechanisms of
clutch engagement/disengagement.
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L1 » FGFr 4¢— NCAM

Q}.\}J{{\,

Figure 2. Signaling cascades downstream of L1 and NCAM. This scheme is oversimplified, and
a number of intermediate components should be missing. AA: arachidonic acid; DAG:
diacylglycerol; FAK: focal adhesion kinase; FGFr: fibroblast growth factor receptor; MAPK:
mitogen-activated protein kinase; MEK: MAPK kinase; P13K: phosphatidylinositol 3-kinase; PIP2:
phosphatidylinositol 4,5-bisphosphate; PKC: protein kinase C; PLCy: phospholipase Cy.

Forward translocation of the growth cone requires not only the CAM-actin linkage bur also
a gradient of adhesive interactions with its environment (strong adhesion at the growth cone’s
leading edge and weak adhesion at the rear).*? In this way, the cytoskeletal machinery is able to
move the growth cone forward as attachments at its rear are released. To create such polarized
adhesion, CAMs that have been translocated into the C-domain by coupling to retrograde
F-actin flow should be recycled to the leading edge. Indeed, it has been shown that CAMs such
as NCAM and B1 integrin undergo bidirectional movement on the growth cone surface,
suggesting the centrifugal transport for CAM recycling. ¢ In addition to this cell-surface
pathway, an intracellular pathway for CAM recycling has been demonstrated.#*8 L1 is
endocytosed preferentially at the C-domain followed by centrifugal transport into the P-domain
and reinsertion into the plasma membrane of the leading edge (Fig. 3). This recycling pathway
is required for the maintenance of polarized growth cone adhesion and axon growth.* Therefore,
the growth cone is able to regulate its adhesivity by controlling CAM trafficking both on the
cell surface and via intracellular vesicular transport. Based on this model (Fig. 3), axon growth
should be influenced by three major factors in the growth cone: dynamics of the cytoskeleton,
clutch engagement, and CAM recycling. It is very important to understand how these factors
are controlled by CAM-associated signals in a spatially defined and coordinated manner.
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Figure 3. The molecular mechanism of L1-mediated growth cone migration. Reprinted with
permission of the publisher.*®

What is the role of CAMs in axon guidance? CAMs regulate selective fasciculation/
defasciculation of axons at defined choice points. CAMs also act as contact-dependent attrac-
tive/repulsive cues and their receptors, which delineate a path for elongating axons.”® Although
intracellular molecular mechanisms have not yet been elucidated, CAM-CAM interactions
regulate axon guidance in a complex way. Spinal commissural axons express axonin-1 and the
ventral midline of the spinal cord (the floor plate) expresses NrCAM. A trans-interaction of
axonin-1 with NtCAM is required for commissural axons to enter the floor plate and cross the
midline.”" Involvement of axonin-1 in commissural axon guidance is not dependent on its
activity to promote axon elongation.’® Ig superfamily CAM:s are also implicated in guidance of
dorsal root ganglion (DRG) axons in the spinal cord. Proprioceptive DRG fibers, which estab-
lish connections with motoneurons in the ventral horn, require NrCAM and F11 for their
pathfinding, whereas nociceptive DRG fibers, which target to the dorsal horn, depends on
NgCAM and axonin-1.%

More recent work demonstrated the importance of cross-talk berween CAMs and axon
guidance receptors/signaling. For example, L1 interacts with neuropilin-1 in cis to form a
receptor complex that, in response to semaphorin3A binding, induces repulsive turning of the
growth cone.”® A simultaneous trans-interaction of L1 with neuropilin-1 switches
semaphorin3A-triggered repulsion into attraction.” CAMs could also influence the turning
response of axons without directly interacting with a guidance receptor, as laminin converts
netrin-1-induced attraction into repulsion most likely by decreasing the amount of cAMP in
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the growth cone.>® Another example comes from studies on N-cadherin and the axon guidance
receptor Robo. Engagement of Robo by its ligand, the repulsive guidance cue Slit, results in
decoupling of N-cadherin from the cytoskeleton and loss of N-cadherin-mediated adhesion.””
Thus, a local repulsive signal in the growth cone is converted into decreased adhesion and
traction allowing growth cone migration in the contralateral direction.

Functional Implication

The implication of CAMs in human nervous system development has been best illustrated
in a congenital disorder, called X-linked hydrocephalus (XLH), which is caused by mutations
in the L1 gene.’®* Generation and analyses of L1 knockout mice confirmed the similar roles
of L1 in neural development.®%3 XLH patients have ventricular enlargement accompanied by
hypoplasia of several major axon tracts such as the corticospinal tract and the corpus callosum,
indicating that L1 plays an important role in axon growth and guidance in vivo.” In addition,
L1 knockout mice show various axon tract phenotypes such as abnormal topographic mapping
of retinal axons to their target in the superior colliculus®® and pathfinding errors of a subset of
thalamocortical axons.% Also, a substantial proportion of corticospinal axons fail to cross the
midline at the pyramidal decussation, which results in abnormal ipsilateral projection and
probably in hypoplasia of the corticospinal tract.®! This guidance etror can be explained by in
vitro observation: L1-deficient cortical axons do not respond to semaphorin3A secreted from
the ventral spinal cord because neuropilin-1 associates with L1 in cis to form the functional
receptor.” This idea has been supported b;' recent studies using a new mouse line in which the
sixth Ig domain of L1 has been deleted.”” This L1 mutant loses homophilic binding activity
but retains its ability to interact with neuropilin-1, and the mutant animals show ventricular
dilatation but no anomalies in axon tract development. This result suggests thar L1-L1
homophilic adhesion is important for normal development of the ventricular system but not of
axon tracts in mice. However, the real mechanism in humans might not be so simple, because
even single amino acid substitutions throughout L1 (including the sixth lg domain) almost
always disrupt axon tract development in XLH.%

Analyses of gene-targeted mice revealed the roles of other Ig superfamily CAMs in neural
development. The first two reports on NCAM knockout mice demonstrated a size reduction
of the olfactory bulb due to impaired migration of olfactory granule cell precursors.®7° Later,
abnormal fasciculation and pathfinding of intrahippocampal connections were observed in the
NCAM knockout.”" A GPI-anchored CAM, contactin, has been implicated in cerebellar granule
cell axon guidance and in dendritic projections from granule and Golgi cells, thus contributing
to the formation of cerebellar micro-organization.”* Recently, the close homolog of L1 has
been shown to play significant roles in hippocampal mossy fiber organization, olfactory axon
projections, and neuronal positioning and dendritic growth of pyramidal neurons in the poste-
rior region of the cerebral cortex.”>”* Although the cerebellum of NrCAM knockout mice did
not exhibit obvious defects, mice lacking both L1 and NrCAM showed severe cerebellar folial
defects and a reduction in the thickness of the inner granule cell layer, suggesting that the L1
family CAM:s have overlapping functions.” In contrast, neurofascin has been shown to play a
unique role in axon guidance in the cerebellum: a subcellular gradient of neurofascin on a
Purkinje cell directs basket axons towards the axon initial segment of the Purkinje cell leading
to the formation of domain-specific synapses.”®

Conclusion

Originally CAMs have been identified as cell-surface molecules that recognize specific binding
partners and mediate cell-cell and cell-ECM adhesion. However, CAMs have turned out to be
surprisingly multifunctional: they transduce signals in both outside-in and inside-out directions,
dynamically associate with the cytoskeletons, move inside a cell and along the cell surface,
provide anti-adhesive functions, and interact with many functional molecules including axon
guidance receptors. These revelations produced significant progress in understanding how CAMs
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regulate dynamic cell behaviors such as axon growth and guidance. Future work should be
devoted to examining how these multiple events are spatially and temporally coordinated in
axons and dendrites to produce correct wiring of neuronal networks.
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CHAPTER 8

Neurotransmitters and the Development
of Neuronal Circuits

Tina Ruediger and Juergen Bolz*

Abstract

n the mature brain, neurotransmitters are used for synaptic communication between

neurons. But during nervous system development, neurons often express and release trans-

mitters before their axons establish contacts with their target cells. While much is known
about the synaptic effects of neurotransmitters, their extrasynaptic effects are less understood.
There is increasing evidence that neurotransmitters in the immature nervous system can act as
trophic factors that influence different developmental events such as cell proliferation and dif-
ferentiation. However, more recent work demonstrates that neurotransmitters can also influ-
ence the targeting of migrating neurons and growing axons during the formation of neuronal
circuits. This chapter will focus on such guidance effects of neurotransmitters during the devel-
opment of the nervous system. Elucidating extrasynaptic functions during the nervous system
development might also provide insights in their potential roles for plasticity and regencration
in the adult nervous system.

Introduction

In the adult nervous system, neurotransmitters released from presynaptic terminals bind
to receptors on postsynaptic cells, which lead either to an excitation or inhibition of these
neurons. However, during the development of the nervous system, neurotransmiteers, their
synthesizing enzymes and their receptors are often expressed before synapses are being formed.
Even at the earliest stages of development, progenitor cells of the nervous system can express
receptors for almost all neurotransmitter classes.! Because neurotransmitters are secreted mol-
ecules, it has been suggested that they might be important developmental signals that influ-
ence proliferation, differentiation, synapse maturation and survival of neurons.>* In addi-
tion to such trophic effects, neurotransmitters have also been implicated to act as tropic
signals that guide migrating neurons and growing axons to their target cells.
Neurotransmitter-induced tropic effects can be chemoattractive, resulting in cell migration
or axonal growth toward the transmitter source or chemorepulsive, causing migration or
growth away from the secreted transmitter.

In this review we summarize some of the more recent work on neuronal guidance functions
of neurotransmitters (for earlier reviews see refs. 3,4). We describe studies which provide evi-
dence that all major transmitters, such as glutamate, acetylcholine (ACh), y-aminobutyric acid
(GABA), dopamine and serotonin can act as regulators for growing neurites and migrating
neurons in many different species (see Table 1). These effects are mediated by different ionotropic
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Table 1. Neurotransmitters and their effects on various neuronal tissues.
NT Neuronal Preparation Effect Reference
Acetylcholine Leech embryo retraction of neurites 49

Xenopus spinal cord attractive turning response 53

neurons induction of growth cone filopodia

Neuroblastoma cells induction of growth cone filopodia 51, 52

and lamellipodia

Chick sympathic neurons  inhibition of neurite outgrowth 45

Chick ciliary ganglion retraction of neurites 48

neurons

Rat retinal ganglion growth inhibition 46

cell neurons

Mouse spinal cord inhibition of neurite outgrowth 47

neurons and growth cone motility

Mouse thalamic neurons induction of growth cone pause Riidiger and

Dopamine

GABA

Glutamate

Helisoma neurons

Lymnaea stagnalis
presynaptic neurons
Chick retina cells

Rat superior ganglia

Rat spinal cord

Rat cortical neurons

Rat cerebellar neurons
Mouse spinal cord neurons

Xenopus spinal cord
neurons

Rat cortical neurons

Rat cerebellar granule cells
Rat hippocampal neurons
Rat spinal motoneurons
Rat hippocampal neurons

Serotonin Helisoma neurons

Rat thalamic neurons

behavior

inhibition of growth cone motility
and neurite elongation

induction of growth cone attraction
and growth cone collapse
retraction of neurites

inhibition of growth cone motility
promotion of dendritic outgrowth
and synapse formation

neurons induction of cell migration
induction and stop of cell migration
repulsive turning response
inhibition of neurite outgrowth

and growth cone motility

attractive turning response
induction of growth cone filopodia
induction of cell migration
induction of cell migration
inhibition of dendritic outgrowth
inhibition of dendritic outgrowth
inhibition of growth cone motility
inhibition of growth cone motility
and neurite elongation

promotion of neurite outgrowth

Bolz (unpubl.)
10

9
11
64

75
77,78
80
84

21,22

79
15
32
33
35
7

85

List of the effects of neurotransmitters on growing neurites and migrating neurons in different species
with the references discussed this review.

or metabotropic receptors, and the activation of different receptors by the same neurotransmitter
can have very different effects on the guidance of neuronal growth cones. A summary of neu-
rotransmitter mediated guidance effects are iflustrated in Figure 1. We also discuss possible
mechanisms of how neurotransmitter-receptor interactions exert their guidance effects and we
provide specific examples for the roles of neurotransmitters during the assembly of neuronal
circuits in different systems.
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A) Aftractive turning response B) Repulsive turning response
—9 ACh+D-tubocurarine -
ACh Giutamate+NMDA- >
antagonisis
GIAB.A GABA*GABA-receptor-
glutamate antagenists
C) Pause behavior D) Retraction and growth cone collapse
ACh
ACh dopaming
E) ~ Neurite outgrowth F) Filopodia induction
promotion inhibition
ACh >
ACh dopamine
GABA glutamate
serotonin serotonin

Figure 1. Schematic illustration of the effects of different neurotransmitters on growth cone
behavior, neurite outgrowth and axon guidance.

Effects of Neurotransmitters on Growth Cone Steering

Growth cones are extensions of the tip of developing dendrites and axons which have finger-like
protrusions that actively extend and retract during neurite outgrowth. Growth cones also pos-
sess receptors for different extracellular signals, and the activation of these receptors can influ-
ence growth cone motility and lead to changes in the rate or direction of neurite extension.
During development, these guidance signals allow growth cones to navigate through a complex
environment to innervate distant target neurons. Over the last decade, several families of axonal
guidance molecules, including semaphorins, netrins and ephrins have been discovered.>® How-
ever, one of the first identified molecular cues that affect growth cone steering were neurotrans-
mitters. Early studies in the snail Helisoma demonstrated that serotonin and dopamine inhibit
growth cone motility and arrest neurite outgrowth of specific sets of neurons.”®

More recent findings in the snail Lymnea stagnalis demonstrated that dopamine spontane-
ously released from an identified neuron in culture differentially regulates the growth cone behav-
ior of its in vivo target and nontarget neurons. While dopamine enhanced the rate of growth cone
advance from target cells it also induced growth cone retraction and turning away from nontarget
cells.’ The results from these invertebrate studies then suggest that a neurotransmitter released
from a postsynaptic neuron might act as chemoattractant for target growth cones, but as
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chemorepellent for nontarget growth cones. Effects of serotonin and dopamine on growth cones
and extending axons have also been described in the central nervous system of vertebrates.”1%!1

Glutamate: An Excitatory Transmitter and a Versatile
Developmental Signal

Glutamate is the most prevalent excitatory neurotransmitter in the nervous system. Glutamate
can activate several classes of specific receptors, including ionotropic NMDA
(N-methyi-D-aspartate), AMPA (amino-3-hydroxy-5-methylisoxazoleproptionic acid) receptors
and G-protein coupled metabotropic receptors which excert their effects via second messengers
like cyclic adenosine monophosphate (¢AMP) and inositol triphosphate (IP3).1? In the adult
nervous system, glutamatergic synapses have been most intensively studied in pyramidal neurons
of the hippocampus and cerebral cortex, because specific activity parterns of their afferent inputs
can lead either to long term potentiation (LTP) or long term depression (LTD) of these synapses.
These functional changes at glutamatergic synapses also result in morphological alterations in
dendritic spines, the specialized protrusions on dendritic processes that constitute the postsynap-
tic element of these synapses. Glutamate has also been implicated to mediate activity-dependent
processes during development and during the so-called critical periods. Such processes influence
the elaboration, pruning and stabilization of axonal and dendritic arbors.'>"

Glutamate released from active cells or constiturively released glutamate can also act as a
guidance cue for migrating cells and growing axons. Several lines of evidence have indicated
that activation of the NMDA type of glutamate receptors modulates that rate of granule cell
migration in the developing cerebellum. Patch clamp analysis revealed a large increase in the
frequency of spontancous NMDA receptor activity in migrating neurons compared to premi-
gratory cells.!” Furthermore, migrating granule cells express different NMDA subunits than
postmigratory neurons.'® Blocking NMDA receptor activity significantly decreased the rate
of granule cell migration in cerebellar slices in a dose-dependent manner.!” In contrast, the
rate of migration was not altered by blocking nonNMDA receptors or GABA-A and GABA-B
receptors.

How does glutamate control the rate of migration? Since activation of NMDA receptors
induces substantial Ca®* influxes into cells, intracellular Ca®* was monitored with Ca?* indica-
tor dyes simultaneously with cell migration.'® These experiments revealed periodic fluctua-
tions of Ca®* levels in cell somata that were closely related to cell movement. Granule cells
moved forward during the phase of transient Ca®* increase and remained stationary during
Ca®" decrease. Blocking NMDA receptors reduced the Ca?* fluctuations and the rate of cell
movement in a dose-degendent manner. Ca>* fluctuations and cell movements were also re-
duced when N-type Ca®* channels were blocked by specific antagonist,'® whereas transient
elevation of Ca®* increased the forward movements of migrating granule cells. Taken together,
these results demonstrate that neurotransmitter receptors and ion channels control the motility
of migrating granule cells by modifying Ca®* fluctuations.?’

In growth cone turning assays, microscopic gradients of glutamate were produced by eject-
ing these substances from a pipette placed near the growth cone, but at an angle of 45° with
respect to the initial direction of the axon.?"?? Glutamate gradients induced a marked attrac-
tion of axons from Xenopus spinal neurons. The turning response of growth cones required the
activation of NMDA and nonNMDA receptors, because either NMDA or nonNMDA an-
tagonists abolished the turning induced by glutamate. It is known that extracellular Mg?* blocks
NMDA receptor activity in a voltage dependent manner.22%* In the absence of extracelullar
Mg?, the glutamate-induced turning response was blocked by NMDA antagonists but not by
nonNMDA antagonists. This then suggests that NMDA receptors are primarily responsible
for growth cone turning. In the presence of Mg?*, depolarization via nonNMDA receptors is
required to remove the Mg?* block of NMDA receptors. Ca2* influx through NMDA receptors
then induces growth cone turning, because the chemoattractive effect of glutamate is abolished
in Ca® free medium. An additional requirement for the chemotropic effect of glutamate is that
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Ca® influx into the growth cone occurs asymmetrically. At high glutamate concentrations,
when all receptors have been activated and Ca?* elevations are uniformly hi§h across the growth
cone, turning responses were no longer elicited by glutamate gradients.?">

Metabotropic glutamate receptors have also been implicated to contribute to growth cone
guidance and axonal pathfinding, Mossy fibers, the axons of granule cells in the dentate gyrus,
project to pyramidal cells in the CA3 region of the hippocampus. This projection is restricted
to a narrow zone on the apical dendrites of pyramidal cells, the striatum lucidum. This
layer-specific projection is recapitulated in organotypic slice cultures of the hippocampus.?®
However, in the presence of antagonists of metabotropic glutamate receptors, but not with
ionotropic antagonists, mossy fibers in slice cultures were defasciculated and their axon termi-
nals were no longer restricted to their targer layer in the CA3 region.”” How glutamate regu-
lates the guidance of mossy fibers is not clear. Since mossy fiber guidance was unaffected by
chronic application of agonists for metabotropic glutamate receptors, it is unlikely that glutamate
gradients operate in mossy fiber ;)athﬁnding. Granule cells in the dentate gyrus express
metabotropic glutamate receptors,”? and their activation might be necessary for axon fas-
ciculation and pathfinding. Alternatively, since glia cells throughout the CA1-CA2 region of
the hippocampus also possess metabotropic glutamate receptors, when stimulated with
gluramate, these cells might secrete guidance cues for mossy fiber pathfinding, Still another
possibility is that activation of metabotropic glutamate receptors on mossy fibers interferes
with the responsiveness to other guidance cues for axon targeting.

Evidence for such indirecr effects of glutamate on axon guidance was provided by a recent
study.*® When axons in vitro are exposed to repellent guidance signals of the semaphorin and
slit family, their growth cones respond to these repellents by withdrawing filopodia and con-
tracting lamelipodia, and thereby displaying a collapsed morphology.>! However, the growth
cone collapse induced by semaphorin 3A, semaphorin 3C and slit-2 was strongly reduced
when glutamate was added to the medium. This modulatory effect of glutamate on the respon-
siveness to these repellents was blocked by antagonists to metabotropic glutamate receptors,
whereas agonists for these receptors mimicked the effect of glutamate. These indirect effects of
glutamate might also be relevant to activity-dependent changes later in brain development and
in brain plasticity, when neuronal connections are refined or become modified by the advance
and retraction of axonal and dendritic processes. The release of glutamate from active neurons
could reduce their own response to target derived repellents. In addition to such an autocrine
mechanism, the release of glutamate from presynaptic elements could also attract postsynaptic
elements by making them resistant to repulsive cues in their environment. The modulatory
effects of glutamate on repellent signals might therefore provide a mechanism how
activity-dependent changes lead to the remodelling of neuronal circuits.

In addition to such indirect effects of glutamate on cell morphology, numerous studies have
shown that this transmitter can also have direct effects by stimulating ionotropic glutamate
receptors. For example, in cultured hippocampal pyramidal cells and spinal motor neurons
dendritic extension is inhibited through glutamate-induced stimulation of nonNMDA recep-
tors.>*33 In contrast, NMDA receptor activation in cerebellar granule neurons can reduce axon
extension and act as a “stop signal” for their afferent fiber from the pons.* Glutamate has also
profound effects during synaptogenesis by regulating the shape and motility of both axonal
filipodia, which emerge from the shaft of axonal branches and contain synaptic vesicles, and
dendritic filipodia, which later transform into spines.'#*%

The effects of glutamate-induced stimulation of NMDA receptors have been most exten-
sively studied in the context of activity-dependent axonal targeting and experience-dependent
remodelling of sensory circuits. Although, as indicated above, metabotropic glutamate recep-
tors might also participate in these processes, the NMDA receptor is considered as the prime
candidate to mediate the effects of patterned neuronal activity in the refinement and
modifications of neuronal connections. Because the Mg?* block of NMDA receptor transmis-
sion is relieved when the neuron is depolarized by excitatory input at its other synapses, NMDA
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receptors can therefore detect correlations in the firing between pre- and postsynaptic cells as
well as coactivity between multiple converging inputs to the neuron. According to a hypoth-
eses proposed by Hebb (1949), the fine tuning of axonal and dendritic arbors is based on
correlated firing patterns.?® There are several recent reviews which describe the requirement of
NMDA receptor stimulation for the activity-dependent development and plasticity of
sensory systems.>’

Acetylcholine Acts as a Neuronal Guidance Signal

during Brain Development

Acetylcholine was the first neurotransmitter to be discovered. It is synthesized from choline
and acetyl-CoA through the action of choline acetyltransferase (ChAT). According to their
main agonists, muscarine and nicotine, acetylcholine receptors are divided into two classes:
muscarinic and nicotinic acetylcholine receptors (mAChR and nAChR). Both receptor classes
are abundant in the brain. The nAChR is a member of the ligand-gated superfamily of ion
channels and is composed of five polypeptide subunits that surround a central channel pore,
which is selective for most cations. While nicotinic receptors are ionotropic receptors, ail mus-
carinic receptors are metabotropic and coupled to G proteins which activate second messenger
pathways. Five muscarinic subtypes M1-M5 do exist. %42 Both, the acetylcholine synthesiz-
ing enzyme (ChAT) and the AChR are present in the early emb?ronic nervous system, suggest-
ing extrasynaptic functions of ACh during brain development. 34

Several in vitro studies demonstrated that ACh can influence neurite extension of inverte-
brates as well as in vertebrates neurons. For example, the work of Small et al (1995) showed
that the presence of ACh in cultures of isolated embryonic chick sympathetic neurons inhib-
ited neurite outgrowth and decreased the percentage of neurons bearing neurites. Application
of muscarinic and nicotinic receptor agonists caused also an inhibition of neurite outgrowth,
indicating that in this case the effect of acetylcholine was mediated through muscarinic and
nicotinic receptors.”® Other studies report growth inhibiting effects of ACh only after stimula-
tion of nicotinic receptors.®#° In contrast, treatment with carbachol, a mixed cholinergic
agonist, increased neurite length of cultured rat olfactory bulb neurons, suggesting that ACh
can also promote neurite outgrowth.> Studies with neuroblastoma cell lines demonstrate that
ACh can induce the formation of filopodia and lamellipodia when applied locally by a mi-
cropipette.”’>? Interestingly, no effects were observed by adding acetylcholine to the medium,
suggesting that acetylcholine needs to be present in a concentration gradient to be effective.”

A direct guidance effect of ACh gradients has been described for neurites from Xenopus
spinal neurons.> Application of an acetylcholine gradient by a micropipette increased the number
of growth cone filopodia on the side facing the pipette and the neurites extended towards the
ACh gradient. This attractive turning response of growth cones towards ACh required the
presence of extracellular Ca®* and was blocked by nicotinic, but not by muscarinic receptor
antagonists. Application of Rp-cAMPS, an analogue competitor of cAMB, the attractive turn-
ing response of the growth cone towards ACh was converted into a repulsive turning response.
Thus, ACh, like other axonal guidance cues, can elicit either attraction or repulsion depending
on the level of cyclic nucleotides (see chapter of this book by Piper et al).

Since there is a prominent cholinergic innervation of the cerebral cortex from the basal
forebrain,*>* several studies examined the effects of ACh on the development of cortical neu-
rons. Coculture studies indicated that cholinergic basal forebrain neurons provide trophic sup-
port for cortical.*® In vivo studies after neonatal lesions of the nucleus basalis Meynert in the
forebrain demonstrated that ACh has a profound effect on the development of cortical neu-
rons. For example, layer 4 and 5 neurons of the somatosensory cortex were smaller and more
densely packed during first postnatal week. In addition, neuronal maturation and dendritic
development after basal forebrain lesions is delayed.*¢>?

Recently, our laboratory investigated the possible role of ACh on the growth of thalamic
axons, which innervate the cortex at a time when ACh is already expressed in cortical neurons.
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Figure 2. Effects of ACh on growing thalamic axons. This sequence of video-micrographs
shows the advance of a thalamic growth cone during 25 minutes in vitro (A, B). During the next
50 minutes, when ACh was applied from a micropipette, the growth cone showed the typical
pausing behavior: although lamellipodia and filopodia were continuously formed and re-
tracted, there was no forward movement of the growth cone (C,D). Scale bar: 5 um.

After application of ACh gradients from a pipette, thalamic axons almost immediately stopped
their growth. This growth arrest was not accompanied by a collapse or a backward movement of
the growth cone; rather filopodia and lamellipodia were continuously formed and retracted. But
the growth cones did not move forward, instead they exhibited a specific pausing behavior (Fig.
2). The presence of atropine or d-tubocurarine abolished the growth arrest of thalamic axons
induced by ACh, suggesting that muscarinic and nicotinic ACh receptors are involved. Since
thalamic axons stop their growth in vivo for several hours when they first reach the cortical
intermediate zone and innervate the cortical plate only after a “waiting period”,%*®! we propose
that acetylcholine is one of the signals which regulates the timing of thalamocortical projections.

There Is More to GABA Than Synaptic Inhibition

GABA was the first clear example for a transmitter substance that mediates direct synaptic
inhibition in the mature nervous system. It is synthesized from glutamate by glutamic acid
decarboxylase (GAD) and there are two GAD enzymes, GAD65 and GAD67, encoded by
different genes. GABA activates either ionotropic GABA-A and GABA-C receptors or
metabotropic GABA-B receptors. lonotropic GABA receptors are members of the ligand-gated
ion channel superfamily; they consist of five subunits derived from several related gene families
that form chloride channels. GABA-B receptors are members of the seven-transmembrane
domain protein superfamiliy with close homology to the metabotropic glutamate receptors.®?
They can be localized both pre- and postsynaptically and they are coupled to calcium or potas-
sium channels or adenylate cyclase via G-protein activation.%? Several studies showed that in
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the developing nervous system GABA can act as a trophic substance and influence different
aspects of neuronal differentiation. For example, early work of Wolff et al (1978) showed that
continuous application of GABA in rat superior ganglia in vivo promotes dendritic outgrowth
and synapse formation.** Involvement of GABA receptor activation on neurite outgrowth has
now been observed in several other systems.®"%® In addition there is evidence that GABA
application promotes the maturation of GABAergic interneurons and regulates DNA synthesis
and proliferation of neuronal progenitor cells.®”!

GABA also plays a role as a tropic signals that provides directional cues for migrating neu-
rons and growing axons. In the developing neocortex, cells in the proliferative ventricular zone
(VZ) start to migrate after their last cell division through the intermediate zone (IZ) into the
cortical plate (CP), where they organize into layers. Cells that migrate out of the VZ move
along radial glia cells which extend from the VZ to the pial surface and most of these cells
differentiate into projections neurons.”>”> Cortical interneurons are generated in the gangli-
onic eminences, from where they migrate along distinct routes towards the cortex and, once
they arrive in the cortex, they then migrate perpendicular to the axis of the glia cells into the
CP’* Because GABAergic cells are present in the CP at the time when radial migration occurs
and because GABA receptors are expressed by migrating neurons, it has been suggested that
GABA could exert chemotropic effects, inducing migration out of the VZ. To test this hypoth-
esis, in a series of in vitro studies it has been shown that GABA receptor activation influences
migration of immature cortical neurons. First, using a microchemotaxis chamber it was dem-
onstrated that dissociated cortical neurons move from an upper chamber through a membrane
filter pores to a lower chamber containing femtomolar GABA concentrations. When the GABA
solution in the lower chamber was replaced by dissociated cells from the CB, it also induced cell
migration, HPLC measurements indicated that CP cells release GABA, and the migration of
VZ cells in the chemotaxis chamber towards the GABA secreting CP cells was blocked by
saclofen, a GABA-B receptor antagonist.”>’¢ Thus migrating cortical neurons are attracted by
exogenously applied GABA as wells as by endogenous GABA released from CP cells.

In a second set of experiments, migrating cells were examined in cortical slice cultures in the
presence of different GABA antagonists to examine the possible role of endogenous GABA on
cell movement.”””8 For this, slices from rat cortex at embryonic day 18 (E18) were incubated
with bromodeoxyuridine (BrdU) to label VZ cells as they underwent their final mitosis. Under
control conditions, after 2 days in vitro, most BrdU labelled cells migrated out of theCP and
reached the CP. However, in the presence of picrotoxin, an antagonist for GABA-A and GABA-C
receptors, the majority of the labelled cells were still found in the VZ. In cultures treated with
the GABA-B receptor antagonist saclofen, BrdU cells migrated out of the CB, but then accu-
mulated in the IZ without reaching the CP. Finally, the GABA-A receptor antagonist bicuculline
did not block, but rather enhanced cortical migration into the CP. These experiments lead to
the proposal that changing GABA receptor expression may regulate the radial migration of
cortical neurons in response to GABA released from their target destination. This artractive
hypothesis for the radial migration, however, has several limitations. First, blocking of GABA-B
or GABA-C receptors for 6 days in vitro had very little effects on cell migration, suggesting that
blocking GABA receptors delays, but does not arrest cell migration.”® Therefore, GABA-mediated
signalling for neuronal migration might be compensated by other mechanisms or might not be
essential for this process. Moreover, in similar studies with slice cultures from mouse cortex it
was found that GABA had very little effects on cell movement, whereas glutamate acting via
NMDA receptors was a much more potent attractant for migrating neurons.’”” The reasons for
these discrepancies are not clear and it would be important to examine the combined effects of
GABA and glutamate on cortical neuron migration.

GABA has also been implicated as a guidance signal for growth cones of elongating axons.
When Xenopus spinal neurons were tested in the growth cone turning assay, their axons turned
toward the GABA gradient.®* However, in the presence of GABA-A receptor antagonist, growth
cones turned away from GABA gradients. Similar repulsive turning responses were observed
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with baclofen gradients which activate GABA-B receptors. The repulsive effects were abolished
by the GABA-B receptor antagonist saclofen and by pertussis toxin, a blocker of G protein
signalling. These results indicate that GABA can elicit opposing effects on growth cone turning
of Xenopus neurons, an attractive response after GABA-A and a repulsive response after GABA-B
receptor activation. Under normal culture conditions chemoattraction appears to dominate
over chemorepulsion, but the situation is even more complex. Several previous studies have
shown that cytosolic levels of cyclic nucleotides are critical in determine the growth cone be-
havior in gradients of many guidance molecules.®’ When intracellular levels of cyclic gua-
nosine monophosphate (¢<GMP), but not cAMB, were raised, the growth cone repulsion by
GABA-B receptor activation was converted into attraction. Thus GABA-mediated guidance
effects can depend on receptor activation and on cAMP levels, which in turn often depend on
other incoming signals to the neurons.®?

Studies in the olfactory system suggest that GABA-B receptor function might contribute to
target recognition of olfactory receptor neurons (ORNSs) during development and regenera-
tion.83 Immunostaining of ORNs in the neuroepithelium of the mouse demonstrated that
they express GABA-B receptors from E14 to adulthood. GABA-B receptor immunoreactivity
was also observed on ORN growth cones in vitro. In the olfactory bulb, neurons surrounding
the glomeruli, the projection targets of ORNSs, express GABA and its synthesizing enzyme
GAD from E16 to adulthood. In vitro assays demonstrated that in ORN neurite outgrowth
was inhibited by GABA-B receptor agonists. Thus, ORN growth cones are responsive to GABA
prior synapse formation. Taken together, these results suggest that GABAergic neurons that
surround glomeruli could release GABA as a stop signal for developing and regenerating ORN
axons and restrict these fibers to the glomerula target layer. A “stop growth” response of neurites
after GABA-B receptor activation has also been observed in other systems. %34

Conclusions

There is now convincing evidence that there is more to neurotransmitters than regulating
synaptic transmission. They can also act as extrasynaptic signalling molecules in the developing
nervous system, contributing to the assembly of neuronal circuits. This dual function of neu-
rotransmitters occurred probably very early during the evolution of the nervous system. As
neuronal assemblies evolved, many additional signalling molecules were required for the pre-
cise wiring of highly complex brains. The first evidence for attractive or repulsive guidance
effects of neurotransmitters for axon navigation came from studies in invertebrates. However,
it is now clear that neurotransmitters can also guide growing axons and migrating neurons in
highly evolved brain structures of vertebrates, including the mammalian neocortex. A chal-
lenge for future studies will be to clarify how the extrasynaptic functions of neurotransmitrers
during normal brain development are related to functional recovery after injury or diseases in

the adult brain.
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CHAPTER 9

The Hedgehog, TGF-f/BMP and Wnt
Families of Morphogens in Axon Guidance

Frédéric Charron* and Marc Tessier-Lavigne

Summary

uring embryonic development, morphogens act as graded positional cues to dictate
D cell fate specification and tissue patterning. Recent findings indicate that morphogen

gradients also serve to guide axonal pathfinding during development of the nervous
system. These findings challenge our previous notions about morphogens and axon guidance
molecules and suggest that these proteins, rather than having sharply divergent functions, act
more globally to provide graded positional information that can be interpreted by responding
cells either to specify cell fate or to direct axonal pathfinding. This chapter presents the roles
identified for members of three prominent morphogen families—the Hedgehog, Wnt and
TGF-B/BMP families—in axon guidance, and discusses potential implications for the molecu-
lar mechanisms underlying their guidance functions.

Introduction

In the 1990s, genetic, biochemical and molecular approaches let to the identification of
four major conserved families of guidance cues with prominent developmental effects: the
Netrins, Slits, Semaphorins and Ephrins. ! Although the identification of these major families
of guidance cues has increased our understanding of how the nervous system is wired, many
guidance events observed during development do not appear to be accounted for by these
molecules. Moreover, the number of guidance cues and receptors identified seemed small rela-
tive to the immense complexity of nervous system wiring; thus, it seems likely that additional
guidance cues and receptors remain to be discovered. Remarkably, over the last few years,
members from three other families of secreted signaling molecules were shown to act as guid-
ance cues: the Wingless/Wnt, Hedgehog (Hh) and Decapentaplegic/Bone Morphogenic Pro-
tein/ Transforming Growth Factor-B (Dpp/BMP/TGF-B) families. In addition to their axon
guidance properties, these molecules share a common characteristic of having been previously
identified as morphogens controlling cell fate and tissue patterning. This discovery has opened
the door to the study of an entirely new set of axon guidance cues. In addition, these findings
change our current notions about morphogenic and axon guidance molecules and suggest that
these proteins can be thought of more generally as providing graded positional information
that can be interpreted by responding cells for either the specification of cell fate or for axonal
pathfinding.

*Corresponding Author: Frédéric Charron—Molecular Biology of Neural Development, Institut
de Recherches Cliniques de Montréal (IRCM), 110 Pine Ave West, Montreal, Quebec, H2W
1R7, Canada. Email: frederic.charron@ircm.qc.ca

Asxon Growth and Guidance, edited by Dominique Bagnard. ©2007 Landes Bioscience
and Springer Science+Business Media.
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After briefly introducing the roles of the three morphogen families in cell fate specification,
we will focus on the emerging evidence that they are reused later in development to guide
axons. We conclude by comparing similarities and differences in positional information inter-
pretation for axon guidance versus cell fate specification.

Morphogens, Cell Fate Specification and Tissue Patterning

Morphogens are signaling molecules produced in a restricted region of a tissue that provide
positional information by diffusing from their source to form a long-range concentration gra-
dient. A cell’s program of differentiation in response to a morphogen is dictated by its position
within the gradient and thus on its distance from the morphogen source. Two criteria have
gained acceptance as the evidence needed to qualify a secreted signaling protein as a morphogen:
it must have a concentration-dependent effect on its target cells and it must exert a direct
action at a distance. To date, only three protein families have members that fulfill these criteria:
the Wingless/Wnt, Hedgehog (Hh) and Dpp/BMP/TGF-g families.® Although there is abun-
dant evidence for concentration-dependent activity of signaling proteins during development
(reviewed in ref. 4), evidence for direct action at a distance has only been provided recently in
some vertebrate systems.s’6 In the following section, we summarize briefly some of the biologi-
cal processes involving members from each of the marphogen families, with a special emphasis
on vertebrate neural tube development, which provides a convenient system to compare and
contrast roles of classic guidance molecules and morphogens in axon guidance.

In vertebrate embryos, one of the first steps in the development of the nervous system is the
specification of the diverse neural cell fates. Members of each of the three morphogen families
are expressed in the developing neural tube and are implicated in its patterning, as we now
summarize.

The Hedgebog Family

Hedgehog proteins are found in insects and vertebrates, but not nematodes. There is a
single Hedgehog gene in flies, and three in mammals: Sonic hedgehog (Shh), Indian hedgehog
(Thh) and Desert hedgehog (Dhh). Shh is secreted by the notochord and by floor plate cells ar
the ventral midline of the neural tube, and functions as a graded signal for the generation of
distinct classes of ventral neurons along the dorsoventral axis of the neural tube (Fig. 1A; re-
viewed in refs. 7-9). In agreement with its role as a morphogen, Shh is able to induce a range of
ventral spinal cord cell fates in a concentration-dependent manner'® and has been shown to
exert a direct action at a distance to specify neural tube cell fate.®

Much evidence indicates that these cell fate specification and tissue patterning activities of
Hhs are mediated by members of the Ci/Gli transcription factor family, but the signaling
mechanisms that lead to activation of these transcription factors are not fully elucidated.® Ge-
netic and biochemical experiments have shown that Hhs activate signaling by binding to their
receptor Patched (Ptc), which leads to the relief of Ptc-mediated inhibition of Smoothened
(Smo), also a transmembrane protein, which can then activate downstream signaling (Fig. 2A).
Smo associates directly with a Ci-containing complex, which contains the atypical kinesin
Costal-2 (Cos2) and the protein kinase Fused (Fu).!' This complex constitutively suppresses
pathway activity. Activation of Hh signaling reverses this regulatory effect and allows Ci to
activate transcription of Hh target genes, thus specifying cell fate.

The Decapentaplegic/Bone Morphogenic Protein/ Transforming Growth
Factor-p Family

The roof plate at the dorsal midline of the neural tube is the major source of inductive
signals controlling the generation of dorsal cell types.!? Around the time when dorsal neurons
are generated, the roof plate expresses many members of the Dpp/BMP/TGF-f family and
some of them are required for the normal specification of dorsal neurons'? (Fig. 1A). Whether
they function specifically as morphogens in this system remains to be determined.”
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Figure 1. Neuronal cell fate specification and guidance of commissural axons by morphogens
and Netrin-1. Three sets of morphogens, Shh, BMPs and Whnits, are first used to pattern neural
progenitors in the spinal cord, and then appear to be reused as guidance cues for commissural
axons. A) In the early neural tube, Shh, BMP and Wnt protein concentration gradients act to
specify neural cell fate in the ventral and dorsal spinal cord. B) Later, the axons of differentiated
commissural neurons are repelled from the dorsal midline by BMPs (red) and attracted to the
ventral midline by the combined chemoattractant effects of Netrin-1 and Shh (blue). C) and D)
After crossing the floor plate, commissural axons are repelled from the posterior pole by a Shh
gradient (C; orange) and attracted anteriorly by a Wnt-4 gradient (D; green). A, B and left panels
in C and D are cross section representations of the developing spinal cord and right panels in C
and D are open book representations. VO-3, ventral interneuron sub-populations; di1-6, dorsal
interneuron sub-populations; MN, motoneurons; RP, roof plate; FP, floor plate; D, dorsal; V,
ventral; P, posterior; A, anterior. Reproduced with permission of the Company of Biologists.
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Members of the Dpp/BMP/TGF-p family regulate cell fate by inducing the dimerization of
type I and type Il TGF-B receptors, resulting in phosphorylation and activation of the intracellular
kinase domain of the type I receptor (Fig. 2B). Targets of the type I receptor are the
receptor-regulated Smads (R-Smads) which, upon phosphorylation, associate with co-Smads
and translocate to the nucleus where they activate transcription.

The Wingless/ Wnt Family

Roof plate cells also express several members of the Wnt family (reviewed in ref. 12). Al-
though Wnt-1 and Wnt-3a are required for normal specification of dorsal neurons,' it also
remains an open question whether they function specifically as morphogens in this system.
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Figure 2. Overview of the Shh, TGF-g/BMP and Wnt morphogenic signaling pathways. A} Shh
signaling pathway. Genetic and biochemical experiments have shown that Hhs activate signal-
ing by binding to their receptor Patched (Ptc; a 12-pass transmembrane protein), which leads to
the relief of Ptc-mediated inhibition of Smoothened (Smo), a 7-pass transmembrane protein,
which can then activate downstream signaling. Smo associates directly with a Ci-containing
complex which contains the atypical kinesin Costal-2 (Cos2), the protein kinase Fused (Fu) and
the Suppressor of Fused [Su(fu)}. Continued on next page.
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Figure 2, continued. This complex constitutively suppresses pathway activity by leading to the
proteolytic cleavage of Ci, which acts as a transcriptional repressor. Activation of Hh signaling
reverses this regulatory effect and leads to the production of full length Ci, which activates
transcription of Hh target genes. B) TGF-p/BMP signaling pathway. Members of the Dpp/BMP/
TGF-g family regulate cell fate by inducing the dimerization of type | and type Il TGF-8 receptors,
resulting in phosphorylation and activation of the intracellular kinase domain of the type |
receptor. Targets of the type | receptor are the receptor-regulated Smads (R-Smads) which, upon
phosphorylation, associate with co-Smads and translocate to the nucleus where, together with
DNA-binding partners such as Fast-1, they activate transcription. C) Wnt signaling pathway. Wnt
ligands can activate several different signal transduction pathways. The canonical Wnt pathway
controls gene expression by stabilizing g-Catenin (g-Cat). Frizzled (Fz) proteins are seven trans-
membrane domains molecules which, together with the members of the low density lipoprotein
(LDL) receptor-related protein 5 and 6 (LRP5/6; Arrow in Drosophila) family of co-receptors,
function as Wnt receptors. When Wnits are absent, p-Catenin is phosphorylated by GSK-3p
leading to its degradation by the proteasome. This process requires the formation of a complex
scaffolded by Axin and adenomatous polyposis coli (Apc). Binding of Wnts to their receptors
results in Dishevelled (Dsh)activation and suppression of GSK-3p activity, thus protecting g-Catenin
from targeting for degradation. Accumulated p-Catenin converts the lymphoid enhancer factor
(Lef)/Tcf from a transcriptional repressor to an activator. Two non-canonical Wnt pathways have
been described: the Wnt/Ca?* pathway and the planar cell polarity (PCP) pathway. The PCP
pathway involves a non-canonical p-Catenin-independent Wnt/Fz pathway that requires Dsh.
A Whnt ligand for this pathway has yet to be identified in Drosophila, but Wnt ligands have been
found to activate an analogous pathway in vertebrates. The Wnt/Ca’* pathway probably signals
via heterotrimeric G-proteins (a, p and y subunits) to mobilize intracellular Ca®* and, in some
contexts, to stimulate protein kinase C (PKC). In vertebrates, Wnt/Ca?* signaling is activated by
the same ligands as the PCP pathway, suggesting that these pathways may overlap to some extent.
Reproduced with permission of the Company of Biologists.

Wnt ligands can activate several different signal transduction pathways. The most exten-
stvely studied is the canonical Wnt pathway, which controls gene expression by stabilizing
B-Catenin (Fig. 2C). This pathway involves evolutionarily-conserved cellular components (re-
viewed in refs. 15,16). Frizzled (Fz) proteins are seven transmembrane domains molecules
which function as Wnt receptors. When Wnts are absent, B-Catenin is phosphorylated by
GSK-3B leading to its degradation. Binding of Wnts to their receptors results in Dishevelled
{Dsh) activation and suppression of GSK-3 activity, thus stabilizing f-Catenin. Accumulated
p-Catenin converts the lymphoid enhancer factor (Lef)/Tef from a transcriptional repressor to
an activator.

Recently, much attention has been given to the non-canonical Wnt pathways, i.c., those
that are B-Catenin-independent. Two have been described: the Wnt/Ca®* pathway and the
planar cell polarity (PCP) pathway (Fig. 2C). The PCP pathway involves a non-canonical
B-Catenin-independent Wnt/Fz pathway that requires Dsh. The Wnt/Ca?* pathway is thought
to signal via heterotrimeric G-proteins to mobilize intracellular Ca** and, in some contexts, to
stimulate protein kinase C (PKC).

Below, we discuss the functions of these morphogen families in axon guidance.
Morphogens in Axon Guidance
The Hedgehog Family

Shh is a Chemoattractant for Commissural Axons

During spinal cord development, commissural neurons, which differentiate in the dorsal
neural tube, send axons that project toward and subsequently across the floor plate, forming
axon commissures (Fig. 1B and see also ref 17). As discussed in this book (see chapter by T.
Kennedy and colleagues), these axons project toward the midline in part because they are
attracted by Netrin-1, a long-range chemoattractant secreted by the floor plate refs. 18-22). In
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mice mutant for Netrin-1 or its receptor DCC many commissural axon trajectories are fore-
shortened, fail to invade the ventral spinal cord, and are misguided refs. 20,23). However, some
of them do reach the midline, indicating that other guidance cues cooperate with Netrin-1 to
guide these axons. Further analysis of Netrin-1 knock-out mice suggested chat the floor plate
might actually express an additional diffusible attractant(s) for commissural axons.2*?*

Given its expression by the floor plate and its long-range effects in the spinal cord, Shh was
a candidate for a midline-derived axonal guidance cue. Shh was indeed shown to function as an
axonal chemoattractant that can mimic the Netrin-1- mdependcnt chemoattractant activity of
the floor plate in in vitro assays.” The chemoattractant activity of Shh, like the chemoattractant
activity of floor plate derived from Netrin-1 mutants, can be blocked by cyclopamine, which
blocks the actions of Shh in cell fate determination by inhibiting the Shh signaling mediator
Smo. This shows that Smo is required for Shh-mediated axon attraction and, importantly, that
the Netrin-1-independent chemoattractant activity of the floor plate also requires Hh signal-
ing. Since Shh is the only Hh family member expressed in the spinal cord at this stage, these
results suggest that Shh is functioning as a floor plate-derived chemoattractant for commissural
axons.

While the reorienting effect of Shh could be due to a direct chemoartractant effect, an
alternative explanation is suggested by the fact that Shh is a potent morphogen. Since in these
assays commissural axon turning occurs within the spinal cord tissue explant, it seemed pos-
sible that Shh was not acting directly on the axons but rather repatterning and altering the
expression of guidance cues by cells within the explant, which then secondarily guided the
axons to the Shh source. Arguing against this possibility is the finding that the spinal cord
explants used to assess chemoattractant activity are at a developmental stage at which they have
apparently lost the competence to be repatterned by Shh, as assessed using a battery of markers
of dorsoventral patterning,”

A derCt action of Shh in attracting the axons was supported further by two sets of experi-
ments.?* First, Shh was shown to attract the growth cones of isolated Xengpus spmal axons in
dispersed cell culture in a cyclopamine-dependent manner, proving that Shh, acting via Smo,
can function as a chemoattractant at least for these Xenopus axons. A second way of providing
evidence that Shh can act directly on commissural axons to guide them relied on blocking Shh
signaling selectively in commissural neurons without blocking it in the terrain through which
their axons course. This was achieved by conditional inactivation of a floxed allele of Smo using
the Cre recombinase expressed under the control of the Wnt1 promoter, which drives expres-
sion in the dorsal spinal cord (as well as in neural crest progenitors). When Cre, driven by this
promoter, was used to delete a floxed Smo allele in the dorsal spinal cord, commissural axon
trajectories were defective in the ventral spinal cord, where Cre is not expressed (Table 1). This
result strongly implies that the axonal misrouting is not due to repatterning of the ventral
spinal cord, and must instead reflect a guidance defect arising from loss of Smo function in
commissural neurons. Taken together, these results suggest that Shh functions to guide com-
missural axons both in vitro and in vivo by acting directly as 2 chemoattractant on these axons
through a Smo-dependent signaling mechanism.

Shh Guides Commissural Axons Along the Longitudinal Axis of the Spinal Cord
After commissural axons have reached and crossed the floor plate, they make a sharp ante-
rior turn toward the brain (Fig. 1). The molecules involved in the dorso-ventral projection of
commissural axons to and at the floor plate have been well described, but it is only recently that
cues controlling anteroposterior guidance have been identified. Remarkably, the guidance of
commissural axons to the floor plate is not, apparently, the only effect of Shh on commissural
axons: recent evidence suggests that Shh also guides post-crossmg commissural axons in the
rostral direction along the longitudinal axis of the spinal cord.”® Using a subtractive hybrldlza—
tion approach to identify guidance cues responsible for the rostral turn of post-crossing com-
missural axons in chick embryos, Bourikas and colleagues identified differentially-expressed
candidates whose function they investigated by RNA interference (RNAi)-mediated in ovo
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Table 1. In vivo experiments supporting a role for morphogens in axon guidance

Morphogen
Pathways Genes Species Experiments Phenotypes References
Hedgehog Smo Mouse Conditional inactivation Commissural axons 24
of Smo in commissural  invade the motor
neurons columns
Shh Chick Ectopic expression of  Retinal axons are 27
Shhin the optic chiasm prevented from crossing
the chiasm
Shh Chick Silencing of Shh by Commissural axons 25
RNA interference stall at the contralateral
floor plate border, with
some axons randomly
turning caudally or
rostrally
Bmp7
TGF/BMP  and Mouse Bmp7 and Gdf7 gene  Initial trajectory of 32,33
Gdf7 inactivation commissural axons

aberrant, axons invade
the roof plate
unc-129 C. elegans unc-129 mutation Defects in the dorsally 38, 39

oriented trajectories of
motor axons

Wht drl Drosophila drl mutation Axons that normally 44
project into the anterior
commissure now project
into the posterior
commissure

drl Drosophila Ectopic expression of  Forces posterior 44
Drl in posterior commissureneurons to
commissure neurons cross in the anterior

commissure

wnt5 Drosophila wnt5 mutation Axons that normally 45

project into the anterior
commissure project into
the posterior commissure

wnt5  Drosophila Ectopic expression of  Prevents the anterior 45
Whit5 throughoutthe  commissure from forming
CNS midline

Fz3 Mouse Fz3 gene inactivation  Defects in anteroposterior 47

guidance of commissural
axons after midline

crossing
Ryk Mouse Injection of anti-Ryk Blocks the posterior 50
blocking antibodies in  growth of CST axons in
the spinal cord the spinal cord
Wnt3  chick Wnt3 overexpression ~ RGC axons avoid the 55
in the tectum site of ectopic Wnt3
Ryk chick Expression of a Medial shift of RGC axon 55

dominant-negative Ryk termination zone in the
in dorsal RGC axons tectum
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gene silencing. Unexpectedly, one of their candidates turned out to be Shh. In agreement with
these results, silencing of the $44 gene by a different RNAi construct or injection of a hybridoma
producing a function-blocking Shh antibody led to axon stalling at the contralateral floor plate
border, with some axons turning caudally or rostrally, apparently in a random manner. Impor-
tantly, marker analysis revealed that the patterning of the spinal cord was not apparently af-
fected by these manipulations, suggesting that these experiments were done after neural cell
fate specification by Shh has occurred. Finally, post-crossing commissural axons were shown to
avoid ectopic Shh in vivo. Together, these results provide strong evidence that Shh is essential
for the normal guidance of commissural axons along the longitudinal axis of the spinal cord.

A Shh gradient could be guiding commissural axons directly, or could alternatively be act-
ing only indirectly by controlling a graded distribution of a distinct guidance cue. Two lines of
evidence, however, were provided for a direct role of Shh.? The first came from an investiga-
tion of the receptor mechanism for this guidance. Interestingly, neither cyclopamine nor Smo
RNAI interfered with the rostral turn of commissural axons along the longitudinal axis, sug-
gesting that Smo might not be involved in this process. Instead, RNAi-mediated silencing of
Hip1, a gene encoding a Shh-binding membrane protein transiently expressed in commissural
neurons at the time when they cross the floor plate as well as in the peri-ventricular region,
resulted in the same post-crossing phenotype as Shh RNAI. These results, which contrast with
the essential role of Smo in Shh-mediated attraction of commissural axons to the floor plate,M
suggest that Hipl might be involved in transducing a Shh guidance signal in post-crossing
commissural neurons. The relatively restricted expression of Hipl mRNA to commissural neu-
rons would be consistent with a direct action of Shh on these axons. A second line of evidence
that suppotts a direct role for Shh was obtained by in vitro experiments, which showed that
post-crossing commissural axons from spinal cord explants can be repelled by Shh beads in
vitro. Taken together, these results suggest a model in which Shh could be functioning directly
through Hip! as a chemorepellent for post-crossing commissural axons (Fig. 1C).

Shh is a Negative Regulator of Retinal Ganglion Cell Axon Growth

Retinal ganglion cell (RGC) axons growing towards the diencephalic ventral midline are
faced with the decision to project either contralaterally or ipsilaterally in response to guidance
cues at the optic chiasm (Fig. 3). Homozygous inactivation of the mouse Pax2 gene alters the
development of the optic chiasm and RGC axons never cross the midline in these mice. Inter-
estingly, whereas in wild-type mice Shh expression is downregulated in the chiasm as RGC
axons are migrating towards this region, Shh expression is ectopically maintained along the
ventral midline in Pax2”" mice.?® These obervations raised the possibility that the continuous
expression of Shh at the ventral midline might contribute to preventing RGC axon crossing. In
agreement with this idea, Trousse et al (2001) found that ectopic expression of Shh in the
midline region interferes with RGC axon growth and prevents them from crossing the mid-
line?’ (Fig. 3). Consistent with the idea that Shh might be acting directly on RGC axons, it was
shown that these manipulations do not affect patterning and neural differentiation in the eye.
Further experiments will be required to determine whether the chiasm region is repatterned in
these experiments, but in vitro experiments supported the idea that Shh acts directly to control
RGC axon migration: addition of exogenous recombinant Shh to retinal explants decreases the
number and length of growing axons, without interfering with the rate of proliferarion and
differentiation of cells in the explant, and time-lapse analysis showed that addition of Shh to
retinal explants rapidly causes growth cone arrest and subsequent retraction of RGC axons.?’
Since the response of the growth cone to many extracellular guidance cues appears to be modu-
lated and in some cases perhaps even mediated by intracellular cyclic nucleotide levels (cAMP
and cGMP),?? the possibility was explored that the effect of Shh on retinal axons in vitro
might be due to a change in cAMP levels. In agreement with this, addition of Shh to retinal
growth cones was shown to decrease intracellular levels of cAMP, a finding consistent with the
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In wild-type, Shh downregulation allows for RGC fiber | Eclopic Shh expression causes
decussation and formation of the chiasm RGC fiber misrouting

RGC fiber

‘RGC
Retina

- = Shh expression domain

Figure 3. Shh expression at the chiasm border defines a barrier within the ventral midline
implicated in guiding RGC axons. Retinal ganglion cell (RGC) axons growing towards the dien-
cephalic ventral midline are faced with the decision to project either contralaterally or ipsilat-
erally in response to guidance cues atthe optic chiasm. A) In wild-type animals, downregulation
of Shh expression allows RGC axon decussation and formation of the chiasm. B) Ectopic expres-
sion of Shh in the ventral midline region interferes with RGC axon growth and prevents them from
crossing the midline. The Shh expression domain is shown in blue. Shh can inhibit retinal axons
in vitro, suggesting that in vivo it may be acting on the axons directly rather than by altering the
expression of distinct guidance cues in the chiasm, although conclusive evidence for this guid-
ance function in vivo remains to be obtained. A, anterior; P, posterior; POA, pre-optic area; VH,
ventral hypothalamus. Reproduced with permission of the Company of Biologists.

observation that lowering cAMP levels favors growth inhibition® (see also the chapter by Hole
and colleagues in this book).

Taken together, these results provide evidence that Shh expression at the chiasm border
helps define a barrier within the ventral midline that serves to guide RGC axons, and suggest
that Shh may be acting on the axons directly, rather than indirectly by repatterning the chiasm.
Proving that the effect in vivo is direct will, however, require additional studies, such as identi-
fying the mechanism that mediates retinal growth cone responses to Shh and showing that
cell-autonomous inhibition of this signaling pathway in the neurons results in guidance defects
in vivo.

The opposite effects of Shh on pre- and post-crossing commissural and retinal axons (at-
traction and repulsion) might be due to an intrinsic or extrinsic factor that modulates cyclic
nucleotide levels, much as extrinsic factors can convert Netrin-attraction to repulsion by modu-
lating cyclic nucleotide levels.>! Alternatively, as the molecular mechanisms underlying the
effects of Shh on commissural and retinal axons are poorly understood, it is also possible that
these two effects are mediated by distinct signaling pathways that result in opposite guidance
effects—a possibility that also has a precedent in the case of Netrins, which can attract axons by
activating DCC family receptors and repel them by activating UNCS family receptors.'?

The Dpp/BMP/TGF-B family
BMPs Are Chemorepellents for Commissural Axons

In Netrin-1 and DCC mutants, commissural axons initially migrate ventralgl for approxi-
mately the first third of their normal trajectory before becoming misrouted,”** suggesting
that an additional guidance cue might be acting to control their dorsal migration.
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The proximity of commissural neurons to the roof plate and their initial growth away from
the dorsal midline suggested that the roof plate might repel commissural axons away. A direct
test of this possibility showed that the roof plate expresses a diffusible activity that repels
commissural axons in vitro®? (Fig, 1B). Testing a battery of candidate diffusible molecules that
might act as repellent signals, it was found that BMP7 and BMP6, two BMP family members
expressed by the roof plate, can each mimic the chemorepellent activity of the roof plate in
vitro without causing changes in spinal cord cell fate at the doses used for chemorepulsion.
Inhibition of BMP7 activity using soluble inhibitors of BMP activitcy, BMP7 blocking anti-
bodies and genetic inactivation of Bmp7 showed that BMP7 contributes to the chemorepellent
activity of the roof plate for commissural axons. Moreover, BMP7 was shown to induce the
collapse of commissural axon growth cones, providing evidence that it can act directly on
growth cones to elicit a rapid change in cytoskeletal organization.?? Further evidence indicated
that the roof plate chemorepellent BMP complex is likely a heterodimer composed of BMP7
and GDF?7, as genetic inactivation studies showed that expression of both Bmp7 and Gdf7 by
roof plate cells is required for the fidelity of commissural axon growth in vivo.>® Together these
results support a model in which a GDF7:BMP7 heterodimer mediates the roof plate
chemorepellent activity that guides the initial trajectory of commissural axons in the develop-
ing spinal cord.

The molecular mechanisms underlying the effect of BMPs on growth cones are not known.
Although BMPs typically activate signaling through type I and II receptors, it is not known
whether these receptors also transduce the BMP chemorepellent activity. Activation of BMP
receptors normally leads to transcriptional activation by Smads, but the time course of com-
missural growth cone collapse is difficult to reconcile with the idea that a transcriptional effect
mediates the chemorepellent effects of BMPs. Thus, the guidance effect of BMPs could be
mediated independently of Smads or may involve non-transcriptional effects. Indeed, some of
the cytoplasmic components implicated in guidance responses to other pathfinding cues are
activated in res;)onse to TGFB/BMP family members. For example, BMPs activate PKA and
LIM kinase*** and other TGFp family members stimulate phospholipase C, PKC and Rho
GTPase. >

It is interesting to note that gradients of BMPs and Shh appear to cooperate at least twice
during neural tube development: first to specify cell fate, and later to guide commissural axons
to the ventral midline (see Fig. 1). In the case of Shh, the same molecule plays both roles. In the
case of BMPs, it remains to be determined whether the same family member can play both
roles or whether different BMPs independently perform each role.

The TGF} Family Member Unc-129 Is Required for Motor Axon Guidance

Intriguing evidence for a role of 7GFB family members in axon guidance has come from
studies on the C. elegans gene unc-129, a TGFp family member that is required for proper
guidance of pioneer motor axons along the dorsoventral axis.*®? Mutations in unc-129 cause
defects in the dorsally oriented trajectories of motor axons that resemble those present in unc-5,
unc-6/Netrin and unc-40/DCC mutants, without causing other overt patterning or morpho-
logical defects.?® " The dorsal expression of umc-129 suggests that it might be acting as a
chemoattractant for motor axons; however, whether UNC-129 acts directly on growth cones
remains to be established. Interestingly, UNC-129 function does not require DAF-4, the only
known type I TGFB receptor in C. elegans, suggesting that UNC-129 may act through a novel
receptor mechanism. Identification of the UNC-129 receptor will help determine whether
UNC-129 functions directly to guide motor axons, and will help identify the mechanisms of
UNC-129 signaling.

Interestingly, unc-129 appears to act in parallel to the unc-6/Netrin pathway.>>*! Thus, if
UNC-129 acts directly as a guidance cue, it would provide another example of a BMP collabo-
rating with a Netrin to guide axons; in this case, however, the sign of the guidance would be
inverted compared to the spinal cord, with the BMP attracting and the Netrin repelling. As in
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the spinal cord, the presence of the two cooperative pathways providing a push from behind
and a pull from afar would then help ensure the necessary fidelity in axon guidance required for
invariant and robust development.

The Wg/Wnt Family

Wnt5 Repels Commissural Axons from the Posterior Commissure

The ability of Wnt proteins to stimulate a reorganization of the cytoskeleton during axonal
growth and growth cone extension®? suggested that Wnt proteins might also be involved in
guiding axons to their targets. The first direct demonstration of a guidance role was obtained in
studies of commissural neurons in the fly central nervous system (CNS). During Drosophila
development, the array of axons composing the CNS has a ladder-like structure: each body
segment comprises an anterior and a posterior commissural tract that cross the midline and
join one of the two lateral longitudinal tracts that extend the length of the embryo (Fig. 4). The
attractive and repulsive signals regulating the decision of commissural axons to cross or not
have been well characterized; however, how axons choose between the two major subdivisions
of the crossing pathways—the anterior or posterior commissure—was only recently elucidated.

Based on the initial observation that the expression of the Derailed (Drl) receptor tyrosine
kinase, a relative of the vertebrate RYK family, is restricted to the growth cone and axons of
neurons that project in the anterior commissure,® the role of Drl in guiding these neurons
through the anterior commissure was explored.** In the absence of Drl, the neurons that nor-
mally project into the anterior commissure were found often to project into the posterior
commissure. Converscly, misexpression of Drl in posterior commissure neurons forced them
to cross in the anterior commissure. Remarkably, Drl appears to be able to redirect any crossing
axon into the anterior commissure, as misexpression of Drl in neurons that do not normally
cross the midline but that have been genetically engineered to do so directs them to the anterior
commissure. Thus, Drl appears to be both necessary and sufficient for guiding axons in the
anterior commissure.

To explore the mechanism underlying Drl function, a soluble, labeled version of the extra-
cellular domain of Drl was used to detect potential cell-surface ligands for Drl in the fly ventral
nerve cord.*% Drl binding sites were observed specifically in the posterior commissure, sug-
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Wnt5 repels Drl* axons from ‘ In wnt5 mutants, some Drl* axons

the posterior commissure cross through the posterior commissure
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Figure 4. Wnt5 repels commissural axons from the posterior commissure. During Drosophila
development, the axons composing the CNS have a ladder-like structure: each segment com-
prises an anterior and a posterior commissural tract that cross the midline and join the longitu-
dinal tracts. A) In wild-type animals, the Wnt5 ligand, which is restricted to the posterior com-
missure (red), repels axons expressing Derailed (Drl*; light green) from the posterior commissure
into the anterior commissure. B) In wnt5 mutants (as well as in drf mutants, not shown), the Drl*
neurons that normally project into the anterior commissure project into the posterior commis-
sure. A, anterior; P, posterior. Reproduced with permission of the Company of Biologists.
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gesting that Drl functions to guide axons into the anterior commissure by repelling them away
from the region of ligand expression in the posterior commissure. The fact that Drl, like other
Ryk family members, possesses a so-called Wnt inhibitory factor (WIF) domain, which in
other proteins functions to bind Wnt proteins, suggested that a Wnt might be the repellent
in the posterior commissure that repels the axons by binding Drl. Indeed loss of w#n¢5 function
resulted in commissural axon defects similar to those in 47/ mutants, and decreased the ability
of misexpressed Drl to force axons into the anterior commissure?’ (Fig. 4). Moreover,
overexpressing Wnt5 throughout the midline prevented the anterior commissure from form-
ing, while the overexpression of Wnt5 in 4/ mutants did not. Taken together, these results
imply that Wnt5 repels Drl-expressing axons and suggest that Drl might function as a receptor
for Wnt5. In a direct test of this possibility, the soluble Drl extracellular domain was shown to
bind to the endogenous Wnt5 protein from fly extracts, and its binding to the fly ventral nerve
cord was found to disappear in wn#5 mutants.*® Thus, biochemical and genetic data indicate
that Wnt5 is a Dl ligand responsible for repelling axons from the posterior commissure.

Importantly, this work is the first to identify a ligand for the Drl family of receptors and
suggests that the other member of the family, Drl2, might also act as a Wnt receptor. This
receptor-ligand interaction appears to be specific for Wnt5 since Drl does not interact with the
two other Wnt family members tested, Wingless and Wnt4, a finding consistent with the lack
of genetic interaction between dr/ and either wg or wn4. It remains to be determined whether
Drl acts to transduce the repulsive Wnt signal directly, or funcrions to prevent or reverse attrac-
tion through an alternative receptor, possibly of the Fz family.

Wnt4 Controls the Antero-Posterior Guidance of Ascending Commissural Axons

Prior the finding that Shh controls the antero-posterior guidance of commissural axons,
Wnt4 was also reported to play a role in this process. Using a novel in vitro assay, evidence was
obtained that the activity responsible for the anterior guidance of post-crossing commissural
axons is an increasing posterior to anterior gradient of a diffusible attractant.?” Several mem-
bers of the Wnt family were then shown to be able to affect the growth of post-crossing com-
missural axons. Among them, Wnt4 was found to be expressed in an increasing posterior to
anterior gradient, at least at the RNA level. Importantly, an ectopic posterior source of Wnt4
was found to redirect post-crossing axons posteriorly in vitro, whereas the Wnt inhibitors sSFRP1,
sFRP2, and sFRP3 (secreted frizzled-related proteins; soluble proteins that block the interac-
tion of Wnts with their receptor) made post-crossing commissural axons stall and turn ran-
domly along the antero-posterior axis. In the presence of Wnt4, the growth cones of post-crossing
commissural axons were enlarged and more complex; addition of sFRP2 reduced this effect
within one hour, suggesting that Wnt4 might be acting directly on the growth cone. These
results indicate that Wnt activity is essential for the normal guidance of post-crossing commis-
sural axons and that Wnt4 can act as an instructive post-crossing commissural axon attractant
(Fig. 1D).

In agreement with a role for Wnt factors in the control of post-crossing guidance of com-
missural axons, it was found that mice lacking the Wnt receptor Frizzled3 (Fz3) have normal
pre-crossing commissural axon behavior but display defects in antero-posterior guidance of
commissural axons after midline crossing.” It will, of course, be important to determine whether
Fz3 is required specifically in commissural neurons for this effect; however, a lack of apparent
patterning defects in the neural tube of fz3 mutants,”” combined with the in vitro experiments
described above, already provide strong evidence that Wnt-Frizzled signaling directly guides
commissural axons along the antero-posterior axis of the spinal cord.

Of note, the inactivation of /3 in mice also results in other axonal abnormalities.®® These
animals display severe defects in many major axon tracts within the forebrain, including com-
plete loss of the thalamocortical, corticothalamic and nigrostriatal tracts and of the anterior
commissure and a variable loss of the corpus callosum. These results suggest that, in addition to
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guiding commissural axons at the spinal cord midline, Wnt-Frizzled signaling might also play
a much broader role in axonal development, as discussed in the next section of this chapter.

LRPG is a Fz co-receptor required for the canonical Wnt/B-catenin signaling pathway.*’
The axon guidance signaling pathway downstream of Fz3 has not been investigated but, in-
terestingly, the pathfinding of commissural axons is reported to be normal in ZRP6 mutant
embryos, suggesting that the canonical Wnt signaling pathway is not required for Wnt-mediated
commissural axon guidance.

Although it is not yet known whether Wnt4 guides post-crossing commissural axons in
chicks and whether Shh guides post-crossing commissural axons in rodents, it is nonetheless
interesting to note that the complementary Wnt4 and Shh gradients might act cooperatively in
the rostral guidance of commissural axons.

Wats Repel Corticospinal Tract Axons Down the Spinal Cord

Remarkably, while Wnt4 attracts ascending commissural interneurons toward the brain,
other Wnts repels corticospinal tract (CST) axons down the spinal cord.® CST neurons are
located in the cortex and project axons that migrate through the mid- and hindbrain, cross the
midline and then grow down the spinal cord in the dorsal funiculus (Fig. 5). By looking at the
expression of all wnt genes, Liu et al found that wntI and wnt5a are expressed in an anterior to
posterior decreasing gradient in a region neighboring the dorsal midline and dorsal funiculus at
stages when CST axons migrate down the spinal cord. Consistent with a repulsive role for
Wnts on CST axons, Wntl and Wnt5a were found to repel motor cortical axons in collagen
gel assays. While the same group found that the attractive effect of Wnt4 on ascending com-
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Figure 5. Wnts repel corticospinal tract axons down the spinal cord. After migrating through the
midbrain and hindbrain, CST axons cross the midline and grow down the spinal cord in the dorsal
funiculus. Wnt1 and Wnt5a are expressed in an anterior-posterior decreasing gradient in the
dorsal spinal cord and repel CST axons through the Ryk receptor. CST, corticospinal tract.
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missural axons was mediated by Fz3,% they also found that Ryk, the vertebrate homologue of
the Drosophila dr/ gene product, is expressed by CST axons and mediates the repulsive effect of
Wntl and WntSa in vitro.’® Moreover, injection of anti-Ryk blocking antibodies directly into
the spinal cord blocks the posterior growth of CST axons. Together, these results suggest that
Wntl and Wnt5a repel CST axons down the spinal cord through their Ryk receptor.

Wnt3 Mediates Medial-Lateral Retinotectal Topographic Mapping

After having crossed the chiasm, RGC axons follow their journey to the brain where they
will make contact with their targets in the optic tectum (or the superior colliculus in the mouse).
The projections of RGC axons form a topographic map on the tectum such that the image
projected on the retina is recapitulated in the tectum. Along the anterior-posterior axis, gradi-
ents of repulsive EsghrinA in the tectum specify where RGC axons will target through their
EphA receptors.”'>2 Along the medial-lateral axis, gradients of attractive EphrinB play this role
through their EphB receptors.’>** Experimental and modeling studies suggest that an addi-
tional activity is necessary in addition to EphrinB to account for RGC axons guidance along

i

Ryk

Figure 6. Wnt3 mediates medial-lateral retinotecta! topographic mapping. Wnt3 is expressed in
a medial-lateral decreasing gradient in the chick tectum. RGCs express two Wnt receptors: Fz5
and Ryk. While Fz5 appears to be expressed evenly throughout RGCs, Ryk is expressed in a
ventral-dorsal decreasing gradient, similarly to EphB receptors. Wnt3 repels RGC axons laterally
through the Ryk receptor. Thus, the Wnt3 gradient provides a repulsive force that counterbal-
ances the medially directing attractive force of EphrinB. M, medial; L, lateral; D, dorsal; V, ventral.
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the medial-lateral axis.>* A recent study suggested that a gradient of Wnt3 might account for
this activity.>

Similarly to EphrinB molecules, Schmitt et al found that wwn#3 is expressed in a medial-lateral
decreasing gradient in the chick tectum>’ (Fig. 6). RGCs express two Wnt receptors: fz5 and
Ryk. While fz5 appears to be expressed evenly throughout RGCs, Ryk is expressed in a
ventral-dorsal decreasing gradient, similarly to EphB receptors. Interestingly, in vitro assays
suggest that Wnt3 inhibits RGC axon outgrowth via Ryk and, conversely, stimulates RGC
axon outgrowth via Fz. Two sets of experiments were performed to provide evidence that
Ryk-mediated repulsion in response to Wnt3 plays a role in RGC axon targeting along the
medial-lateral axis in vivo. First, when Wnt3 was overexpressed in the tectum, RGC axons
avoided the site of ectopic Wnt3. Second, when a dominant-negative Ryk was expressed in
dorsal RGC axons, a medial shift of the termination zone was observed. This phenotype is
opposite to RGC axons mutant for ephB. Together, these results suggest that Wnt3 repels RGC
axons laterally through the Ryk receptor. Thus, the Wnt3 gradient provides a repulsive force
that counterbalances the medially directing attractive force of EphrinB.

Interpreting Positional Information: Signaling Components in Axon
Guidance and Cell Fate Specification

In the studies summarized above, members of all three morphogen families were shown to
act rapidly (in an hour or less) to affect growth cone morphology. Although these results appear
inconsistent with the model that their axon guidance effect function through the canonical,
transcriptional signaling pathways to the nucleus, this needs to be formally proven, as none of
the studies described above have addressed this issue directly. Nonetheless, even if a transcrip-
tional response is found to be required for their guidance effects, additional local signaling
would still be required to be elicited in the growth cone in order to generate a polarized re-
sponse leading to growth cone turning in a specific direction. Evidently, a purely transcrip-
tional response consisting of a retrograde signal to the nucleus followed by an anterograde
signal back to the growth cone cannot account for the polarized turning effect of a guidance
cue. Studies aimed at understanding the molecular mechanisms underlying growth cone turn-
ing by morphogens will be necessary to identify the molecules linking morphogen signaling to
localized growth cone effects.

In this regard, at least three possible models may account for the effects of morphogens in
axon guidance. The first is based on the fact that, despite many efforts, the Wnt, BMP and Hh
signaling pathways are only beginning to be understood and many intermediate signaling
molecules remain to be identified and characterized. Thus, it is possible that the signaling
proteins eliciting the growth cone effects are simply components of the signaling pathways
required for cell fate specification.

A second model is that the same cue might be acting through entirely different signaling
pathways, including the use of a different recepror. In the case of BMP/TGF-p family mem-
bers, no known receptor has so far been implicated in the commissural axon guidance activity
in vertebrates. In worms the evidence indicates that UNC-129 does not require the classical
TGEF-B receptors, suggesting that it may be functioning through an alternative family of recep-
tors, and it will be exciting to determine whether the classical BMP receptors are required for
the guidance activity of the BMPs on vertebrate commissural axons or whether they signal
through non-classical BMP receptors. In the case of Shh, although Smo is required for
Shh-mediated commissural axon guidance to the floor plate, it is not known whether Ptc, the
Shh-binding component of the Shh receptor, is involved. This finding contrasts with chick
post-crossing commissural axon guidance where Smo does not appear to be required for the
rostral turn away from the Shh gradient. Additional experiments on commissural and retinal
axons are required to determine the receptor components mediating the effects of Shh on axon
guidance. Finally, for Wnt-mediated axon guidance, where the identity of the receptors in-
volved was more thoroughly investigated, an unexpected situation was uncovered. The
non-classical Wnt receptor Drl is required for repulsion from the posterior commissure in
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Drosophila and, similarly, the Drl homolog Ryk is required for the repulsive effect of Wntl
and Wnt5a in the spinal cord and for the repulsive effect of Wnt3 in the optic tectum. Interest-
ingly, the classical receptor Fz3 is required for attraction towards the anterior pole of the spinal
cord in mouse and Fz5 (or another Fz receptor) mediates attraction of RGC axons by Wnt3.
Taken together, these results suggest that Drl/Ryk receptors might be generally involved in
mediating repulsion while the classical Fz receptors might be generally involved in mediating
attraction.

The third model for how morphogens guide axons is a combination of the first two models
described above. In this case, a morphogen might use the upstream part of the classical cell fate
signaling cascade but then diverge and use a non-classical pathway to elicit its effects on the
growth cone. Antero-posterior commissural axon guidance by Wne4 through Fz3 might use
such a mechanism: although this effect requires a Fz receptor, the fact that the Fz co-receptor
LRP6 is not required suggests that Wnt4 may regulate commissural axon guidance through a
non-canonical pathway. In this case, the non-canonical-—and potentially overlapping—Wnt/
Ca® and PCP pathways are potential candidate signaling cascades to mediate the guidance
effects of Wnt4. Indeed, in Xenopus, Wnt4 and its related family members Wnt5a and Wntl1
were found to regulate various morphological events by activating signaling bg' heterotrimeric
G-protein, Ca>* and PKC pathways,'® and Fz3 was shown to activate PKC.% Together, these
results raise the possibility that axon guidance mediated by Wnt4 might be operating through
a non-canonical, PKC-dependent Wnt/Fz signaling pathway and, more importantly, that axon
guidance and PCP might overlap not only conceptually—by controlling the polarity of a growth
cone or an entire cell, respectively—but also mechanistically. Indirect evidence supporting
mechanistic links between PCP and axon guidance is provided by the finding that the receptor
tyrosine kinase-like protein PTK7 regulates planar cell polarity in vertebrates,” whereas its
Dros?ghila homologue Off-track (Otk) participates in Semaphorin signaling in axon guid-
ance.

Conclusions and Perspectives

The discovery that morphogens can be reused to guide axons has generated considerable
excitement in the field. It remains an open question how widespread these guidance effects are.
At one extreme, the examples of guidance by morphogens may be isolated instances. At the
other extreme, morphogens may prove to be as important as the classic axon guidance mol-
ecules (Netrins, Slits, Semaphorins, Ephrins and Growth Factors) in guiding axons. Elucidat-
ing the precise contribution of morphogens will, however, continue to be difficult for some
time, given the significant difficulty in determining in any particular situation whether a
morphogen is functioning directly or indirectly to regulate axonal guidance. In any gain- or
loss-of-function experiment in vivo, the morphogen may be altering the expression of guidance
cues in the environment where the guidance effects are observed, or the fate of cells (and hence
their responses to guidance cues) that are showing guidance responses. Thus, several tests are
required to prove that altered guidance in such experiments reflect direct guidance effects of
the morphogen: (1) evidence against a change in the fate of cells or expression of other guid-
ance cues in the environment, (2) evidence that cell autonomous manipulation of the signal
transduction pathway for the morphogen in the responsive neuron results in similar guidance
deficits, and (3) evidence that growth cones of responsive axons can respond directly to the
morphogen—which may most frequently be obtained in vitro in growth cone collapse or turn-
ing assays. It can be expected that the level of proof that is obtained will increase over time as
the signaling pathways linking the morphogens to the cytoskeleton for growth cone turning
are clucidated, which should provide entry points to interfere selectively with guidance effects
of the morphogens in the responsive neurons without altering their transcriptional effects ei-
ther in those neurons or in the environment. Nonetheless, the collective weight of the experi-
ments summarized above, many of which attempted and succeeded at least partly in distin-
guishing between direct and indirect effects of the morphogens, already provide strong evidence
that morphogens have widespread roles in axon guidance, no doubt with more to come.



132

Axon Growth and Guidance

References

1.
2.

3.
4.

wh

2]

o

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Dickson BJ. Molecular mechanisms of axon guidance. Science 2002; 298(5600):1959-1964.
Tessier-Lavigne M, Goodman CS. The molecular biology of axon guidance. Science 1996;
274(5290):1123-1133.

Teleman AA, Strigini M, Cohen SM. Shaping morphogen gradients. Cell 2001; 105(5):559-562.
Gurdon JB, Dyson §, St Johnston D. Cells’ perception of position in a concentration gradient.
Cell 1998; 95(2):159-162.

. Chen Y, Schier AF. The zebrafish Nodal signal Squint functions as a morphogen. Nature 2001;

411(6837):607-610.

Briscoe J, Chen Y, Jessell TM et al. A hedgehog-insensitive form of patched provides evidence for
direct long-range morphogen activity of sonic hedgehog in the neural tube. Mol Cell 2001;
7(6):1279-1291.

. Jessell TM. Neuronal specification in the spinal cord: Inductive signals and transcriptional codes.

Nat Rev Genet 2000; 1(1):20-29.

. Ingham PW, McMahon AP. Hedgehog signaling in animal development: Paradigms and prin-

ciples. Genes Dev 2001; 15(23):3059-3087.

. Marti E, Bovolenta P. Sonic hedgehog in CNS development: One signal, multiple outputs. Trends

Neurosci 2002; 25(2):89-96.

Roelink H, Porter JA, Chiang C et al. Floor plate and motor neuron induction by different con-
centrations of the amino-terminal cleavage product of sonic hedgehog autoproteolysis. Cell 1995;
81(3):445-455.

Lum L, Beachy PA. The Hedgehog response network: Sensors, switches, and routers. Science 2004;
304(5678):1755-1759.

Lee K]J, Jessell TM. The specification of dorsal cell fates in the vertebrate central nervous system.
Annu Rev Neurosci 1999; 22:261-294.

Lee KJ, Mendelsohn M, Jessell TM. Neuronal patterning by BMPs: A requirement for GDF7 in
the generation of a discrete class of commissural interneurons in the mouse spinal cord. Genes Dev
1998; 12(21):3394-3407.

Muroyama Y, Fujihara M, Tkeya M et al. Wnt signaling plays an essential role in neuronal specifi-
cation of the dorsal spinal cord. Genes Dev 2002; 16(5):548-553.

Nelson WJ, Nusse R. Convergence of Wnt, beta-catenin, and cadherin pathways. Science 2004;
303(5663):1483-1487.

Strutt D. Frizzled signalling and cell polarisation in Drosophila and vertebrates. Development 2003;
130(19):4501-4513.

Colamarino SA, Tessier-Lavigne M. The role of the floor plate in axon guidance. Annu Rev Neurosci
1995; 18:497-529.

Kennedy TE, Serafini T, de la Torre JR et al. Netrins are diffusible chemotropic factors for com-
missural axons in the embryonic spinal cord. Cell 1994; 78(3):425-435.

Placzek M, Tessier-Lavigne M, Jessell T et al. Orientation of commissural axons in vitro in re-
sponse to a floor plate-derived chemoattractant. Development 1990; 110(1):19-30.

Serafini T, Colamarino SA, Leonardo ED et al. Netrin-1 is required for commissural axon guid-
ance in the developing vertebrate nervous system. Cell 1996; 87(6):1001-1014.

Serafini T, Kennedy TE, Galko MJ et al. The netrins define a family of axon outgrowth-promoting
proteins homologous to C. elegans UNC-6. Cell 1994; 78(3):409-424.

Tessier-Lavigne M, Placzek M, Lumsden AG et al. Chemotropic guidance of developing axons in
the mammalian central nervous system. Nature 1988; 336(6201):775-778.

Fazeli A, Dickinson SL, Hermiston ML et al. Phenotype of mice lacking functional Deleted in
colorectal cancer (Dcc) gene. Nature 1997; 386(6627):796-804.

Charron F, Stein E, Jeong J et al. The morphogen sonic hedgehog is an axonal chemoattractant
that collaborates with netrin-1 in midline axon guidance. Cell 2003; 113(1):11-23.

Bourikas D, Pekarik V, Baeriswyl T et al. Sonic hedgehog guides commissural axons along the
longitudinal axis of the spinal cord. Nat Neurosci 2005.

Torres M, Gomez-Pardo E, Gruss P. Pax2 contributes to inner ear patterning and optic nerve
trajectory. Development 1996; 122(11):3381-3391.

Trousse F, Marti E, Gruss P et al. Control of retinal ganglion cell axon growth: A new role for
Sonic hedgehog. Development 2001; 128(20):3927-3936.

Song HJ, Ming GL, Poo MM. cAMP-induced switching in turning direction of nerve growth
cones. Nature 1997; 388(6639):275-279.

Song H, Ming G, He Z et al. Conversion of neuronal growth cone responses from repulsion to
attraction by cyclic nucleotides. Science 1998; 281(5382):1515-1518.

Song HJ, Poo MM. Signal transduction underlying growth cone guidance by diffusible factors.
Curr Opin Neurobiol 1999; 9(3):355-363.



The

Hedgehog, TGF-B/BMP and Wnt Families of Morphogens in Axon Guidance 133

31

32.
33.
34.
35.
36.

37.

38.
39.

40.

41,

42,
43.
44,
45.

46.
47.

48.
49.
50.

51.

52.

53.

54.
55.
56.
57.

58.

. Hopker VH, Shewan D, Tessier-Lavigne M et al. Growth-cone attraction to netrin-1 is converted
to repulsion by laminin-1. Nature 1999; 401(6748):69-73.

Augsburger A, Schuchardt A, Hoskins S et al. BMPs as mediators of roof plate repulsion of com-
missural neurons. Neuron 1999; 24(1):127-141.

Butler SJ, Dodd J. A role for BMP heterodimers in roof plate-mediated repulsion of commissural
axons. Neuron 2003; 38(3):389-401.

Lee YS, Chuong CM. Activation of protein kinase A is a pivotal step involved in both BMP-2-
and cyclic AMP-induced chondrogenesis. ] Cell Physiol 1997; 170(2):153-165.

Foletta VC, Lim MA, Soosairajah ] et al. Direct signaling by the BMP type II receptor via the
cytoskeletal regulator LIMK1. J Cell Biol 2003; 162(6):1089-1098.

Halstead J, Kemp K, Ignozz RA. Evidence for involvement of phosphatidylcholine-phospholipase
C and protein kinase C in transforming growth factor-beta signaling. J Biol Chem 1995;
270(23):13600-13603.

Choi SE, Choi EY, Kim PH et al. Involvement of protein kinase C and rho GTPase in the nuclear
signalling pathway by transforming growth factor-betal in rat-2 fibroblast cells. Cell Signal 1999;
11(1):71-76.

Colavita A, Culotti JG. Suppressors of ectopic UNC-5 growth cone steering identify eight genes
involved in axon guidance in Caenorhabditis elegans. Dev Biol 1998; 194(1):72-85.

Colavita A, Krishna S, Zheng H et al. Pioneer axon guidance by UNC-129, a C. elegans TGEF-beta.
Science 1998; 281(5377):706-709.

Hedgecock EM, Culotti JG, Hall DH. The unc-5, unc-6, and unc-40 genes guide circumferential
migrations of pioneer axons and mesodermal cells on the epidermis in C. elegans. Neuron 1990;
4(1):61-85.

Nash B, Colavita A, Zheng H et al. The forkhead transcription factor UNC-130 is required for
the graded spatial expression of the UNC-129 TGF-beta guidance factor in C. elegans. Genes Dev
2000; 14(19):2486-2500.

Hall AC, Lucas FR, Salinas PC. Axonal remodeling and synaptic differentiation in the cerebellum
is regulated by WNT-7a signaling. Cell 2000; 100(5):525-535.

Callahan CA, Muralidhar MG, Lundgren SE et al. Control of neuronal pathway selection by a
Drosophila receptor protein-tyrosine kinase family member. Nature 1995; 376(6536):171-174.
Bonkowsky JL, Yoshikawa S, O’Keefe DD et al. Axon routing across the midline controlled by the
Drosophila Derailed receptor. Nature 1999; 402(6761):540-544.

Yoshikawa S, McKinnon RD, Kokel M et al. Wnt-mediated axon guidance via the Drosophila
Derailed receptor. Nature 2003; 422(6932):583-588.

Patthy L. The WIF module. Trends Biochem Sci 2000; 25(1):12-13.

Lyuksyutova Al, Lu CC, Milanesio N et al. Anterior-posterior guidance of commissural axons by
Wnt-frizzled signaling. Science 2003; 302(5652):1984-1988.

Wang Y, Thekdi N, Smallwood PM et al. Frizzled-3 is required for the development of major
fiber tracts in the rostral CNS. ] Neurosci 2002; 22(19):8563-8573.

He X, Semenov M, Tamai K et al. LDL receptor-related proteins 5 and 6 in Wnt/beta-catenin
signaling: Arrows point the way. Development 2004; 131(8):1663-1677.

Liu Y, Shi ], Lu CC et al. Ryk-mediated Wnt repulsion regulates posterior-directed growth of
corticospinal tract. Nat Neurosci 2005; 8(9):1151-1159.

Cheng HJ, Nakamoto M, Bergemann AD et al. Complementary gradients in expression and bind-
ing of ELF-1 and Mek4 in development of the topographic retinotectal projection map. Cell 1995;
82(3):371-381.

Drescher U, Kremoser C, Handwerker C et al. In vitro guidance of retinal ganglion cell axons by
RAGS, a 25 kDa tectal protein related to ligands for Eph receptor tyrosine kinases. Cell 1995;
82(3):359-370.

Hindges R, McLaughlin T, Genoud N et al. EphB forward signaling controls directional branch
extension and arborization required for dorsal-ventral retinotopic mapping. Neuron 2002;
35(3):475-487.

Mann F, Ray S, Harris W et al. Topographic mapping in dorsoventral axis of the Xenopus retino-
tectal system depends on signaling through ephrin-B ligands. Neuron 2002; 35(3):461-473.
Schmitt AM, Shi J, Wolf AM et al. Wne-Ryk signalling mediates medial-lateral retinotectal topo-
graphic mapping. Nature 2006; 439(7072):31-37.

Kuhl M, Sheldahl LC, Park M et al. The Wnt/Ca2+ pathway: A new vertebrate Wnt signaling
pathway takes shape. Trends Genet 2000; 16(7):279-283.

Lu X, Borchers AG, Jolicoeur C et al. PTK7/CCK-4 is a novel regulator of planar cell polarity in
vertebrates. Nature 2004; 430(6995):93-98.

Winberg ML, Tamagnone L, Bai ] et al. The transmembrane protein Off-track associates with
Plexins and functions downstream of Semaphorin signaling during axon guidance. Neuron 2001;
32(1):53-62.



CHAPTER 10

The Role of Cyclic Nucleotides
in Axon Guidance

Michael Piper,! Francis van Horck! and Christine Holt*

Abstract

uring the formation of the nervous system, axonal growth cones navigate through the
D complex environment of the developing embryo to innervate their targets. Growth

cones achieve this formidable feat by responding to attractive or repulsive guidance
cues expressed at specific points along the trajectory of their growth, which impart the
directional information required for accurate pathfinding. While much is known about
guidance molecules and their receptors, many questions remain unanswered. Which signal
transduction pathways are activated within the growth cone after encountering a guidance
cue? How is this related to rearrangement of the growth cone cytoskeleton? Do different cues
use different signal transduction pathways? This chapter will review some of the work that
has addressed these fundamental questions, with a specific focus on the role of the cyclic
nucleotides, cyclic adenosine monophosphate (cAMP) and cyclic guanosine monophosphate
{cGMP), in axon guidance.

Introduction

Throughout embryonic development, elongating axons are in constant communication
with the extracellular environment, which provides signals necessary for axonal growth and
survival. The local environment also provides specific positional information, facilitating
directional pathfinding. With respect to this, significant advances have been made towards
understanding how locally expressed molecules can act as axon guidance cues, mediating
attraction or repulsion. This has culminated in the discovery of many families of axon guidance
molecules whose roles have been conserved to a remarkable extent during evolution. These
include the netrins, Slits, Semaphorins and ephrins. The tip of the developing axon, known as
the growth cone, is pivotal in the process of recognising guidance cues expressed in the
environmental milien and integrating this information into a coordinated response.

To do this, the growth cone must be able to control its cytoskeletal assembly and disassembly,
membrane dynamics and adhesion to the extracellular matrix. A number of signal transduction
pathways have been shown to underlie this, including the mitogen activated protein kinases
(MAPK) and the Rho GTPase family_l’2 Another signal transduction system involved in
regulating growth cone cytoskeletal dynamics in response to axon guidance cues centres on the
cyclic nucleotides, cyclic adenosine monophosphate (cAMP) and cyclic guanosine monophos-
phate (cGMP). The first indication that cyclic nucleotides may be involved in axon guidance
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came from studies of embryonic chick dorsal root ganglion (DRG) neuntcs exposed to gradients
of cGMP or dB cAMP (a lipid soluble cAMP analogue) in vitro. 3 These neurites turned
towards the source of these molecules, suggesting that local asymmetries in cAMP and cGMP
within the growth cone may control axonal turning. Subsequent studies have demonstrated
that cyclic nucleotides play an important role in guidance in response to many common cues.
This review will provide a brief overview of the structure of cyclic nucleotides and their mecha-
nism of signal transduction, before focussing on the current understanding of the role played
by cyclic nucleotides in response to guidance cues and the functional implications for this in
nervous system development.

Molecular Structure of Cyclic Nucleotides
cAMpP

cAMP is a small cytoplasmic molecule whose function as an intracellular messenger has
been conserved during evolution. Indeed, cAMP is found ubiquitously in both prokaryotes
and eukaryotes. Membrane-bound enzymes called adenylyl cyclases catalyse the formation of
cAMP from ATP, whilst cAMP phosphodiesterases prevent the accumulation of cAMP by
converting it to AMP (Fig. 1A).

cGMP

cGMP is another common intracellular messenger, whose cycle of synthesis and degradation is
similar to that of cAAMP. Guanylyl cyclases, which may be soluble or membrane-bound,
convert GTP to cGMP, and ¢cGMP phosphodiesterases catalyse the conversion of cGMP to
GMP (Fig. 1B).
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Figure 1. Molecular structure of cyclic nucleotides. A) Cyclic AMP (CAMP) is generated from ATP
through the action of the enzyme adenylyl cyclase and is degraded by cAMP phosphodiesterases,
which catalyse its conversion to AMP. B) Similarly, guanylyl cyclases convert GTP to cyclic GMP
{cGMP), and cGMP phosphodiesterases convert this to GMP.
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Mechanisms of Signal Transduction
cAMP Pathway

cAMP plays a central role in the mediation of many cellular events, and much of our
understanding of how cAMP signalling occurs has been generated in a nonneuronal context.
Binding of an extracellular ligand to a G protein-coupled receptor (GPCR) leads to disassem-
bly of the heterotrimeric G protein complex from the receptor, allowing the stimulatory Gs,
subumt to activate adenylyl cyclase. This leads to a local elevation of intracellular cAMP (Fig.
2A).4 The primary physnologlcal target of cCAMP is cAMP-dependent protein kinase (PKA).
This tetrameric complex consists of two catalytic and two regulatory subunits. Binding of two
cAMP molecules to each regulatory domain abolishes the inhibition of the catalytic subunits,
allowing them to phosphorylate downstream targets. These include a very broad range of
substrates, as PKA has targets in the cytoskeleton, nucleus, cytoplasm, mitochondria and cell
membrane. It should also be noted that cAMP also exhibits some PKA-independent effects,
including activating cyclic nucleotide gated ion channels and binding to the cAMP-interacting
proteins EPAC1 and EPAC2. These guanine nucleotide exchange factors regulate the small
GTP binding protein Rapl, which is involved in regulating cell adhesion.” The relevance of
these nonPKA mediated functions in axon guidance, however, remains undefined.
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Figure 2. Mechanisms of signal transduction. A} Adenylyl cyclases are dimeric transmembrane
proteins that interact with G protein-coupled receptors (GPCRs). Binding of ligand to receptor
results in the release of the Ga, subunit of the G protein, which activates adenylyl cyclase. The
local elevation of cAMP results in increased binding of cAMP to the regulatory subunits of
cAMP-dependent protein kinase (PKA), and subsequent release of the active catalytic kinase
domains of PKA. PKA can modulate cytoskeletal dymanics via multiple pathways. B) Soluble
guanylyl cyclase is activated by nitric oxide (NO), resulting in a local increase in cGMP concen-
tration. cGMP-dependent protein kinase (PKG) is a homodimer, with each subunit possessing an
autoinhibitory regulatory domain, 2 ¢cGMP binding sites and a catalytic domain. Binding of
cGMP releases autoinhibition and reveals the catalytic domain. PKG is able to modulate
cytoskeletal dynamics.
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cGMP Pathway

The cGMP signalling cascade is similar to that of cAMP. ¢<GMP is produced by guanylyl
cyclases, which may be soluble or membrane-bound. The best-known activators of (soluble)
guanylyl cyclases are small gaseous molecules like nitric oxide. The main target of cGMP is
c¢GMP-dependent protein kinase (PKG). This homodimeric protein is comprised of multiple
functional domains. In the absence of c<GMB the autoinhibitory domain suppresses the activity of
the catalytic domain. Binding of two cGMP molecules to each inhibitory domain causes a
conformational shift that reveals the catalytic site (Fig. 2B).

Functional Implications during Nervous System Development

The Role of Cyclic Nucleotides in Chemotropic Responses
The finding that local asymmetries in cyclic nucleotides within the growth cone may mediate

turning decisions® has been further explored using in vitro turning assays first elaborated in the
Poo laboratory. To conduct a growth cone turning assay, a defined microscopic gradient of a
chemical is produced near a growth cone by repetitive pulsatile application of a concentrated
source of the cue from a nearby pipette. In turning assays conducted with embryonic Xenopus
spinal neurons, a gradient of dB-cAMP induces turning towards the pipette (Fig. 3).°
Furthermore, local elevation of intracellular cAMP by photolytic release of caged cAMP
induces turning of Xengpus spinal neurons towards the side of the growth cone in which cAMP
is elevated.” This illustrates that a cytoplasmic gradient of cAMP across the growth cone is
sufficient to initiate a turning response.

Poo and colleagues have gone on to translate these findings into a developmental context
by demonstrating that cyclic nucleotides are capable of modulating the response of growth
cones to guidance cues. For example, embryonic Xenopus spinal neurons are attracted to a
gradient of brain-derived neurotrophic factor (BDNEF), but inhibiting cAMP production
within the growth cone converts this attraction into repulsion.® Similarly, the attractive
response of these neurons to netrin-1° and achetylcholine (ACh)® can be switched to repulsion
by inhibiting PKA, while the repulsive response from myelin associated glycoprotein (MAG)'®
can be reversed by raising the intracellular levels of cAMP. On the other hand, attraction of
Xenopus spinal neurons to neurotrophin-3 (NT-3) and repulsion from Sema III requires
cGMP signalling. Thus, increasing levels of growth cone cGMP converts repulsive turning
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Figure 3. Growth cone turning assay. In the growth cone turning assay elaborated by Poo and
colleagues,® a microscopic gradient of dB-cAMP (a lipid-soluble cAMP analogue) was produced
through pulsatile ejection from a pipette. Growth cones from embryonic Xenopusspinal neurons
encountering the gradient (A) turned and grew towards the pipette (B).
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induced by Sema III into attractxon, whereas lowering cGMP levels converts NT-3 induced
attraction into rcpulsmn % The repulsion of embryomc rat DRG axons from Slit2 also
appears to function via a cGMP-dependent pathway.'!

These observations led to the idea that guidance cues can be classified into two groups, in
which levels of either cAMP (netrin-1, BDNE ACh, MAG) or cGMP (Sema III, N'T-3, Slit2)
are critical determinants for the polarity of the turning response.? However, recent results have
caused this concept to be revised with respect to the guidance cue netrin-1. By modulating the
ratio of cAMP o c¢GMP in embryonic Xenopm spmal axons exposed to a gradient of netrin-1,
Nishiyama et al'? have demonstrated that it is the ratio between these cyclic nucleotides that is
the key in determining the polarity of the turning response. A high cAMP/cGMP ratio favours
growth cone attraction, while a low ratio favours repulsion. This was shown by comparing
axons expressing the DCC receptor (which mediates attraction to netrin-1) to those axons
expressing DCC as well as over-expressing UNC5 (the DCC-UNCS complex mediates repul-
sion to netrin-1). In those axons expressing DCC, inhibiting cAMP or elevating cGMP, thus
lowering the cAMP/cGMP ratio, converted attraction to repulsion. Conversely, in axons
over-expressing UNC-5, repulsion was converted to attraction by raising the cAMP/cGMP
ratio. Furthermore, when varying ratios of the membrane-permeable analogues Sp-8-Br-cAMPS
and 8-Br-cGMP (Table 1) were bath-applied to the cultures, high proportions of the cAMP
analogue promoted attraction to netrin-1 gradients, while high proportions of the c<GMP
analogue favoured repulsion.'

Thus, the ratio of the cyclic nucleotides cAMP and cGMP within the growth cone is thought
to underlie turning responses to netrin-1 in embryonic Xenopus spinal neurons (Fig. 4).
However, caution must be used when generalising from these data, as it is clear that the role of
cyclic nucleotides during guidance varies greatly depending on the types of signal, axonal
population and age of neuron involved. For instance, in cultured embryonic rat spinal commis-
sural neurons, intracellular cAMP levels do not increase after stimulation of the growth cone
with netrin-1."

Cyclic Nucleotide Signalling Pathways in Axons

An obvious conclusion to draw from these data is that many axon guidance cues elicit
changes in growth cone behaviour by activating cyclic nucleotide signal transduction pathways.
Although much remains unknown, the components of these pathways are gradually being
identified, and it is apparent that growth cones use the classical PKA/PKG signalling pathways
to activate and transduce signals via cyclic nucleotides. For example, mice deficient in adenylyl
cyclase I activity display patterning defects in the somatosensory cortex of the brain,* and
studies in Drosophila have shown that both membrane-bound recepror guanylyl cyclases
(motor axons)'® and soluble guanylyl cyclases (retinal axons)'® have the potential to mediate
axon pathfinding. Activation of soluble guanylyl cyclases via the lipid 12-HPETE, a metabolite
in the arachidonic acid pathway, has also been implicated in the response of Xergpus spinal
axons to netrin-1 in vitro,'

The targets of cAMP and cGMP, PKA and PKG respectively, are also intimately involved
in the control of axon guidance. Activators and inhibitors of PKA and PKG (Table 1) often
mimic the responses seen with cAMP and cGMP analogues indicating that the cyclic
nucleotides exert their effects on growth cone turning via these enzymes. One potential
mechanism to link guidance cues to PKA activation is by the direct recruitment of PKA to
the guidance receptor via scaffolding proteins like PKA anchoring proteins (AKAPs). In
Drosophila motor axons, the protein Nervy has been suggested to act as an AKAP, coupling
cAMP-PKA signalling to the plexin-A receptor to regulate Sema-1la mediated axonal
repulsion.!” However, a recent report casts doubt on this suggestion, 1nd1cat1ng that the
axon guidance defects seen in Nervy mutants may ¢ arise from changes in gene expression
rather than cytoplasmlc control of PKA anchoring, '8

Perhaps the most important role of PKA in the context of axon guidance is its capacity to
regulate components of the cytoskeleton, including actin filaments, intermediate filaments
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Table 1. Activators and inhibitors of cyclic nucleotide signalling pathways

Compound  Mode of Action References
CAMP Activators dB-cAMP CAMP analogue that activates PKA 3,6,30,31,33,34

8-Br-cAMP  cAMP analogue that activates PKA 32

Sp-cAMP CAMP analogue that specifically 8,10-12,22,23,
activates PKA 26-29,31

forskolin Activator of adenylyl cyclases 6-8,13,28,32,33

Inhibitors ~ Rp-cAMP CAMP analogue that specifically 7-10,22,23,26,31

inhibits PKA

KT5720 Specific inhibitor of PKA 7-9,12,13,23,27,

30,34

H89 Specific inhibitor of PKA 31,34

PKI Myristoylated inhibitor protein of PKA 22

IBMX Non-specific inhibitor of cAMP and 6
cGMP phosphodiesterases

cGMP Activators dB-cGMP cGMP analogue that activates PKG 6,31

8-Br-cGMP  ¢cGMP analogue that activates PKG 10,12,22

Sp-cGMP cGMP analogue that specifically 10,23,26
activates PKG

PP-9 Activator of soluble guanylyl cyclases 10

SNAP Nitric oxide donor, activates soluble 1
guanylyl cyclases

Inhibitors  Rp-cGMP cGMP analogue that specifically 10,22,23,26

inhibits PKG

KT5823 Specific inhibitor of PKG 11,12,31,34

LY83583 Blocks cGMP production, inhibits 6

extracellular Ca?*, blocks effects
of nitric oxide

Listed are several activators and inhibitors of components of cAMP- and cGMP-dependent signalling
pathways. The references indicate the studies in which these compounds have been used to address
the role of cyclic nucleotide signalling in axons.

and microtubules.>!® For example, the Ena/VASP family of proteins, which act as enhancers of
actin filament formation, are substrates for PKA.?*?! The Rho family of small GTPases,
including Rho, Rac and Cdc42, control many aspects of actin function, and are also regulated
by PKA, both directly (Rho) and indirectly (Rac, Cdc42).?! For instance cAMP-mediated
regulation of Rho activity has been implicated in the response of embryonic chick DRG axons
to the chemokine SDF1,%* and of Xenopus spinal axons to the peptide PACAP” Furthermore,
the regenerative capacity of injured rat DRG axons can be enhanced through elevation of
cAMP (see below), possibly via modulation of RhoA and Racl activity.”® A third potential
cytoskeletal target for PKA is myosin, an actin-associated motor protein, via the action of
myosin light chain kinase (MLCK). SDF1 has been suggested to alter MLCK activity in a
cAMP-dependent fashion.”? Thus, by activating PKA, cAMP may be able to regulate actin
dynamics in a variety of ways, and so influence axon pathfinding during development.

The role of PKG in mediating aspects of neuronal development has received far less attention
than PKA, and as such, how it acts to mediate cytoskeletal dynamics during axon guidance
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Figure 4. Model for netrin-1-induced turning of embryonic Xenopus spinal neurites. in response
to netrin-1, embryonic Xenopus spinal neurites exhibit either attraction or repulsion. The ratio
of cAMP to cGMP within the growth cone is postulated to determine which outcome is seen. For
attraction, binding of netrin-1 to DCC elicits a rise in intracellular cAMP. PKA is subsequently
activated and may stimulate an increase in calcium (Ca?*) by activating L-type Ca®* channels
(LCC) in the membrane. For repulsion, binding of netrin-1 to the DCC-UNC5 complex results in
a rise in cGMP levels and PKG activity. PKG may inactivate LCC, lowering growth cone Ca%*
How differential patterns of intracellular calcium induced by cAMP/cGMP induce attractive or
repulsive turning responses remains unclear. Adapted from reference 12.

remains unclear. However, the target motif for PKG is similar to that of PKA, and the two are
thought to have overlapping substrate specificities. Thus, PKG also has the potential to modulate
cytoskcletal behaviour in an analogous fashion. Members of the Ena/VASP family, for
instance, have been implicated as substrates of PKG in vitro.2*%

Cydlic nucleotide signalling is also unequivocally linked to Ca®* sxgnallmg, which itself
plays a central role in growth cone dynamlcs Indeed, local asymmetries in Ca® across the
growth cone have been shown to elicit turning responses 1 in cultured axons similar to those
induced by cyclic nucleotides. For i instance, a localised Ca®* srgnal in the growth cone gener-
ated by photolytic release of caged Ca®* or induction of Ca*" release from internal stores is
sufficient to induce growth cone turning in embryomc Xenopus spinal neurons,”®? and
preventin cytoplasrnlc Ca?* clevation abolishes netrin-1 induced attractive and rcpulsrve
responses.”’ The Ca** and cyclic nucleotide signalling cascades have the potential to interact
and cross regulate each other at a number of different levels. In some instances, cyclic nucle-
otides act upstream of Ca®*, directly regulating the level of Ca** within the growth cone. An
example of this is seen in Xengpus spinal neurons, where the cAMP/cGMP ratio can directly
affect the activity of L-type Ca?* channels (LCC) to alter intracellular Ca** signals induced
by netrin-1. When srgnallmg via DCC, netrin-1 stimulates a high cAMP/cGMP ratio and
thus elicits PKA activation. PKA activates LCC in the plasma membrane and Ca®* channels
in the endoplasmic reticulum, eventually leadmg to a steep Ca?* gradrent across the growth
cone, favouring attraction. When signalling via DCC-UNCS, netrin-1 stimulates the cGMP
pathway, which, through PKG, closes LCCs and inhibits Ca®* release from internal stores,
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therefore creating a gradient of Ca®* across the growth cone which is lowest on the side
facing the guidance cue, resulting in repulsion.'? In this model cyclic nucleotide signalling
directly regulates Ca* signalling to determine bi-directional turning responses (Fig. 4).

Recent studies have shown that Ca®* gradients regulate another switch-like mechanism
by activating Ca**-calmodulin-dependent protein kinase I (CaMKII) and calcineurin
(CaN)-phosphatase (PP1) to mediate attraction and repulsion respectively.26 However, in
this study, the cAMP pathway was shown to act downstream of Ca®* signalling by negatively
regulating CaN-PP1, emphasising the complexity and potential for multiple interactions
between these two signal transduction cascades. Moreover, it should be noted that some
axon guidance cues also affect cyclic nucleotide levels without affecting the Ca®* pathway.
For example, in Xengpus spinal neurons Sema3A has no effect on calcium currents and PACAP
induces attractive turning independently of Ca?*, although both of these cues require cyclic
nucleotide signalling.”'

Thus, these studies have started to elucidate the role of cyclic nucleotides in the control of
growth cone cytoskeletal dynamics in response to guidance cues. While it is apparent that
cue-induced activation of cAMP or cGMP can elicit cytoskeletal changes that manifest as
attractive or repulsive turning in vitro, a great deal remains to be discovered. The ways in which
adenylyl and guanylyl cyclases are activated is, in many cases, completely unknown, and, in
vivo, the relevant cytoskeletal targets for PKA and PKG within the growth cone remain poorly
defined. Furthermore, although many studies have focussed on the effect of netrin-1 on
embryonic Xenopus spinal neurons, it is clear that not all cues act in the same fashion, nor even
that all developing axonal populations respond to this cue in the same way. More work is
needed to clarify the molecular components of the cyclic nucleotide signalling pathways in
growth cones and to discover how they are activated and regulated to coordinate axon
pathfinding during axonogenesis.

Modulation of Guidance Cue Activity via Cyclic Nucleotides

The capacity to control cue-induced turning by manipulating the levels of cyclic nucleotides
within the growth cone also implies that the polarity of turning in response to guidance signals
may be modulated by other extrinsic or intrinsic factors that alter AAMP or ¢cGMP levels. This
may underlie how some axons change responsiveness to the same guidance cue over time. For
example, a switch in responsiveness from attraction to repulsion has been documented for
embryonic Xenopus retinal axons exposed to netrin-1 in vitro. When cultured on a fibronectin
substrate, these neurites turn towards netrin-1, but when cultured on high levels of laminin-1,
repulsive turning is seen. Experimental evidence suggests this is due to laminin-1 decreasing
cAMP levels within the growth cone.? This may be relevant in vivo, as, within the retina, these
axons are attracted to the netrin-1 expressing optic nerve head (ONH). At the ONH, laminin-1
is expressed at the retinal surface, suggesting that a laminin-1-mediated reduction in cAMP
levels at this point may cause repulsion from the area of netrin-1/laminin-1 coexpression, so
driving axons from the retinal surface into the optic nerve.?® Intrinsic factors might also
contribute to this process as the change in netrin-1 responsiveness of old (repulsive) versus
young (attractive) neurons, concomitant with a decline in cAMP levels, is also seen in
pathway-naive neurons. Cyclic AMP elevators and adenosine A2b receptor agonists can rejuve-
nate the behaviour of the old growth cones, causing them to regain attraction to netrin-1,
whereas antagonists cause young growth cones to be repelled. Thus, age-related intrinsic changes
might also modulate cAMP levels to control the developmental switch in netrin-1 responsive-
ness.” A second example of the modulation of cyclic nucleotide levels by extrinsic factors
affecting responses to axon guidance cues is seen in developing chick axons. In vitro, repulsion
of these axons induced by Slit2, Sema3A or Sema3C can be reduced by application of SDFI,
which through its receptor, CXCR4 (a GPCR), elicits an increase in cAMP in these neurons.??
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Cyclic Nucleotides and Axon Regeneration

The evidence supporting a role for cyclic nucleotides in axon guidance has mainly come
from in vitro experiments, such as the growth cone turning assay. Whether cyclic nucleotides
are relevant for axonal guidance responses in vivo, where multiple signals are likely to impinge
simultaneously on a growth cone, remains unclear. However, recent data have demonstrated an
important role for cAMP in the regulation of axonal growth cone responses in response to
axonal lesioning in vivo, implicating cyclic nucleotides as potential targets to enhance spinal
cord regeneration.

In the adult mammalian peripheral nervous system, injured axons are able to regenerate,
whereas those of the central nervous system (CNS) are not. The damaged myelin surrounding
the site of injury accounts for at least some of the failure of CNS axons to regenerate by producing
inhibitory molecules like myelin-associated glycoprotein (MAG) and Nogo. In vitro studies
have shown that elevating cAMP levels converts MAG induced repulsion into attraction in
Xenopus spinal neurons,'? and enhances the ability of neonatal mammalian axons to grow on
substrates of MAG and myelin.***! Together with the growth promoting effect of cAMP on
cultured embryonic axons,?* these observations make cCAMP an attractive candidate to poten-
tially overcome inhibitory regenerative responses in vivo. This has been addressed by two recent
studies investigating the response of rat DRG CNS axons after spinal cord injury. After lesioning
of the dorsal column, the centrally projecting axons from the DRG normally fail to regenerate
into the lesion. However, injection of the lipid soluble analogue db-cAMP into rat DRG neurons
prior to lesioning results in extensive regeneration into the lesion site.’*3* Removal of DRG
neurons treated with db-cAMP in vivo, followed by culturing in vitro, demonstrates that these
neurons have an increased intrinsic growth capacity and the ability to overcome the effects of
inhibitory factors like MAG.3*3 Although these studies are somewhat artificial in that db-cAMP
was applied prior to injury, they show that regulating cyclic nucleotide levels in vivo may be a
potentially useful approach in promoting regeneration after spinal cord injury and stress the
importance of understanding cyclic nucleotide signalling in neuronal behaviour.

Conclusion and Perspectives

The importance of cyclic nucleotides in mediating responses of axonal growth cones to
guidance cues during development is now well established. It is clear that guidance cues can
activate the cAMP and/or the cGMP signalling cascades, potentiating changes in the growth
cone cytoskeleton and leading to attractive or repulsive responses. Furthermore, cAMP and
c¢GMP are themselves able to modulate responses of growth cones to environmental signals, so
directly controlling the polarity of growth. In this way extrinsic and intrinsic factors may be able
to temporally regulate axonal responsiveness. However, we only possess a very general hypothesis of
the role of these molecules during development of neuronal axons, as the use of cyclic
nucleotide signalling seems to differ widely among axonal populations. It may be that intracel-
lular signal transduction pathways in general depend on developmental context, age and the
neuronal type involved. More work is required to clarify the molecular components of the
cAMP and ¢cGMP pathways and the targets of PKA and PKG that elicit cytoskeletal changes.
From a clinical perspective, these developmental studies have the potential to be of great benefit
in understanding why, after axonal injury, neurons of the CNS are unable to regenerate in vivo.
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CHAPTER 11

Membrane Lipid Rafts and Their Role
in Axon Guidance

Carmine Guirland and James Q. Zheng*

Abstract

he plasma membrane of cells contains a variety of lipid and protein molecules that are

often segregated and heterogeneously distributed in microdomains. Lipid rafts repre-

sent a generalized concept of membrane microdomains that are enriched in cholesterol
and sphingolipids and, characteristically, resistant to cold detergent extraction. Lipid rafts have
recently received considerable attention because they are thought to be involved in many cellular
functions, in particular, signal transduction for extracellular stimuli. Many of these functions
are also intimately related to the processes involved in neural development, including
neurotrophic factor signaling and synaptic plasticity. Recent studies from our lab and others
have indicated an important role for lipid rafts in axonal growth and guidance. Specifically, our
data show that lipid rafts on the plasma membrane provide platforms for spatial and temporal
control of guidance signaling by extracellular cues. In addition, lipid rafts may also function in
other aspects of axonal growth and guidance, including spatial and temporal regulation of
adhesion, cytoskeletal dynamics, and growth cone motility. Further elucidating how mem-
brane rafts are involved in guided axonal growth would provide important insights into the
intricate signaling mechanisms underlying neuronal wiring, which is fundamental for normal
brain development and functional recovery after injury and diseases.

Introduction

In the fluid mosaic model of the plasma membrane posited by Singer and Nichols, the
membrane is a bilayer composed of a relatively continuous and homogenous fluid of amphipathic
lipids that is interspersed with a mosaic of proteins.! Most eukaryotic cells are mainly
composed of lipids belonging to three major lipid classes: glycerophospholipids, sphingolipids,
and sterols. Various membrane proteins, including receptors, can associate with the plasma
membrane by virtue of hydrophobic and electrostatic forces, covalently attached lipid anchors,
and membrane-spanning domains. However, this picture of cell membranes has since been
evolving steadily.? For example, it is known that the lipid and protein constituents of
membranes are distributed asymmetrically. Different lipid classes of the membrane have been
found in ratios that vary across each leaflet of the membrane, different cell types, and different
cell compartments. The diversity of lipids and their distinct spatial distribution suggest that
they may be involved in a variety of cellular functions. Arguably the most significant modification
of the original fluid mosaic model is the existence of lipid domains of different lipid composition
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and physical state from the rest of the lipid bilayer. The initial notion of lipid domains was
suggested by studies in model membranes, but it was the observation of caveolae, flask-shaped
plasmalemmal i mvagmanons of the cell membrane that led to extensive studies on membrane
microdomains.® Caveolae exhibit several distinct features including a special lipid composition
rich in cholesterol and sphingolipids, a striped coat formed by caveolin proteins on the
cytoplasmic surface, and in addition to their characteristic flask shape, they can also have
vesicular and tubular morphologles Caveolae were initially thought to mainly function in
clathrin-independent endocytosis.® Subsequent biochemical analyses of the molecular compo-
sition of caveolae, based on the findings that caveolae are low-density membranes and resistant
to cold detergent extraction, suggested other possible functions. Most notably, these studies
have found the presence of multiple signaling components in caveolae preparations,* indicating
that caveolae may also play a role in signal transduction.

Later studies have pointed out that membrane domains lacking caveolin proteins are also
present on the plasma membrane, suggesting the ex1stence of other types of detergent-resistant
microdomains (DRMs) that do not involve caveolins.” An i increasing number of studies have
now established that the plasma membrane contains different types of DRMs and caveolae
represent a subset. As such the term “lipid rafts” was later used to describe dynamic membrane
domains in a broader sense. Before exploring the functions of rafts, it is helpful to consider
some of their characteristics. Lipid rafts are small and dynamic: they can be as little as several
nanometers in diameter and their transient existence is in the msec range. Both lipid raft size
and half-life are flexible parameters that are altered in live cells, which may be involved in lipid
raft functions. Rafts are thought to be a liquid ordered phase of membrane, which consists of
saturated sphingolipids. The rafts “float” in a liquid disordered phase, which mainly consists of
unsaturated glyccrophospholipids Cholesterol is thought to stabilize the sphingolipids in this
liquid ordered phase smce cholesterol interacts more favorably with sphingolipids over unsat-
urated phospholipids.® This partitioning of the membrane into laterally hcterogeneous
domains can therefore provide an organized membrane environment for protein interactions
or other cellular functions.

Approaches to Study Lipid Rafts and Their Functions

Many studies have relied on two experimental approaches involving detergent resistance
and cholesterol dependence to study lipid rafts and their functions. Lipid rafts are biochemi-
cally defined on the basis that they remain resistant to cold nonionic detergent treatment and/
or are low-density membranes, thus float to the top of a buoyant density gradient. The so-named
detergent resistant membranes (DRMs) are also known as detergent-insoluble
glycolipid-enriched complexes (DIGs). Proteins that associate with lipid rafts are defined as those that
cofractionate with DRM fractions and typically have some lipid modification such as
glycosylphosphatidylinositol (GPI) or acyl anchors. Therefore, cold-detergent extraction and membrane
fractionation have been extcnsively used to identify proteins associated with lipid rafts.
Using this approach, numerous proteins, including GPI-anchored proteins, caveolms, sre-family
kinases, and G-proteins, have been shown to associate with hpld raft fractions.”® Since lipid
raft integrity depends on cholesterol, cellular functions that require lipid rafts could be affected
by manipulating membrane cholesterol. Using various means to manipulate the synthesis or
plasma member distribution of cholesterol has been instrumental in investigating the role of
lipid rafts in cell functnons beyond protein associations. While such experimental approaches
have inherent flaws,’ they have proved to be useful methods for identifying many of the
constituents and functions involving lipid raft membrane microdomains.

One challengc in studying lipid rafts is the direct visualization of these dynamic microdomains
on the native membrane of living cells.'® While DRMs have been biochemically isolated and
analyzed, the dynamics and spatial properties of lipid rafts remain to be directly examined.
Detergent extraction does remove some lipids and proteins from rafts, which in combination
with methodological differences, may account for the considerable degree of variability in analyses
of raft components. However, it is the lack of visual evidence that is fueling the continuing
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debate over lipid rafts.® Past attempts of visualizing lipid rafts by light microscopy and electron
microscopy have also generated conflicting results, particularly regarding the size of the rafts on
the cell membrane.'®!* Perhaps the dynamic nature of these membrane domains and their
spatial localization on the cell surface contribute to the difficulty in determining their size and
distribution. Therefore, future improvement in spatial resolution of current microscopy
techniques and the development of new imaging methods on living cells may finally reveal the
spatial and temporal properties of DRMs. Among various promising techniques, high-resolution
fluorescence resonance energy transfer (FRET) imaging offers the ability to study dynamic
membrane microdomains and protein-protein interactions on the plasma membrane.!"!'>1>
Such technical advances would allow the validation of the lipid rafts concept and our under-
standing of the dynamics and functions of these membrane microdomains.

Functions of Lipid Rafts in the Nervous System

Numerous functions of lipid rafts have been implicated in nonneuronal cells (for reviews,
see refs. 7,8 and Fig. 1), many of which are likely involved in nerve cells. For example, the first
of many functional roles attributed to membrane microdomains was in protein and lipid sorting
in polarized epithelial cells. Considering that neurons are highly polarized cells with axonal and
dendritic specifications, precise sorting and selective trafficking of different molecules are clearly
required for the development and maintenance of specific structures and functions of the neu-
ron. Moreover, membrane lipids and proteins are distributed with spatial differences at various
locations of neurons. For example, dendritic spines have been shown to enrich sphingolipids
and many postsynaptic proteins'® while axonal processes contain specific molecules involved
in motility and transmitter release, some of which have been shown to associate with
membrane rafts."”” While the exact mechanisms involved in the generation, regulation, and
maintenance of neuronal polarity are still under investigation,'®'” it is conceivable that lipid
rafts may play an important role in sorting and trafficking of different molecules to specific
neuronal locations, although further evidence is needed.

The notion that lipid rafts are involved in signal transduction was initially suggested by the
cofractionation of many signaling components such as GPI-anchored proteins and src-family
kinases with detergent resistant membranes.” Subsequent studies show that a variety of other
receptors and intracellular signaling components are associated with DRM:s. It was proposed
that sphinglolipid-cholesterol microdomains act as rafts that can selectively associate with pro-
teins and that such raft platforms are functionally involved in membrane trafficking and intrac-
ellular signaling.* These dynamic rafts are thought to provide suitable microenvironments, which
in addition to enabling selective protein-protein interactions may also be involved in localized
initiation of signal transduction.”®?' Many different responses to extracellular signals by numer-
ous cell types are currently thought to involve lipid rafts, including immune responses, growth
factor signaling, adhesion, and chemotaxis. Importantly, these experiments indicate that lipid
rafts can be involved in specific signaling pathways and/or other cell functions by distinct ways.
Several models have been proposed on how rafts are involved in signaling, including resident or
recruited signaling mechanisms.® Proteins with a high affinity for lipid rafts are generally thought
to reside within lipid rafts, whereas other proteins with little or no affinity for lipid rafts can be
recruited to rafts. Resident proteins associate with lipid rafts in the absence of a stimulus and
typically include GPlI-anchored proteins and dually acylated ones for the outer and inner leaflets
of the plasma membrane, respectively. Even without such lipid modifications other proteins
including transmembrane proteins may stll reside in rafts by an unknown mechanism.

One of best examples on the role of lipid rafts in signal transduction is growth factor signal-
ing (for review, see ref. 22). Recent evidence indicates that membrane rafts are involved in
signaling induced by neurotrophins and glial cell line-derived neurotrophic factor (GDNF)
families. The functions of these growth factor families can influence many different neuronal
populations and include effects on cell growth, proliferation, differentiation, and survival. The
signaling mechanisms that mediate the functions of these two families are similar in that they
involve the activation of receptor tyrosine kinases, which leads to the formation of complexes
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Figure 1. Functions of lipid rafts. This schematic view of a migrating cell (leading edge to the
right) depicts the various functions that have been shown to involve lipid rafts. (1) Lipid rafts
are involved in the sorting and trafficking of lipids and proteins to the plasma membrane of
polarized cells. Vesicles budding from the Golgi are transported along microtubules to the front
(red circles with thick border) or rear (green circles with thin border) of the cell. Certain types
of endocytosis and exocytosis (unfilled vesicle and omega structure) also involve lipid rafts.
Itis possible that similar raft-dependent sorting methods are used by migrating cells to localize
different sets of signaling components at the leading and trailing edges. (2) Many receptors and
intracellular signaling molecules associate with lipid rafts and depend on these membrane
microdomains for signal transduction events. Lipid rafts can serve as signaling platforms that
enable the coupling of receptors to distinct pathways and can involve different variants of
resident or recruited (induced association) mechanisms. (3) Regulation of the cytoskeleton is
known to involve various proteins including the RhoGTPases as well as lipids such as certain
phosphoinositides. Lipid rafts are thought to play a dynamic role in regulating the efficiency
and membrane localization of these important protein and lipid regulators and thus the func-
tions of the cytoskeleton. {4) Cell adhesion involves interactions between specific adhesion
molecules on the cell with components of the extracellular matrix or other cells. Certain
adhesion molecules associate with lipid rafts and their distribution on the cell may be regulated
by lipid rafts and vice versa. Itis important to consider that each lipid raft function can operate
independent of the others during the overall functioning of the cell. Itis also likely that some
or all of the lipid raft functions operate in a coardinated fashion.

that are coupled to multiple intracellular signaling events. However, signaling events induced
by growth factor stimulation have been shown to involve lipid rafts in different ways.”
Neurotrophins, such as nerve growth factor (NGF), exert their effects by binding to receptor
tyrosine kinase receptors (ItkA, B, and C) or a low-affinity receptor, p7SNTR. Trk receptors
and p75NTR have been found wichin lipid raft fractions along with critical intracellular com-
ponents implicated in downstream signaling of these receptors. Evidence from PC12 cells shows
that signaling from TrkA and p75NTR occurs and is enhanced within lipid rafts.?* Thus
neurotrophin binding to TrkA and p75NTR and subsequent signaling occurs within lipid
rafts. In contrast to the involvement of rafts in neurotrophin signaling, evidence indicates that
GDNEF signaling involves recruitment of the receptor tyrosine kinase, c-Ret, to lipid rafts. It is
thought that ¢-Ret recruitment to lipid rafts by GFRalpha enables this recepror tyrosine kinase
to selectively associate with its downstream signaling components residing in lipid rafts.*
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Neurotrophic factors have also been shown to be involved in synaptic plasticity. In par-
ticular, brain-derived neurotrophic factor (BDNF) is known to modulate long-term synaptic
potentiation. While accumulating evidence has indicated that lipid rafts can influence synap-
tic transmission through clustering and regulation of neurotransmitter receptors and affect
the exocytotic process of transmitter release,?’ recent studies on BDNF effects have revealed
some new insights towards how rafts may contribute to BDNF effects on synaptic plasticity.?
For example, TrkB receptors were recruited to the raft fraction after exposure to BDNF and
the translocation depended on tyrosine kinase activity. Furthermore, BDNF recruited TrkB
alone into lipid rafts without carrying its associated proteins Shc, Grb2, and PLCy, which is
different from neuregulin-induced recruitment of ErbB4 to lipid rafts. Moreover, the finding
that lipid rafts are only involved in BDNF modulation of synaptic activity, but not BDNF
enhancement of neuronal survival indicates that these membrane rafts could be involved in
signaling specificity of BDNF on developing neurons. Finally, the coreceptor p75 was found
to inhibit BDNF-induced TrkB translocation into lipid rafts, suggesting that TrkB and p75
mediate distinct signaling pathways that depend differentially on lipid raft association. Future
studies would likely elucidate the intermediate factors that interact with TtkB in the rafts for
initiating specific downstream signaling leading to synaptic modification.

Membrane Domains and Growth Cone Motility

Lipid rafts have been implicated in many aspects of cell motility, in particular, cyroskeletal
dynamics to substrate adhesion. Significantly, many of the molecular components regulating
the actin cytoskeleton, cell motility, and adhesion are associated with rafts, including Rho
GTPases, Src-family of tyrosine kinases, phosphoinositides PedIns(4,5)P2 and PedIns(3,4,5)P3.%
In migrating cells, selective adhesion is established by the formation of focal adhesion com-
plexes containing many signaling components and cytoskeletal anchoring, It is well established
that cell migration requires dynamic and spatial regulation of focal adhesion complexes: adhe-
sion at the rear end of the cells needs to be removed while the leading front forms new adhesion
sites. The findings thar distinct raft-associated components are asymmetrically distributed on
the leading edge and the uropod suggest that lipid rafts are involved in the spatially-regulated
motile activities in migrating cells. Recently, it has been shown that lipid rafts mediate signal
transduction events initiated by cell adhesion to the extracellular matrix through integrins. In
particular, membrane rafts appear to mediate spatial targeting of Rho GTPases to the plasma
membrane for differential association with the downstream effectors for further signaling events,
including Rac coupling to focal adhesion kinase and microtubule stabilization by Rho and
mDia.?”*® These findings from nonneuronal cells thus establish that lipid rafts play an impor-
tant role in cell adhesion and motility by participating in signal transduction and spatial target-
ing of various signaling components.

In developing neurons, guided elongation of axonal processes depends critically on the
motility and pathfinding ability of the tip of the axon, the growth cone for reaching the specific
targets. Such directional motility is believed to depend on cytoskeletal dynamics, together with
selective adhesion with the substratum, for steering the growth cone in response to a variety of
environmental cues. Cell adhesion is mediated by interactions between the growth cone’s cell
adhesion molecules (CAMs) and the extracellular matrix or other CAMs on neighboring cells.
Previous studies have shown that certain CAMs are associated with lipid rafts, indicating that
selective adhesion underlying growth cone motility may involve lipid rafts. Recent studies have
shown that nerve growth cones exhibit discrete lipid domains on the surface (Fig, 2, see also ref.
29) and raft disruption affected their motility on the adhesion molecule substrates L1,
N-cadherin, but not p1 integrin.?’ These results show that growth cone adhesion on selective
substrates involves lipid rafts. Furthermore, biochemical analyses have revealed that many other
proteins involved in growth cone adhesion and motility are associated with DRMs, including
focal adhesion kinases, src family of tyrosine kinases, GAP43, and etc.'” Therefore, lipid rafts
likely play a broader role in growth cone motility during migration. Since directed movement
of cells or growth cones requires concerted events among the cytoskeleton, membrane
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Figure 2. Lipid domains on the growth cone. The plasma membrane of Xenopus growth cones
was stained with FITC-Cholera Toxin B (CTxB), DilC;g, and filipin to examine the distribution
of different lipid constituents. Staining of the membrane with the lipophilic dye, DilCysg, re-
sulted in a relatively uniform fluorescent signal. On the other hand, labeling of ganglioside
Gumiby CTxB or cholesterol by fitipin showed an apparent heterogeneous distribution, indicat-
ing the existence of microdomains. The image of FITC-CTxB staining was processed by apply-
ing a digital threshold for better illustration of domains. Scale bar = 10 um.

anchoring, and cell-substratum adhesion, lipid rafts could serve as the central platforms for
spatial and temporal regulation of any of these important events.

Lipid Rafts in Axon Guidance: The Signaling Platforms?

Developing axons are guided to their targets by a variety of extracellular cues that either
attract or repel growth cones. Many of these extracellular cues exert their specific actions on
developing axons by binding to their surface receptors to initiate complex signaling cascades.>*32
Therefore, the formation of ligand-receptor complexes on the plasma membrane represents the
first step in transduction of guidance signals. In addition, many guidance cues elicit additional
steps on and/or within the plasma membrane to generate distinct signaling cascades, including
receptor oligomerization and complex formation with coreceptors and/or other
membrane-associated components.* These protein interactions at/within the plasma mem-
brane are believed to define distinct cellular responses to extracellular stimuli. For example,
receptor cross-talk has been shown to specifically enable a particular guidance response while
silencing the other.3* While the membrane components involved in receptor-signaling com-
plexes are being identified, how these receptors, coreceptors, and other membrane-associated
components interact on the membrane to generate specific signaling cascades for distinct ax-
onal responses remains elusive. The fact that these important events occur at or within the
plasma membrane suggests that the membrane lipid environment could be crucial for the
signal transduction of these extracellular guidance cues. On the other hand, specific lipid mol-
ecules are known to play an important role in cell signaling. For example, phospholipid
phosphatidylinositol-3,4,5-trisphosphate (PIP3) accumulates at the leading edge of chemotac-
tic cells to recruit signaling proteins containing pleckstrin homology (PH) domains; such lo-
calization of PIP; at the leading edge is believed to be an essential part of directional responses
of chemotactic cells.*>*® These specific phospholipids (c.g., PIP; and PIP3) may also depend
on the lipid environment on the membrane for their localization and functioning.*” Therefore,
the specific lipid composition on the plasma membrane may contribute to not only
protein-protein interactions but also lipid signaling in response to extracellular molecules.

So far, only a few guidance molecules are known to have an association with lipid rafts. For
example, ephrin ligands and Eph receptor tyrosine kinases are well known molecules involved
in axon guidance and topographic mapping of neuronal connections. Ephrin A proteins are
GPI-anchored ligands residing in lipid rafts. Interestingly, ephrin B ligands contain a
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Figure 3. Lipid rafts are involved in functional guidance responses. The requirement of lipid
rafts in functional guidance responses was evaluated in vitro by using the growth cone turning
assay for the BDNF, netrin-1, Sema3A and glutamate as discussed in the text. We have included
some raw data using BDNF as an example. A) Growth cone attraction to a gradient of BDNF
is shown in the time lapse DIC images of an individual neurite. The numbers indicate the
minutes since the onset of BDNF application. B) Superimposed traces of individual neurite
trajectories during the assay period are shown for three experimental groups of growth cones.
The origin represents the center of the growth cone that was extending vertical at the beginning
of the assay. The arrow indicates the position of the pipette and the “+” sign indicates the
addition of a raft disrupting agent. C) Growth cones were incubated with the indicated with
two different agents that manipulate membrane cholesterol and thereby disrupting rafts. The
growth cones were then exposed to a gradient of BDNF or glutamate to determine whether or
not lipid rafts are involved in responses to these ligands. The bar graphs represent the average
responses and indicate that lipid raft disruption blocks BONF, but not glutamate attraction.
Interestingly, raft disruption does not block growth promotion by BDNF. These results suggest
that lipid rafts are selectively involved in certain functions, namely BDNF attraction, but not
BDNF growth promotion, nor glutamate attraction. Scale bars: 20 um.

transmembrane domain, are also located in lipid rafts, and have been shown to use lipid rafts
for signal transduction.? Previous studies have also shown that myelin-associated 9glycopro—
teins inhibit axonal growth through interactions with specific gangliosides and rafts.*” Further-
more, NgR and p75NTR, the receptor and coreceptor for Nogo have been shown to reside in
lipid rafts. 404" While these studies indicate the potential involvement of lipid rafts in guid-
ance, they do not directly assess whether or not lipid rafts mediate signal transduction in guid-
ance responses. Using an in vitro guidance assay together with several complementary methods
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of raft manipulation, we have recently shown that lipid rafts mediate guidance responses of
nerve growth cones to BDNE, Netrin-1, and Sema3A gradients*? (see also Fig. 3). The finding
thatactivation of the MAPK p44/p42 by these guidance molecules could be abolished by
raft disruption suggests that lipid rafts are involved in signal transduction of these guidance
responses. While the receptors for these ligands were only weakly associated with lipid rafts
under control conditions, they increased their affinity with rafts in response to stimulation by
the respective ligand. The mechanism responsible for this translocation and downstream events
during growth cone guidance are not known. Recent studies on TrkB signaling indicate that
activation of TrkB is a preceding requirement for localization into rafts, which specifically
mediates BDNF modulation of synaptic transmission.?> It is possible that association of
ligand-receptor complexes within lipid rafts engages distinct signaling pathways from signaling
outside rafts.>?>?> Growth cone guidance by BDNF and netrin-1 involves phospholipase
C (PLC) and PI-3 kinases,® both of which associate with lipid rafts.* On the other hand,
Sema3A signaling involves receptor complexes consisting of neuropillin-1, plexin A, and the
adhesion molecule L1.5% It is conceivable that, although all these guidance cues depend on
rafts for their effects on growth cones, the specific signaling pathways could differentially rely
on distinct raft-dependent mechanisms for generating guidance responses. It will therefore be
important to determine whether these relevant signaling components associate with lipid rafts
and the relative contributions of signaling in and out of rafts during the growth cone response.

Although we have shown that guidance signaling involves lipid rafts, the contribution of
raft-dependent adhesion and/or cytoskeletal regulation in growth cone responses requires
further investigation. Many nonreceptor tyrosine kinases involved in adhesion are associated
with lipid rafts® and active Rho GTPases, which regulate the cytoskeleton, are targeted to lipid
rafts for coupling to downstream effectors.””-*%6 Morcover, cytoskeletal dynamics have been
implicated in affecting the Eosition and stability of rafts as well as the associations of
certain molecules with rafts.? Therefore, lipid rafts may mediate growth cone guidance by
providing a critical platform for coupling activated receptors, and/or their downstream effec-
tors with the regulation of adhesion and the cytoskeleton. Rafts have also been implicated in
organizing cellular polarity and as such they may be involved in the spatial localization of
guidance signaling to mechanisms of adhesion and cytoskeletal regulation.?® On the other
hand, our findings that growth cone attraction induced by glutamate gradients was not
affected by raft disruption indicate that lipid rafts were likely involved in signal transduction
specific for BDNE, netrin-1, and Sema3A, rather than common steering events. Perhaps,
different substrates may contribute to the raft-dependent and -independent adhesion and growth
cone motility.?

Signal Localization through Lipid Rafts

Similar to chemotactic cells, growth cone turning in responses to guidance gradients
involves asymmetric signaling. The recent finding that lipid rafts are functionally involved in
such asymmetry provides an exciting avenue for pursuing the subcellular mechanisms of growth
cone turning.** Some studies on polarization and asymmetric signaling in cell migration sug-
gest that membrane receptors are not spatially redistributed in response to a chemotactic signal
and that intracellular gradients are sufficient for encoding spatial information that mediates
chemoractic responses.* Other studies suggest certain membrane components including re-
ceptors and lipid raft markers do exhibit a change of distribution during chemotaxis.*’ Consis-
tent with this latter notion, there is evidence that the TrkB receptor asymmetrically associates
with lipid rafts in response to the application of a BDNF gradient. Although the mechanism of
this translocation is not known, such asymmetric localization of the receptor is thought to only
occur at lipid rafts and would be sufficient to localize subsequent signaling steps required for
wrning. Furthermore, asymmetric translocation of guidance receptors into lipid rafts after
ligand binding could lead to local signal amplification by concentrating signaling molecules
and/or excluding unwanted modulatory components,® which might be essential for successful
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Figure 4. Hypothetical model on the role of lipid rafts in axon guidance and growth cone
motility. We propose that lipid rafts provide critical platforms for spatial control of signaling in
growth cone guidance to achieve asymmetric signal transduction and growth cone steering.
Specifically, membrane receptors and certain raft types are likely to be distributed with relative
uniformity on the plasma membrane in the absence of ligand stimulation. In response to stimu-
lation by a guidance cue, the association of the appropriate receptor with lipid rafts increases,
which could enable selective interactions with intermediate components residing in rafts for
downstream signaling. Such an association may be maintained over time and can serve to
amplify the stimulus in an asymmetrically activated signaling complex. Rafts could also be
involved inlocal regulation of both cytoskeletal dynamics and adhesion for directional steering.
Importantly, associations with rafts are dynamic events that can be regulated over time and
space. For example, modulation of a guidance response may be achieved by regulating the
affinity of a signaling component for lipid rafts and thus its ability to interact with other members
of the complex. It also stands to reason that any process, which affects the positioning of lipid
rafts, would be able to provide an overarching level in a hierarchy of membrane organization.

sensing of extracellular gradients. That raft subtypes asymmerrically redistribute during cell
migration, suggests the exciting possibility that a similar mechanism may operate during growth
cone guidance.

Based on the evidence discussed above, we propose a model in which lipid rafts provide
critical platforms for spatial control of signaling in growth cone guidance to achieve asymmetric
signal transduction and growth cone steering (Fig. 4). Lipid rafts can be involved in generating
and/or maintaining the asymmetry at several steps along the signal transduction pathway. As
the first step, ligand induced translocation of receptors to lipid rafts could enable selective
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interactions with intermediate components residing in rafts for downstream signaling. Such
translocation could also function to shield the activated receptors from nonraft factors that can
inactivate the receptors, thus providing a degree of temporal control. Furthermore, membrane
microdomains could also provide the platforms for specific targeting and formation of signaling
complexes that enable the activation of selective pathways for distince effects. Finally, rafts
could be involved in local control of cytoskeletal dynamics and adhesion for directional steering.
Ultimately, different guidance molecules and different environmental settings (e.g., different
ECMs) could specifically utilize some of these raft-dependent mechanisms for spatiotemporal
regulation of growth cone migration. The challenge would be to dissect the pathways and the
specific functions of lipid rafts in each of the many guidance systems.

Future Directions and Concluding Remarks

The findings of a functional role of membrane rafts in axon guidance have also opened new
directions for elucidating the molecular mechanisms underlying axon guidance and regeneration.
For example, the findings on the ligand-induced translocation of receptors into lipid rafts
suggest that coreceptors and/or intermediate signaling components are readily present in lipid
rafts, waiting for activated receprors to signal downstream. Therefore, proteomic approaches
could be used to analyze membrane raft factions with and without exposure to specific guidance
cues, which could potentially lead to the identification of novel intermediate signaling
components in the rafts.®® Moreover, the observation that inhibitory effects of Semaphorin 3A
could be abolished by raft manipulation also indicates a potential approach for overcoming
inhibition of regenerating axons after nerve injury and diseases. Such an approach could represent
a novel strategy for targeting axon inhibition during nerve regeneration and functional recovery.
Finally, given the diverse roles potentially played by lipid rafts in various cellular functions,
further studies are clearly required to delineate the specific steps of signaling transduction
associated with distinct raft functions.

The cell’s ability to sense and respond to environmental stimuli is crucial for many functions
including neural development, immunity, angiogenesis, wound healing, and embryogenesis.
Directed migration of nerve growth cones and chemotactic cells likely requires similar
coordinated cellular processes that lead to movement, including sorting and trafficking
of specific membrane proteins and lipids, signal amplification and localization, and
spatiotemporal regulation of cytoskeletal dynamics and adhesion. Membrane microdomains
may be of particular importance for migrating cells as they can serve to spatially and temporally
coordinate the component functions required for cell and growth cone movement. Comparative
analyses on the various roles and mechanisms related to lipid rafts in cell migration and growth
cone guidance may be particularly helpful in understanding the precise functions of lipid rafts
in intricate guidance signaling. These studies could in turn provide further mechanistic
insights into directed cell migration underlying many important biological responses such as
leukocyte chemotaxis during inflammatory response.
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CHAPTER 12

The Role of Glial Cells in Axon Guidance,
Fasciculation and Targeting

Anabel R. Learte and Alicia Hidalgo*

Abstract
xons navigate step-wise, from one intermediate target to the nexr, until they reach their
Agnal destination target. In the central nervous system, intermediate targets are often
lial cells, and final targeting is also aided by glia. In the peripheral nervous system,
however, glial cells most often follow axons, which therefore navigate following other, nonglial
clues. Even in the central nervous system, interactions between axons and glia are dynamic
and reciprocal, as the neurons regulate migration, survival and proliferation of the glia cells
they need for guidance. We review here the experimental evidence investigating roles of glia
in axon guidance. Some molecules are known to influence either the neurons or the glia, but
the molecular mechanisms underlying axon-glia interactions during pathfinding are only
beginning to emerge.

Introduction

In order to wire the nervous system, axons navigate to meet their targets tracing intricare
trajectories. In some cases, the target may be a long distance away, for example an interneu-
ron of the spinal cord may have a target in the brain. Furthermore, the trajectories are gener-
ally not straight, implying that during navigation growth cones ‘make decisions’ on whether
to continue on a straight trajectory or turn and take a new direction. Thus, to understand
what controls axon guidance we need to explain how do neurons know’ how to get to a
target that may be a long distance away and what provokes the changes in the direction of
axonal navigation.

In 1976, Bate proposed that axons navigate followmg ‘guidepost cells’ located along their
trajectories.! Accordingly, the trajectory of an axon is covered with guidepost cells and growth
cones travel from one guidepost cell to the next, navigating short distances over a territory
without ‘knowledge’ of the ultimate, long distance target. In fact, a growth cone may be
within physical reach of the next guidepost cell along its route before it has detached from its
prior one. Soon after, Singer proposed the ‘blueprint hypothesis’, according to which neurites
extend following glial patterns and recognise molecular affinities on the surfaces of glial
cells.? Over the last 30 years, support for the role of glia as guidepost cells came from mul-
tiple experlments carried out in which glia are damaged or removed—in eatlier days surgi-
cally,* more recently genetically -—resultmg in the dlsruptlon of axonal parterns.

Guidepost cells are ‘intermediate targets’ when an important axon guidance ‘decision’ is
made by growth cones at that cell. Axons extend for some distance in a straight direction, and
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then reach points where axons ‘decide’ to turn. During their journey, axons may not travel
alone, but may adhere to (fasciculate) with other axons taking the same route, forming fas-
cicles. At some points, axons separate (defasciculate). The locations where axons make turn-
ing, fasciculation or defasciculation decisions are called ‘choice points’. Glial cells often oc-
cupy choice point positions and intermediate targets are often glial cells. Thus, axons project
to intermediate targets, where they change trajectory, and through subsequent intermediate
targets ultimately arrive at their final target, with which they synapse. Thus, the distance to
be travelled by a growth cone is broken up into smaller journeys. Glial cells are often located
also by the final rarget. Thus, glial cells are in multiple contexts involved in the decisions of
growth cones to turn or not, in the sorting of axons into fascicles and in targeting.

Development presents a further challenge to navigating axons: the territory that an axon
travels through may be changing or there may not be a route covered by guidepost cells to
follow. For instance, the glial cells the axon uses for navigation may not form a prepatterned
‘glial route’ before axon extension begins. If the glial cells formed a route all neatly lined up for
the axons to follow, then part of the problem in understanding axon guidance would have to be
readdressed to the understanding of glial patterning and migration. In some cases, this is in fact
what happens. However, in cases in which glial cells may function as guidepost cells, their
migration and location may also be influenced by neurons. That is, the neurons influence the
environment that they need to follow for navigation.

A functional nervous system not only requires that growth cones meet their targets to estab-
lish neural networks, but also that these networks can support neuronal function. Thus, as
soon as the networks are established, the axons must be enwrapped by glial cells to provide
insulation and homeostasis, supportive of neuronal function. This means that during axon
guidance, the number of glial cells must also be adjusted to ensure that by the time the net-
works are formed, there are enough glial cells as well to ensheath the axons.

Here, we will review the in vivo molecular mechanisms underlying the roles for glial cells
during axon guidance, with particular emphasis on evidence from Drosophila (see also refs.
7,8). We will not review the genetic bases of glial cell fate determination or glial differentiation.
We will not review either the abundant evidence of glial influences on axonal extension in
experimental repair paradigms.

Molecular Mechanisms Involved in Neuron-Glia Interactions
during Axon Guidance

Chemoattractants and Chemorepellents Produced by Glial Cells
That Influence Axon Guidance

Glial cells secrete important, evolutionary conserved axon guidance molecules such as the
chemoattractant Netrin and chemorepellent Slits in C. elegans, Drosophila and vertebrates
(refs. 9-15). The midline glia of Drosophila glia are functionally equivalent to the vertebrate
floorplate, which is also formed by cells with glial features, and produce the same evolutionary
conserved axon guidance molecules (Fig. 1A). Interneuron axons cross the midline attracted by
Netrin, and after crossing project contralaterally and never cross the midline again as they sense
repulsive midline signals such as Slit and Semaphorin. These signalling molecules bind evolu-
tionary conserved receptors on the axons: for instance, Netrins bind Frazzled (Drosophila),
Unc (C. elegans) and DCC (vertebrates) receptors, Slits bind Robo receptors on axons and
Semaphorins bind Plexins and Neuropilins. The floor-plate also secretes the morphogen Sonic
Hedgeho% which functions as a chemoattractant for commissural axons in interaction with
Netrin-1."¢ Excellent reviews on the mechanisms by which these molecules guide axons, and

their signal transduction pathways, are given in other chapters, so they will not be dealt with
here any further.
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Figure 1. lllustration of different glial cell types in Drosophila and their relationships to axons.
A. Midline Glia migrate to trigger the separation of the axonal commissures. The survival of
midline glia is regulated through interactions with axons and only about a fourth of the midline
glia survive. The Midline Glia produce axon guidance molecules such as Netrin and Slit that
control midline crossing. B. The Longitudinal Glia ensheath the longitudinal connectives of the
CNS. They are required for axon guidance by pioneer axons of the longitudinal pathways and
to trigger axonal defasciculation leading to the formation of the three major longitudinal axonal
trajectories. During these events, they are delivered in restricted numbers as their proliferation
and survival is regulated by interactions with neurons. C. Glial cells invade the retina by
migrating from the optic stalk, glial cells ensheath the optic stalk and are also located at
targeting layers in the optic lobe. Mutations that affect glial function in the optic lobe prevent
axonal targeting. D. In the PNS, contrary to the CNS, glia migrate following axons.
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Molecules Produced by Neurons That Promote Glial Migration,

Proliferation or Survival

The main class of neuronal signalling molecules to regulate glial survival are the
neuregulins."*!” They have been studied in vivo both in vertebrates and in Drosophila. In
vertebrates, neuregulin is produced by CNS axons of the optic nerve, and it binds ErbB4
receptors in oligodendrocytes, promoting their survival.'® Survival of Schwann cells, glia of the
PNS, also requires neuregulin, binding to EbrB2 and ErbB3 receptors and neuregulin is in-
volved in multi{>le other contexts of neuron-glia interactions to promote glial proliferation and
differentiation.'” Signallin(jg through Erb2 and Erb3 receptors also regulates migration of lat-
eral line glia in zebrafish.!” The Drosophila neuregulin homologue Vein is produced by CNS
MP2 pioneer neurons and binds the only EGFReceptor in a subset of the longitudinal glia (the
subset of the interface glia derived from the longitudinal glioblast), in the CNS where it acti-
vates the Ras/MAP Kinase pathway promoting glial survival and proliferation?®?! (Fig. 1B).
These longitudinal glia are required for growth cone guidance by the longitudinal pioneer
axons, including the dMP2s (which produce Vein). Thus, the dMP2 neurons regulate the
survival of the glia that they need for guidance. In this way, glial number control is linked to
axon guidance. In fact, in vein mutants glial apoptosis correlates with axon guidance defects.”!
Vein is also required in the PNS, where it activates EGFR in peripheral glia to promote, at least,
glial differentiation.?? Sensory axons express Vein and use peripheral glia for pathfinding. An-
other ligand of EGFR, the TGFa Spitz, is also involved in neuron-glia interactions during
axon guidance. It binds EGFR in the midline glia, controlling their survival. Spitz binding to
EGFR triggers the MAP Kinase pathway which results in the phosphorylation of the
pro-apoptotic Hid (now called Wrinkled), causing its inactivation.

The FGF Receptor and PDGF Receptor are also involved in promoting oligodendrocyte
survival and proliferation in vertebrates, and at least some of their ligands are produced by
neurons.”*?> However, it is not clear whether they are required in glial cells during axon guid-
ance. In some cases at least FGFEs are required in growth cone guidance, but by binding to
FGFRs present in the neurons.”® In grasshopper, FGF coated beads attract CNS glial cells in
culture and activate the FGFR which is present at the axon-glia interface, suggesting that glial
FGFR responds to secreted FGE? The Drosophila homologue heartless is also expressed in
enwrapping CNS glia at the time of axon guidance®® (Fig. 1B). However, it is not known
whether grasshopper or Drosophila FGFRs respond to neuronal ligands. In Drosophila, the
FGEFR breathless is expressed in midline neurons and mutations in breathless result in midline
glia migration defects, but whether this is a primary or a secondary effect is not known® (Fig.
1A).

Midline glial cells migrate over the axons of the VUM neurons in a dynamic series of
neuron-glia interactions that are necessary for axon guidance across the midline (Fig. 1). Kette
is a transmembrane protein produced by VUM axons and mutations in kezte cause defects in
midline glia migration, although this seems to be a secondary effect.3 In fact, Kerte funcrions
with the small GTPases to organise the cytoskeleton during axon guidance., Thus, Kette is
necessary in the neuron for pathfinding. It will be interesting to find out whether Kette inter-
acts with glial signals to promote axon pathfinding.

Genes Involved in Glial Development That Enable Axon Guidance,

Fasciculation or Targeting

The axons of retinal photoreceptor neurons target to two distinct layers in the Drosophila
brain, the lamina and the medulla (Fig. 1C). Targeting at the lamina is enabled by glial cells.
Mutations in two genes, nonstop and Jzé5/csn5, prevent normal glial development, and as a
consequence axons that would normally target to the lamina carry on extending to the medulla.”’
This means that lamina glia normally produce a stop signal that enables some of the retinal
axons to stop extending and contact their targets at the lamina. Other genes are required in the
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photoreceptor neurons to respond to the glial stop signal: OfF-trak, misshapen, dreadlocks and
bifocal *® However, the stop signal produced by the glia is unknown.

A study in the moth, Manduca sexta, bas shown that EGFR in the neurons is necessary for
axonal sorting in the olfactory system.* They propose that EGFR may interact with Neuroglian,
which, through homophylic interactions, may enable axon-glia interactions and axonal fas-
ciculation. In the PNS, EGFR signaling promotes glial differentiation by regulating Neuroglian
and Neurotactin expression.”? PNS glia in turn promote the expression of Futsch, a microtu-
bule associated protein that is necessary for axon extension.” In the absence of PNS glia,
sensory axons stall.?2

Functional Implications

Axon Guidance and Glial Migration in the PNS

One of the first studies on the role of glia in axon guidance was the ablation in grasshopper
of the Segment Boundary Cell, a glial cell at the exit of the motoraxons from the CNS.* When
this glial cell was ablated, the neurons that pioneer the nerves do not turn as normal. In Droso-
phila, genetic ablation of peripheral glia (which are also placed in the transition zone through
which motoraxons exit the CNS) using pro-apogtotic genes causes initial defects in motor-axon
guidance, which however are later corrected.®* Sensory axons however have a stronger re-
quirement for glia during E)athﬁnding and in the absence of PNS glia they stall and do not
enter the CNS (Fig. 1D).?* Thus, embryonic peripheral glia are necessary for correct exit of
motoraxons from and entry of sensory axons into the CNS.

In fact, there is abundant evidence that sensory axons actively use PNS glia for growth cone
guidance. Sensory neurons produce the Drosophila neuregulin Vein, which binds the EGFR in
PNS glia, signalling through Ras/MAPKinase to promote glial differentiation by regulating
terminal differentiation markers such as Neuroglian and Gliotactin.?? Upon interference with
Ras/MAPkinase signalling in PNS glia, sensory axons stall, just as when PNS glia are ablated.
Furthermore, PNS é}ia regulate the expression of Futsch in sensory neurons, which is necessary
for axon extension.

Vertebrate olfactory ensheathing glia are also involved in the transition zone as PNS axons
enter the CNS. Axons follow trajectories defined by these glial cells, which produce extracellu-
lar and cell adhesion molecules such as N-CAM, B2-laminin, L1, Collagen, etc, permissive for
axonal growth.* Furthermore, olfactory ensheathing glial cells migrate with extending axons,
but are responsible for guidance of the pioneer axons. Finally, these glial cells also produce
Nexin, a protease with axon-promoting properties.

In other PNS contexts, however, glia are not required for axon guidance. Instead, glia mi-
grate along axons that follow other navigation cues.’’?? In the Drosophila wing, glia do not
need axons for motility, but they do for direction®” (Fig. 1D). In the lateral line of zebrafish,
time-lapse movies of fluorescently labelled axons and glia in living fish have shown that the glia
(Schwann cells) migrate lagging behind the extending axons.? Mutations that lead to loss of
lateral line glial cells, such as in Sox10/colourless mutants, do not affect axon pathfinding. In
other mutants that cause abnormal somite patterning, such as sonic you and you too, the axons
take a different route, and glia follow them. Furthermore, in double mutants lacking any of
these two genes as well as Sox10/colourless, the axons still misroute along the same abnormal
pathway in the absence of glia. These findings mean that in the fish lateral line glia are not
necessary for correct axonal navigation. Glial cells are required later on for correct fascicula-
tion. Migrating lateral line glia express ErbB receptors and mutations in erbb2 and erbb3 recep-
tors and blocking ErbB signalling with pharmacological inhibitors prevents lateral line glial
migration.'® This suggests that neuregulin signalling in zebrafish is responsible for the neuron-glia
interactions that control glial migration along the axons. It will be interesting to verify in this
context if the neurons express neuregulin.
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Interestingly, axons of the lateral line follow a migrating target to trace their trajectory.®
Hence, although it is not glia that axons follow for guidance in this case, they do not navigate
on their own. Thus, understanding axon guidance at the lateral line depends on understanding
what controls the migration of this moving target, and how these cells relate to the lateral line
axons.

Axon Guidance and Targeting in the CNS

Despite the lack of a role for glia in axon guidance in the PNS, in the CNS of zebrafish, glia
are required for axon guidance during the formation of the forebrain commissures.*! Commis-
sural axons cross the midline over a bridge formed by glial cells. The expression of Slits defines
domains of glial exclusion, confining the glia to bands that prefigure the axonal commissures.
Radial glia also aid axonal extension in the spinal cord in other vertebrate models.

The role of glia in axon guidance in the CNS has been studied in four glial classes in
Drosophila: the midline glia, the longitudinal glia (a subset of the interface glia), the retino-basal
of the eye and optic lobe glia of the brain. The CNS glia are required for axon guidance,
targeting and fasciculation.

The midline glia produce chemoattractants, such as Netrin, and chemorepellents, such as
Slit, that control crossing by many interneuron axons.’ Thus, interneuron axons project across
the midline attracted by Netrin, and after crossing it they respond to the repulsive signal Slit to
extend contralaterally. This role of midline glia in axon guidance is well recognised, so it will
not be discussed further here.

The formation of the longitudinal pathways proceeds in two steps: first a small number of
pioneer axons (four per half-segment, at each side of the midline) traces an axonal scaffold;
subsequently, all the remaining follower interneurons (about 350 per half-segment) project,
many across the midline, and fasciculate with the pioneer axons along the longitudinal trajec-
tories. Genetic ablation of glia using targeted ricin expression and analysis of glial cells missing
mutants has revealed that the formation of the pioneer scaffold requires glial cells at choice
points for growth cone turning and defasciculation.’*? For example, pioneer axons and
motoraxons first extend together and glial cells trigger their defasciculation, causing the
motoraxon to turn and leave the CNS. After the first longitudinal fascicle is formed, glia trig-
ger defasciculation leading to sorting of axons into three fascicles. The follower neurons also
require longitudinal glia for guidance and fasciculation.*? Further evidence that glia are neces-
sary for guidance of follower neurons comes from looking at axonal trajectories in embryos
where the response to the midline repulsive signal Slit has been changed. Ectopic expression of
Robo2 causes the displacement of axons that normally project close to the midline to more
lateral positions.*** This lateral displacement takes place also in 70bo/ mutants, but not in
robol glial cells missing double mutants, in which axons misroute towards the muscle.®

Axons of retinal neurons leave the retina to form the optic stalk, reach the optic lobe in the
brain and they may target in the lamina or project further to target in the medulla (Fig, 1C).
Glial cells are involved at several points along this trajectory. Initially, there are no retinal-derived
glial cells, so retinal axons begin to extend without glial cells. Buc as they leave the retina,
retino-basal glia aid their entry into the optic stalk. If glial number is severely reduced, the retinal
axons are not able to enter the optic stalk.*” Furthermore, if glia occupy abnormal positions in
the retina, neurons project now towards the ectopic glia rather than exiting the retina into the
optic stalk.”” Thus, retino-basal glia aid guidance of retinal axons into the optic stalk.

When the retinal axons reach the brain, their target fields are covered in glial cells, and glial
cells are in fact required for targeting. If glia are abnormal or missing, such as in #onstgp and in
Jjab1/esn5 mutants, the neurons that normally would target at the lamina (R1-R6) instead carry
on extending past the lamina into the medulla.’’ This means that lamina glia normally pro-
duce a ‘stop signal’ that is received by R1-R6 photoreceptor axons. The nature of this signal is
unknown.
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Glial Migration in the CNS

Like in the PNS, glial migration also depends on neurons in the CNS. While midline glia
attract interneuron axons, their positions are not static. The interneuron axons start crossing
the midline along two commissural fascicles that are initially fused at the midline forming what
is known as the ‘bow-tie’. Midline glia then migrate over the axons of the VUM neurons to
trigger defasmulatlon at the axonal ‘bow-tie’ and cause the separation of the anterior and poste-
rior commissures® (Flg 1A). The VUM s are a small subset of motorneurons that send axons
first along the midline and then away from the CNS and de not project along the commis-
sures. Thus, the midline glia follow cues on the VUM s to migrate, but in turn they send cues to
all interneurons to control midline crossing.

Midline glia not only follow clues on the VUMs to migrate, but also, normally, on all
commissural axons. In commissureless mutants the are no commissures, as alt axons run longitu-
dinally without crossing the midline. As a consequence of lack of axonal contact, many of the
midline glia die. However, some midline glia do survive and these do not retain their midline
positions, but instead mlgrate to the lateral positions to retain neuronal contact with the only
present longitudinal axons.® This also implies that the migration preferences of midline glia
are in part controlled by trophic factors emanating from the axons.

Longitudinal glia migration also depends on neurons. The longitudinal glia are necessary
for guidance of pioneer axons, defasciculation and axonal sorting, but they do not form a
prepattern prior to axonal extension. Prior to axon guidance, the longitudinal glia migrate
from their site of origin to the edge of the neuroectoderm to the midline, and stop at a certain
distance from the midline by sensing midline repulsion from Slit.’® Subsequently, and as axons
begin to extend, the longitudinal glia migrate together with the extending axons, just ahead of
the growth cones. Together growth cones and glia explore a territory devoid of either of them,
but because glial lamellipodia are so large, a glial network is established across segments before
the neurons come into contact. However, ablation of a fraction of the neurons causes the
remaining axons to misroute, and the longitudinal glia to migrate following those axons.*"*
These findings mean that there are reciprocal interactions between neurons and glia during
axon guidance.

Similarly circular neuron-glia interactions take place during innervation of the optic lobe
by retinal axons. Retinal R1-R6 axons meet their neuronal targets in the lamina of the optic
lobe, aided by glial cells. In the absence of Hedgehog signalling from photoreceptor axons,
lamina neurons do not develop.®! Photoreceptor axons induce the formation of an axonal
scaffold that optic lobe glia follow to find their locations at the lamina. Thus, the photorccep-
tor axons induce the migration of the gha so that they occupy the correct positions in which the
retinal neurons need them for targeting,”

These observations also imply that the molecules controlling neuron-glia interactions
that form the pioneer scaffolds are likely to be different from those involving large numbers
of neurons. Pioneer neurons and the VUMs belong to a small group of neurons that are
highly conserved amongst arthropods.”® The interactions of glla with these classes of neu-
rons appear to lead to the formation of scaffolds, whereas the interaction of glia with the
majority of neurons seems more like paving motorways. Perhaps there is an evolutionary
need to separate these two functions, to enable the reliable formation of a scaffold providing
robustness to the projections of the majority of neurons. Consistently with this idea, mol-
ecules like Vein or Kette are involved in interactions between glia and the pioneer groups but
not with the majority of neurons.

The Control of Glial Number during Axon Guidance

Glia are required during axon guidance and fasciculation, but the same glial classes also later
on enwrap axons to enable neuronal function. Furthermore, we have seen that the axon influ-
ences glial cell migration. It is well known that ultimately the glial mass that ensures appropri-
ate axonal enwrapment is regulated by axons. Glia are overproduced and only those that enable
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Table 1. Molecules involved in neuron-glia interactions during axon guidance

Molecule Organism Expressed In Function Refs,
Signalling Molecules
Netrin Drosophila  Midline glia Axonal 9-15
Vertebrates  Floorplate attraction
C. elegans
Slit Drosophila  Midline glia Axonal 9-15
Vertebrates  Floorplate repulsion
C. elegans
Sonic Vertebrates  Floorplate Axonal 13,16
hedgehog attraction
Semaphorin Drosophila  Floorplate Axonal 9-15
Vertebrates repulsion
C.elegans
Vein/ Drosophila ~ Neurons CNS PNS 17,18,
Neuregulin vertebrates Glial survival 21,22
proliferation
differentiation
Spitz (TGFa) Drosophila  unknown Midline glial 23
survival
Receptors
Robos/Rig-1 Drosophila ~ Neurons Axonal 9-15
Vertebrates repulsion
C. elegans
Frazzled/ Drosophila ~ Neurons Axonal 9-15
Unc/DCC Vertebrates attraction
C. elegans and repulsion
Plexins, Drosophila Neurons Axonal 9-15
Neuropilins Vertebrates repulsion
C. elegans
EGFR/ErbB Drosophila  CNS and Glial survival 19,21,23,
Vertebrates ~ PNS glia proliferation 33,22
Manduca differentiation
migration
FGFR/Heartless Grasshopper CNS glia Glial migration 27,28
Drosophila Proliferation
Vertebrates survival
FGFR/Breathiess Drosophila ~ Midline Glial migration 29
Other
Ubiquitin Nonstop Drosophila  Photoreceptor ~ Targeting 31
protease axons
Protein Jab1/csn5 Drosophila  Target glia Targeting 31
degradation
Receptor Off-track Drosophila ~ Photoreceptors  Targeting 32
Tyr Kinase
Ser/Thr kinase ~ Misshapen Drosophila  Photoreceptors  Targeting 32
Adaptor Dreadlocks Drosophila ~ Photoreceptors  Targeting 32
protein (Dock)
Cytoskeletal Bifocal Drosophila ~ Photoreceptors  Targeting 32
regulator
Transmembrane Kette Drosophila VUM neurons  Glial migration 30
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appropriate enwrapment survive, maintained by trophic factors provided by the axons. %4>

These observations imply that the number of glial cells is regulated during axon guidance and
up to enwrapment.

In Drosophila, the neuregulin Vein is expressed by pioneer neurons and it promotes the
survival of a subset of longitudinal glial cells, those that the pioneer neurons themselves require
for axon guidance?! (Fig. 1B). Longitudinal glia also migrate together with the longitudinal
pioneer axons. Thus, trophic support of the longitudinal glia by the pioneer axons constrains
the migration of glia, in turn resulting in correct axonal pathfinding. After the first fascicles
form, the axons get reshuffled and sorted into new fascicles. These defasciculation and
refasciculation events are also triggered by glial cells.’ During these events, the longitudinal
glioblast lineage produces progeny cells sequentially, delivering longitudinal glia in restricted
numbers to enable axonal sorting, ®* This temporal control of glial proliferation is first triggered
also by axonal Vein and it requires the transcription factor Prospero and Notch in the glia,
which together control their mitotic potential. 2 In this way, glia divide sequentially, delivering
restricted numbers of progeny cells that enable the sorting of axons through time.

Conclusions and Perspectives

There is abundant experimental evidence on the involvement of glia and on the complexity
of axon-glia interactions during pathfinding. In fact, even in the clearest cases for roles of glia in
axon guidance, interactions with axons are reciprocal, as the neurons regulate the survival,
proliferation and migration of the glia they need for pathfinding. So far, across species and glial
lineages, the neuregulin signalling system is evolutionary conserved. Neuregulin is produced
by neurons and it signals through EGFReceptor molecules in glia to regulate the number and
differentiation of glia necessary for axonal pathfinding. However, on the whole the molecular
mechanisms underlying neuron-glia interactions during axon guidance are far from complete.
We have some knowledge of some of the molecules produced by either neurons or glia during
pathfinding, but in most cases the partners for these molecules in the reciprocal cell eype that
would explain axon-glia interactions are not known. It is an exciting time, as these mechanisms
begin to emerge.

The principles guiding axonal extension may not be so different in development and in
repair. Thus, understanding the role of glia in axon guidance and the transition from axon
guidance to enwrapment may enable us to harness the potential of the nervous system to repair
itself. Not only during development, but also upon injury adult glia can also promote axonal
growth and pathfinding. In fact, transplantation of olfactory ensheathing glia to the site of
axonal injury is sufficient to promote axonal regeneration and full recovery of neuronal func-
tion.® Abundant experimental evidence has shown that axons extend preferentially over glial
cells and that glial bridges enable axonal regeneration (e.g., ref. 57). Using model organisms
can help us find out which are the key molecules and signalling pathways involved in neuron-glia
interactions during axon guidance. We can then extrapolate this knowledge to test the poten-
tial of these molecules in promoting repair.
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