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The Molecular Biology of 
Axon Guidance 

Marc Tessier-Lavigne and Corey S. Goodman 

Neuronal growth cones navigate over long distances along specific pathways to find their 
correct targets. The mechanisms and molecules that direct this pathfinding are the topics 
of this review. Growth cones appear to be guided by at least four different mechanisms: 
contact attraction, chemoattraction, contact repulsion, and chemorepulsion. Evidence 
is accumulating that these mechanisms act simultaneously and in a coordinated manner 
to direct pathfinding and that they are mediated by mechanistically and evolutionarily 
conserved ligand-receptor systems. 

The remarkable feats of information-process- 
ing performed by the brain are determined to 
a large extent by the intricate network of 
connections between nerve cells (or neurons). 
The magnitude of the task involved in wiring 
the nervous system is staggering. In adult hu- 
mans, each of over a trillion neurons makes 
connections with, on average, over a thou- 
sand target cells, in an intricate circuit whose 
precise pattern is essential for the proper func- 

M. Tessier-Lavigne is in the Department of Anatomy, 
Howard Hughes Medical Institute, University of California, 
San Francisco, CA 94143, USA. C. S. Goodman is in the 
Department of Molecular and Cell Biology, Howard 
Hughes Medical Institute, University of California, Berke- 
ley, CA 94720, USA. 

tioning of the nervous system. How can this 
pattern be generated during embryogenesis 
with the necessary precision and reliability? 

Neuronal connections form during embry- 
onic development when each differentiating 
neuron sends out an axon, tipped at its lead- 
ing edge by the growth cone, which migrates 
through the embryonic environment to its 
synaptic targets, laying down the extending 
axon in its wake (Fig. 1). Observations of 
developing axonal projections in vivo have 
revealed that axons extend to the vicinity of 
their appropriate target regions in a highly 
stereotyped and directed manner, making very 
few errors of navigation. They do so apparent- 
ly by detecting molecular guidance cues pre- 

sented by cells in the environment (1). Stud- 
ies in the past two decades have provided a 
detailed understanding of the cellular interac- 
tions between growth cones and their sur- 
roundings that direct pathfinding, which we 
summarize in the first section of this review. 
Our understanding of the molecular biology of 
axon guidance is, however, much more frag- 
mentary. Molecules implicated as guidance 
cues or as receptors for these cues are intro- 
duced in the second section. Many of these 
molecules have only recently been identified, 
and it seems likely that additional guidance 
cues and receptors remain to be discovered. 
Moreover, in most cases the precise guidance 
functions of candidate ligand-receptor systems 
in vivo are poorly understood. In the third 
section we discuss specific guidance decisions 
in which the roles played by some of these 
molecules are beginning to be defined. As will 
become apparent, despite the many gaps in 
our knowledge the picture that is starting to 
emerge is that pathfinding is directed by the 
coordinate action of multiple guidance forces 
that are mediated by mechanistically and evo- 
lutionarily conserved ligand-receptor systems. 
A considerable body of evidence supports 
these conclusions (2). 

Cellular Interactions 
That Guide Axons 

The appearance that axons give of unerring 
navigation to their targets is all the more 
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remarkable given the relatively large dis- 
tances (as much as several centimeters, or 
more than a thousand times the diameter of 
the cell body) that many axons must grow 
to reach their targets. In practice, however, 
this task is simplified by two features. 

First, axon trajectories appear to be bro- 
ken into short segments, each perhaps a few 
hundred micrometers long. Individual seg- 
ments often terminate at specialized cells 
that form intermediate targets or "choice 
points" for the axons, presenting guidance 
information that enables the axons to select 
and to initiate growth along the next seg- 
ment of the trajectory. The complex task of 
reaching a distant target is thus reduced to 
the simpler task of navigating each individ- 
ual segment and choice point in turn. 

In insects, some intermediate targets are 
made up of small clusters of "guidepost cells," 
ablation of which results in misrouting of 
axons that normally contact them (3). Usu- 
ally, though, intermediate targets are com- 
posed of large groups of functionally special- 
ized cells, like those at the midline of the 
nervous system (4-6). Growth cones that ap- 
proach an intermediate target may slow their 
migration and assume a more complex mor- 
phology with more filopodia (that is, sensory 
protrusions), presumably the better to sample 
the environment (2). Axon growth, therefore, 
appears to be characterized by at least two 
types of cellular behaviors: simple linear 
growth along "highways," punctuated by more 
complex decision-making behaviors at inter- 
mediate targets (choice points), as axons 
switch from one highway to another. 

A second feature that simplifies the wir- 

ing of the nervous system is that this process 
occurs in a stepwise manner. The first axons 
that develop navigate through an axon-free 
environment when the embryo is still rela- 
tively small, but most axons face an expand- 
ing environment criss crossed by a scaffold 
of earlier projecting axons. Many later de- 
veloping axons travel along preexisting 
axon tracts (or fascicles) for at least some of 
their trajectory (Fig. 1), switching from one 
fascicle to another at specific choice points 
(7). This "selective fasciculation" strategy 
simplifies the assembly of large nervous sys- 
tems like that of humans, in which axons 
extend to their targets in successive waves 
over a period of several months. 

Four guidance forces. The realization that 
axonal trajectories are made up of shorter 
segments pushes the question of axon guid- 
ance back one step: How do axons navigate 
each short segment and choice point? Em- 
bryological, tissue culture, and genetic ex- 
periments indicate that axons respond to 
the coordinate actions of four types of guid- 
ance cues: attractive and repulsive cues, 
which can be either short-range or long- 
range (8) (Fig. 1). 

Ramon y Cajal proposed over a century 
ago that axon guidance might be mediated by 
long-range chemoattraction, a process akin to 
the chemotaxis of motile cells, in which target 
cells secrete diffusible chemoattractant sub- 
stances that attract axons at a distance (9) 
(Fig. 1). In vitro experiments, in which neu- 
rons cultured with target cells turn toward 
these cells, demonstrate the existence of sev- 
eral chemoattractants secreted by intermedi- 
ate or final targets of axons (10-12). More 

recently, long-range chemorepulsion was 
demonstrated with the finding that axons can 
be repelled in vitro by diffusible factors secret- 
ed by tissues that these axons normally grow 
away from (13, 14) (Fig. 1). 

Axons can also be guided at short-range 
by contact-mediated mechanisms involving 
nondiffusible cell surface and extracellular 
matrix (ECM) molecules. Axon growth re- 
quires a physical substrate that is both adhe- 
sive and permissive for growth (many adhe- 
sive substrates fail to support axon growth) 
(15) (Fig. 1). This process of contact attrac- 
tion has also been implicated in selective 
fasciculation, in which growth cones con- 
fronted with several preexisting axon fasci- 
cles select a specific pathway (7) (Fig. 1). 
Likewise, the contact repulsion of axons, 
akin to the contact inhibition of cell migra- 
tion (16), has been extensively documented 
(17). Thus, axon growth can be channeled 
by a corridor of a permissive substrate bound- 
ed by repulsive cues that serve to hem in the 
axons (18, 19) (Fig. 1). Local repulsive cues 
also can serve to block the forward progres- 
sion of axons (4, 20). The responses of 
growth cones to repulsive cues can range 
from simple deflection to axonal arrest, to 
more dramatic changes in which the growth 
cone collapses and retracts (19, 21, 22). 

Although we focus here on the guidance 
of the primary growth cone at the tip of the 
growing axon, many neuronal connections 
are made by secondary (collateral) branches 
of axons, -which form de novo from second- 
ary growth cones sprouted along the axon 
shaft. Both the initiation and subsequent 
guidance of secondary growth cones appear 
to be directed by the same forces that guide 
primary growth cones (12, 23). 

Much of the current focus of cellular 
studies of axon guidance is to define the 
precise complement of forces acting to direct 
particular guidance decisions. As illustrated 
below, the guidance of axons over individual 
segments of their trajectories appears to in- 
volve the simultaneous operation of several, 
and in some cases possibly all four, of these 
guidance forces. Thus, an individual axon 
might be "pushed" from behind by a che- 
morepellent, "pulled" from afar by a che- 
moattractant, and "hemmed in" by attractive 
and repulsive local cues. Push, pull, and hem: 
these forces appear to act together to ensure 
accurate guidance. However, this well-engi- 
neered redundancy complicates experimen- 
tal analysis of guidance mechanisms because 
perturbation of any one mechanism often 
has a limited effect. 

Ligands and Receptors 
Implicated in Guidance 

Given the evidence for four different guid- 
ance mechanisms, one might have expected 

Fig. 1. Guidance forces. 
Four types of mecha- Semaphorins 
nisms contribute to guid- (secreted) Long-range cues 
ing growth cones: contact 
attraction, chemoattrac- Chemorepulsion Chemoattraction 
tion, contact repulsion, 
and chemorepulsion. The \ tf 

term attraction is used \ 
here to refer to a range of \ - a . 
permissive and attractive 
effects, and the term re- + + + + 
pulsion to a range of inhib- - Growth cone 
itory and repulsive effects 
(8). Examples are provid- 
ed of ligands implicated in 
mediating each of these 
mechanisms. There is not 
a one-to-one match be- Contact repulsion Contact attraction 
tween molecules and Eph ligands Ig CAMs 
mechanisms because Semaphorins cues Cadherins 
some guidance molecules (transmembrane) . | ECM (for example, laminins) 
arme nogecusivcemolyeaulra ECM (for example, tenascins) are not exclusively attrac- e _ _ _ 
tive or repulsive, but rather 
bifunctional, and some families of guidance cues have both diffusible and nondiffusible members. Individual 
growth cones might be "pushed" from behind by a chemorepellent (red), "pulled" from afar by a chemoat- 
tractant (green), and "hemmed in" by attractive (gray) and repulsive (yellow) local cues. Axons can also be 
guided by cues provided by other axons (selective fasciculation). Push, pull, and hem: these forces act 
together to ensure accurate guidance. 
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to find discrete classes of diffusible and non- 
diffusible factors, some attractive and others 
repulsive. Recent advances in identification 
of guidance cues have, however, blurred 
these distinctions. The first diffusible at- 
tractants to be identified, the netrins, are 
closely related to the laminins (Fig. 2B), 
nondiffusible ECM molecules (24-27). 
Similarly, the semaphorin family contains 
both cell-surface and diffusible members 
(Fig. 2C) implicated as short- and long- 
range repellents, respectively (28-34). In 
addition, several guidance molecules are bi- 
functional-attractive to some axons and 
repulsive to others. Such responses are pre- 
sumably dependent on the receptors ex- 
pressed by the growth cones (14, 35, 36). 

Thus, there appears to be mechanistic 
conservation among guidance molecules, 
both short-range and long-range, and at- 
tractive and repulsive. In addition, both 
molecules and mechanisms appear to be 
ancient. In fact, evolutionary conservation 
of guidance molecules is so great that in- 
sights gained in invertebrates can be imme- 
diately relevant to vertebrates, and vice 
versa (37). 

Cell adhesion molecules (CAMs) as ligands 
and receptors. Two large families of CAMs 
function during axon pathfinding: the im- 
munoglobulin (Ig) and cadherin superfami- 
lies (38). Many members of these two fam- 
ilies can mediate homophilic adhesion, 
functioning as both a ligand on one cell and 
a receptor on another (39). Some members 
can also function as heterophilic ligands or 
receptors for distinct cell-surface or ECM 
molecules (40, 41). Other apparently unre- 
lated families of CAMs expressed in the 
nervous system include the Leucine-rich re- 
peat (42, 43) and Fasciclin I families (44). 
How many neural CAMs are encoded in 
any one genome is still unknown, although 
there are at least 10 in Drosophila and more 
than 50 in mammals. Many of these CAMs 
have signaling functions. Although some Ig 
CAMs contain cytoplasmic regions with 
protein tyrosine kinase or protein tyrosine 
phosphatase domains (45), most do not 
(Fig. 2A), despite their apparent roles as 
signaling receptors (46). Below we discuss 
experiments that implicate several Ig 
CAMs as receptors or ligands (or both) 
involved in pathfinding and fasciculation. 
Other CAMs for which important guidance 
roles have been indicated by in vivo studies 
include the Ig CAMs LAMP and IRREC 
(47). In addition, the phenotypes of muta- 
tions in the human LI gene are potentially 
consistent with Li functioning in growth 
cone guidance (48). 

Receptor protein tyrosine kinases (RPTKs). 
A variety of RPTKs modulate axon growth 
or regulate target invasion (Fig. ZA). In 
vertebrates these include fibroblast growth 

factor (FGF) receptors (49, 50) and the Trk 
family of neurotrophin receptors (51-53), 
both receptors for secreted factors (dis- 
cussed below). Neurotrophin receptors have 
also been implicated in regulating axonal 
branching (51, 54). In Drosophila, the De- 
railed RPTK (related to vertebrate Ryk) has 
been implicated in regulating axon fascicu- 
lation (55). The largest subfamily of RPTKs 
in vertebrates is the Eph family, with over a 
dozen members; their ligands are all mem- 
brane-anchored via either a phospholipid 
anchor or a transmembrane domain (56, 
57). Many of the Eph receptors and ligands 
are expressed in the developing nervous 
system, and several of the lipid-anchored 
Eph ligands have recently been implicated 

as contact repellents that regulate axon fas- 
ciculation and topographic map formation 
[(58-64), discussed below], as well as in 
guidance to the target (65). In the case of 
transmembrane Eph ligands, recent evi- 
dence has raised the intriguing possibility of 
a role reversal, with the ligands functioning 
as receptors on axons and their "receptors" 
functioning as ligands that guide them (66). 

Receptor protein tyrosine phosphatases 
(RPTPs). Genetic analysis in Drosophila has 
implicated several RPTPs in the control of 
axon fasciculation and defasciculation (67) 
(see below). Little is known about the li- 
gands for RPTPs or their modes of activa- 
tion. RPTP, binds the Ig CAM contactin/ 
Fll. suggestinp a link-nossihlv hidirec- 

Fig. 2. Molecules that A 
modulate axon growth. 
(A) Representatives of > X 
various subfamilies of the 
immunoglobulin (1g) su- e-g 3 
perfamily, including re- 
ceptor protein tyrosine ki- 
nases (RPTKs) and recep- H c2 
tor protein tyrosine phos- . , C |ICR L] C 
phatases (RPTPs), that 
have been implicated as BFNIII TSQ 
ligands or receptors (or ITP 

both) in axon guidance PTK 

(names shown are for 7 
those mentioned in the Ig CAMs Netrin-Rs RPTKs RPTPs 
text). Some members of NCAM TAG-i L1/NgCAM' DCC UNC-51 F GF-R Eph A. B IDLAR DPTP69DI 

the Ig superfamily have Fas II Axonin-1 NrCAM Frazzled 

extracellular domains B 
possessing only tan- 
dem Ig domains, where- Netrins H R 
asothershavebothtan- {r UNC-6 

dem Ig and fibronectin Laminins X V 
type IlIl (FNIII) domains, iII I v V Sema 

or yet other motifs. For [ VaIj .. 

certain subfamilies, the . IEGF Li TS] 

first members were I identified as proteins A _ s w 

expressed on subsets ___E 
of axons in the develop- I \Li 

ing nervous system. For Laminins Netrns Semaphorins 
other subfamilies, the other subfamilies,the l-3 yl1-5 1 -2 Netrin-1 2 Sema lhiiD Sema II Sema C Sema I Sema F 
first members were Netrin-A, B Coil 1 Coll 4 

identified in functional UNC-6 

screens for adhesion 
molecules (CAMs). Yet other members (for example, UNC-40 and UNC-5) were identified as putative 
guidance receptors (the latter have longer cytoplasmic domains than CAMs). Some Ig superfamily 
members are linked to cell membranes by a GPI anchor. Many RPTKs and RPTPs implicated in axon 
guidance also have extracellular domains comprising tandem Ig domains or FNIII domains, or both. 
These subfamilies are highly conserved among vertebrates, insects, and nematodes. Ig, immuno- 
globulin domain; FNIII, fibronectin type IlIl domain; TSI, thrombospondin type I domain; CR, cysteine- 
rich region; PTK, protein tyrosine kinase domain; PTP, protein tyrosine phosphatase domain. (B and 
C) The laminin, netrin, and semaphorin families of guidance molecules are conserved in structure and 
apparently in function among nematodes, insects, and vertebrates. (B) The laminins are heterotri- 
meric, cruciform glycoprotein complexes with constituent chains called a, I, and y. There are at least 
five a, three ,3, and two y chains in vertebrates. The netrins are related to the amino-terminal domains 
VI and V of laminin chains, although they then diverge from laminin sequences and are much shorter. 
(C) The semaphorins are a large family of cell-surface and secreted proteins. Most semaphorins are 
-750 amino acids in length and share a common -500-amino acid semaphorin domain; in several 
of these subfamilies, the semaphorin domain is followed by an Ig domain. One subfamily, however, 
contains members that are over 1000 amino acids in length; in these proteins, the semaphorin 
domain is followed by a set of tandem thrombospondin type I domains. 
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tional-between CAMs and RPTPs (68). 
Extracellular matrix molecules and their re- 

ceptors. Many ECM molecules, including 
the laminin (Fig. 2B), tenascin, collagen, 
and thrombospondin families, as well as 
fibronectin, vitronectin, and a variety of 
proteoglycans, can act either as promoters 
or inhibitors of neurite outgrowth and ex- 
tension in vitro (69). Receptors for ECM 
molecules are predominantly integrins, Ig 
superfamily members, and proteoglycans 
(41, 69, 70) (the latter may function pri- 
marily as binding or presenting molecules 
rather than as signaling receptors). Some 
proteoglycans might function as ligands to 
inhibit axonal extension (71). On the basis 
of their in vitro activities and in vivo ex- 
pression pattems, many ECM molecules are 
expected to play roles in axon guidance, but 
little is known about actual guidance func- 
tions in vivo. In Drosophila, loss of laminin 
A function results in the stalling of a subset 
of sensory axons, implicating laminin as a 
permissive substrate for these axons (72). 
Similarly, interfering with integrin function 
in Xenopus retinal axons in vivo causes a 
foreshortening of the axons (73). In hu- 
mans, mutations in the KAL1 gene, which 
encodes a small ECM protein, cause defects 
that suggest a possible role for the KAL1 
gene product as a permissive substrate for 
olfactory axons (74). 

Netrins and their receptors. The netrins 
are a small family of bifunctional guidance 
cues, capable of attracting some axons and 
repelling others (24-27, 75) (see below). 
Netrins are proteins of -600 amino acids 
related to the much larger laminins (Fig. 
2B); they are diffusible, although the extent 
of their diffusion can be affected by inter- 
actions with cell surfaces or the ECM (25). 
Members of the DCC subfamily of the Ig 
superfamily (Fig. 2A) are components of 
receptors that mediate attractive effects of 
netrins (76-78). Genetic analysis in Caeno- 
rhabditis elegans has implicated UNC-5, a 
transmembrane protein that defines a dis- 
tinct branch of the Ig superfamily (Fig. 2A), 
in mediating repulsive actions of the netrin 
UNC-6 (79) (Fig. 2B). 

Semaphorins. The semaphorins are a 
large family of cell-surface and secreted pro- 
teins that appear to function as chemore- 
pellents or inhibitors (28-34, 80, 81). The 
family is defined by a conserved -500- 
amino acid extracellular semaphorin do- 
main (30). There are at least five different 
subtypes of semaphorins, including secreted 
and transmembrane members (Fig. 2C). 
Nothing is yet known about the identity of 
semaphorin receptors. Vertebrate Collap- 
sin-1/Semaphorin III/D is a potent inducer 
of sensory growth cone collapse (29) and 
has been implicated as a diffusible chemore- 
pellent that patterns sensory axon projec- 

tions in the spinal cord (31, 82). In insects, 
semaphorins have been implicated in influ- 
encing steering decisions, inhibiting 
branching, and inhibiting formation of syn- 
aptic arbors (28, 34), as discussed below. 
Recent evidence suggests that at least one 
semaphorin (Sema I) may also function as a 
contact attractant (83). 

In Vivo Function of 
Guidance Molecules 

The precise guidance roles of some of 
these molecules are beginning to be illu- 
minated by functional analysis in vivo. 
Many of the recent insights into the mo- 
lecular biology of axon guidance can be 
illustrated by referring to several exam- 
ples: long-range guidance to intermediate 
targets, exemplified by guidance to and 
from the midline of the nervous system; 
complex decisions at intermediate targets, 
exemplified by guidance at the midline 
and by axon fasciculation and defascicula- 
tion; and target recognition. 

Long-Range Guidance to 
and from the Midline 

Structures at the ventral midline of the 
nervous system of organisms as diverse as 
nematodes, fruit flies, and vertebrates are 
important intermediate targets for many 
different classes of axons that navigate the 
midline along divergent trajectories (4-6) 
(Fig. 3). Axons that link the two sides of 
the nervous system project toward and 
across the midline, forming axon commis- 
sures. These commissural axons project to- 
ward the midline, at least in part, by re- 
sponding to long-range chemoattractants 
emanating from the midline-the netrins 
(Fig. 2B). Netrins have an evolutionarily 
conserved role in guiding axons toward the 
ventral midline in nematodes, fruit flies, 
and vertebrates. In each organism, cells at 
the ventral midline express at least one 
netrin family member (Fig. 3), and loss of 
netrin function at the midline results in a 
misrouting of many axons and their failure 
to grow to the midline (24-27, 84). The 
attractive actions of netrins appear to be 
mediated by receptor mechanisms involv- 
ing members of the DCC subfamily of the Ig 
superfamily (Fig. 2A). Commissural axons 
express a DCC subfamily member (UNC- 
40 in C. elegans, Frazzled in Drosophila, and 
DCC in mammals), and loss-of-function 
analysis reveals defects similar to those ob- 
served in netrin knockouts (76-78, 85). 
Furthermore, vertebrate DCC can bind 
netrin-1 and is required for the attractive 
function of netrin-1 in vitro (77). Some 
evidence suggests that DCC-related pro- 
teins may be only one component of attrac- 

tive netrin receptor complexes (76-78). 
How are netrins involved in guiding 

commissural axons? The simplest interpre- 
tation of the loss-of-function mutant phe- 
notypes is that netrins function as instruc- 
tive guidance molecules, attracting the ax- 
ons toward the midline. Those data are, 
however, potentially compatible with a sim- 
pler role in which netrins are permissive for 
growth but do not provide directional cues. 
However, the findings that vertebrate com- 
missural growth cones tum in vitro toward a 
source of netrin (11, 25), that commissural 
axons in the mouse netrin-1 knock-out give 
the appearance of wandering (84), and that 
ectopic pan-neural expression of netrins in 
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Fig. 3. Long-range and short-range guidance at 
the ventral midline. A composite picture of guid- 
ance at the midline drawing on mechanisms iden- 
tified in nematodes, fruit flies, and vertebrates, at 
least some of which (and possibly all of which) are 
conserved among these organisms. The netrins 
appear to function as both long-range chemoat- 
tractants (green) and chemorepellents (red) for 
distinct classes of axons. Attraction of growth 
cones by netrins involves the DCC/UNC-40/Fraz- 
zled receptor (as shown in all three phyla), where- 
as repulsion of growth cones by netrins involves 
the UNC-5 receptor (as shown in C. elegans). In 
chick-, crossing of the midline requires interaction 
of the Ig CAM axonin-1/TAG-1 on commissural 
axons with NrCAM on the surface of midline cells. 
In Drosophila, it also requires the midline expres- 
sion of Commissureless (the growth cone recep- 
tor for Comm is at present unknown). Many com- 
missural growth cones turn longitudinally along 
the midline after crossing. In Drosophila, the phe- 
notype of robo mutants, when coupled with re- 
cent molecular data (93), is consistent with the 
hypothesis that axons express the putative Robo 
receptor that appears to function as a repulsive 
receptor for an unknown contact-mediated repel- 
lent at the midline, thus preventing these growth 
cones from recrossing the midline. 
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Drosophila results in commissural axon 
misrouting (26, 27) provide evidence that a 
precise spatial distribution of netrins is im- 
portant for correct directional growth in 
vivo. 

Netrins also act as repellents for some 
axons that grow away from the midline. In 
C. elegans, mutations in the gene encoding 
the netrin UNC-6 impair not just ventrally 
directed migrations but also dorsally direct- 
ed migrations away from the source of 
UNC-6 (24), suggesting that UNC-6 func- 
tions to repel these axons. Similarly, in 
vertebrates netrin-1 can repel trochlear mo- 
tor axons, which normally grow dorsally 
away from a source of netrin-1 (14). The Ig 
superfamily member UNC-5 (Fig. 2A) is 
implicated in mediating the repulsive ac- 
tions of UNC-6 on dorsally directed axons, 
because (i) unc-5 functions cell autono- 
mously in these cells, (ii) mutations in 
unc-5 impair dorsal migrations to the same 
extent as mutations in unc-6 (but in this 
case without affecting ventral migrations), 
and (iii) ectopic expression of unc-5 in neu- 
rons that normally extend axons longitudi- 
nally causes their axons to project dorsally 
in an unc-6-dependent fashion (79). Thus, 
UNC-5 is part of a receptor mechanism 
that mediates migrations away from sources 
of UNC-6. The DCC homolog UNC-40 is 
also expressed by dorsally migrating axons, 
and mutations in unc-40 also impair dorsal 
migrations, although to a much more lim- 
ited extent than in unc-5 mutants (24, 76), 
suggesting that UNC-5 and UNC-40 might 
form a receptor complex. There is, similarly, 
evidence that other receptors involved in 
axon growth on some Ig CAMs are hetero- 
meric complexes of Ig superfamily members 
(86). 

Studies on netrin function also provide 
some of the clearest evidence for redun- 
dancy of guidance cues. Two apparently 
redundant netrins are coexpressed at the 
Drosophila midline (26, 27). Moreover, 
when midline netrins or netrin receptors 
are genetically removed in nematodes, 
fruit flies, or vertebrates, the mutant phe- 
notypes are only partially penetrant (for 
example, some commissural axons still 
reach the midline). Thus, other cues, like- 
ly including other diffusible signals secret- 
ed by midline cells (84, 87), work in con- 
cert with the netrins to guide axons to- 
ward and away from the midline. 

Complex Decisions: Local 
Guidance at the Midline 

Once at the midline, growth cones make a 
variety of decisions (Fig. 3). Some never 
cross the midline, but most do. Some of 
those that cross subsequently continue to 
extend away from the midline, whereas 

most turn to project longitudinally, growing 
along or near the midline. Axons that cross 
the midline once, however, do not cross the 
midline again, despite navigating in the 
vicinity of other axons that are crossing. 
Thus, there may be at least two classes of 
local guidance cues: cues that allow certain 
growth cones to cross the midline and cues 
that prevent growth cones from either ever 
crossing the midline or from recrossing after 
their initial passage. 

Studies in the chick embryo (88) have 
implicated two Ig CAMs in enabling axons 
to cross the midline: axonin-1 and NrCAM 
(Fig. 2A). Commissural axons and growth 
cones express axonin-1, whereas cells that 
form the midline (floor plate cells) express 
NrCAM (Fig. 3). These two Ig CAMs can 
bind heterophilically (89). Administration 
of reagents that perturb the axonin-1-Nr- 
CAM interaction in vivo in chicken em- 
bryos results in pathfinding errors of the 
commissural growth cones such that up to 
50% of the axons fail to cross the midline 
and instead turn to travel along the ipsilat- 
eral border of the floor plate (88). Further- 
more, commissural axons in vitro normally 
will grow onto floor plate cells, but stall or 
collapse on contact with these cells in the 
presence of reagents that block the axonin- 
1-NrCAM interaction (90). These experi- 
ments suggest that floor plate cells express 

an inhibitory factor on their surface whose 
function is normally masked by NrCAM, 
which is detected by a growth cone receptor 
involving axonin-1. 

What is the function of this midline 
inhibitor? A likely role would be to prevent 
commissural axons from recrossing the mid- 
line after their first crossing. If so, then 
axons must acquire responsiveness to the 
inhibitor during or after crossing. This 
could be achieved by down-regulation of 
axonin-1 expression [as is observed in rat 
(91) but not chick (88)] or function, or by 
up-regulation of the expression or function 
of a receptor for the midline inhibitor. 
Studies in Drosophila provide evidence for 
the latter mechanism. In roundabout (robo) 
mutants, many growth cones that normally 
extend only on their own side instead now 
project across the midline, and axons that 
normally cross the midline only once in- 
stead cross and recross multiple times (92). 
robo encodes a transmembrane protein that 
functions cell autonomously in commissural 
neurons, consistent with the possibility that 
it is part of a receptor mechanism for a 
midline repellent (93). 

Mutations in the Drosophila commissure- 
less (comm) gene have the opposite pheno- 
type, because commissural growth cones 
initially orient toward the midline but then 
recoil and do not cross it. comm encodes a 

Fig. 4. Molecules that A Fasciculation B Selective fasciculation 
mediate fasciculation 
and defasciculation. (A 
and B) Axonal fascicula- - - 
tion appears to depend IN' 
on a balance of attrac- Pulling Pushing? Selective 
tion and repulsion. Ig Ig CAMs Eph ligand or pulling 
CAMs such as Fasciclin on axons semaphorin in surround 
11 or L1/NgCAM on sub- - - 
sets of axons can func- 
tion to "pull" axons to- -__ __ 

gether. Recent experi- v- pushing? 
ments also suggest that 
repulsive signals (possi- 
bly Eph ligands or trans- 
membrane semaphor- 
ins) on surrounding cells C Defasciculation D Selective defasciculation 
or other subsets of ax- 
ons can create an inhibi- 
tory environment that Polysalc 
"pushes" axons togeth- Beat 
er. (C and D) Mecha- v 
nisms that regulate de- 
fasciculation. (C) Polysi- 
alic acid can drive the 
defasciculation of motor 
axons in the chick em- Fas 11 bryo, apparently by inter- L1/NgCAM RPTPs 
fering with axon-axon 
adhesion mediated by 
the Ig CAM L1/NgCAM. 
(D) In Drosophila, defas- 
ciculation of SNb motor axons from the major motor nerve (ISN) at a specific choice point involves the 
modulation of Fasciclin II function by several RPTPs, as well as by the secreted protein Beat. 
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protein expressed by central nervous system 
(CNS) midline cells that lacks a signal 
sequence, has a transmembrane domain, 
and copurifies with membranes (94). As 
commissural growth cones contact and tra- 
verse the CNS midline, Comm protein is 
apparently transferred from midline cells to 
commissural axons. What is the function of 
Comm? One clue is derived from the obser- 

A Target region 

Retina Tectum 

B Topographic location 
Retina Tectum 

N A P 

Eph receptors Eph ligands 

Mek-4 ELF-1 

AL-1/RAGS 

C Discrete termination 

Retina Tectum 

Fig. 5. Target recognition involves selection of 
target region, topographic location, and discrete 
termination site. The steps involved in finding an 
appropriate target are illustrated for the projection 
of retinal ganglion cells to the optic tectum in the 
chick embryo. (A) Growth cones recognize and 
invade specific target regions. (B) Within a target 
region, like the optic tectum, growth cones may 
be guided to their topographically appropriate ter- 
mination sites by gradients of guidance cues. 
Thus, axons from nasal (N) retina project to pos- 
terior (P) tectum, and from temporal (T) retina to 
anterior (A) tectum. In the chick tectum, Eph Ii- 
gands function as repellents for retinal axons and 
are expressed in gradients on the tectum. ELF-1 is 
expressed in an increasing anterior-to-posterior 
gradient across the entire tectum, and RAGS in a 
similar gradient across the posterior portion of the 
tectum. The Eph receptor Mek-4, which binds to 
both ELF-1 and RAGS, is expressed in a recipro- 
cal gradient across the retina, with highest ex- 
pression in the temporal retina. (C) Growth cones 
are also able to select discrete targets. In the chick 
embryo, retinal growth cones select a specific 
laminar termination site from among 16 laminae. 

vation that double mutants of comm and 
robo display a robo-like phenotype. Thus, 
although Comm is normally essential for 
axons to cross the midline, in the absence of 
Robo it is not at all required for crossing. 
One of several interpretations of these re- 
sults is that Comm normally antagonizes 
the effects of the midline inhibitor sensed 
by Robo, a function not unlike that postu- 
lated for NrCAM at the midline of the 
vertebrate CNS. It is not known whether 
Comm, like NrCAM, has adhesive or at- 
tractive properties on its own. 

These studies on local guidance at the 
midline illustrate two points: (i) growth 
cones can be simultaneously exposed to a 
plethora of attractive and repulsive cues, 
and (ii) their complex behaviors might re- 
flect a tight regulation of their responsive- 
ness to these cues, including in some cases 
changes in the expression or function of 
guidance receptors as the axons progress 
forward (91, 95, 96). 

Complex Decisions: Regulation 
of Axon Fasciculation 

Growth cones often extend along the sur- 
face of other axons in axon fascicles and 
exit these fascicles to initiate the next leg of 
their trajectory. We have only recently be- 
gun to understand the complexity of mech- 
anisms involved in regulating the initiation 
of fasciculation and defasciculation. 

Molecules that pull axons together. CAMs, 
which can mediate cell-cell adhesion in 
vitro, have been implicated in mediating 
axon fasciculation in vivo (Fig. 4, A and B). 
This is illustrated by the analysis of Fasci- 
clin II (Fas II) (97, 98), an Ig CAM in 
insects related to vertebrate NCAM. In 
Drosophila, Fas II is expressed on a subset of 
embryonic CNS axons, many of which se- 
lectively fasciculate in three longitudinal 
axon pathways (98). In FasII loss-of-func- 
tion mutants, these axons fail to fasciculate, 
whereas ectopic expression of Fas II on 
subsets of axons can prevent defasciculation 
and can also cause pathways that should 
remain separate to become abnormally 
joined together (99). In vertebrates, anti- 
body perturbation studies have also indicat- 
ed a role for Ig CAMs in axon fasciculation 
(88, 100). Molecules other than Ig CAMs 
may be involved in regulating the initiation 
of selective fasciculation, as suggested by 
studies in Drosophila on the RPTK Derailed 
(55). 

Molecules that push axons together. The 
function of CAMs on axons can be modu- 
lated by both positive and negative influ- 
ences in the environment. If the environ- 
ment provides a favorable substrate, the 
axons may prefer to grow on that substrate; 
lacking such a substrate, the axons might 

prefer to grow on each other (2). However, 
the extent of fasciculation may reflect not 
only the relative balance of attractive forc- 
es, but also the action of inhibitory factors. 
An example of this is provided by Sema I, a 
transmembrane semaphorin expressed on 
stripes of epithelial cells in the grasshopper 
limb bud. When Sema I function is blocked 
by antibodies, a pair of axons that are nor- 
mally highly fasciculated when they grow 
on a stripe of Sema I instead defasciculate 
and branch (28). Although Sema I could 
affect fasciculation in several ways, one pos- 
sibility is that Sema I is a negative factor 
that makes the substrate less favorable and 
drives the axons to fasciculate, a model 
supported by the finding that other sema- 
phorins have repellent activities (29, 31, 
32, 34). Another example is provided by 
AL-1, a glycosyl phosphatidylinositol 
(GPI)-linked ligand for Eph receptors (Fig. 
2A). In culture, vertebrate cortical neurons 
growing on astrocytes express a receptor for 
AL-1, whereas the astrocytes express this 
ligand (58). Cortical axons normally fascic- 
ulate in such cultures, but when AL-1 func- 
tion is blocked, the axons defasciculate, 
suggesting that AL-1 is a repellent for cor- 
tical axons, making the astrocytes a less 
attractive substrate and thus driving fascic- 
ulation. This model is supported by the 
demonstration that AL-1 has collapse- 
inducing activity for cortical axons (59). 
These studies imply that the expression of 
molecules that create an inhibitory envi- 
ronment can push axons together. Thus, 
fasciculation may be like other types of 
guidance events in that it appears to be 
regulated by a balance of attraction and 
repulsion (Fig. 4A); it is tempting to spec- 
ulate that selective fasciculation is mediat- 
ed by differentially distributed attractive 
and repulsive ligands (Fig. 4B). 

Molecules that drive defasciculation. If fas- 
ciculation is determined by the balance of 
attractive and repulsive forces on the axons 
relative to their surrounding environment, 
then defasciculation presumably involves a 
shift in the balance of these forces such that 
growth on nonaxonal substrates is now fa- 
vored. In the examples discussed below, the 
expression of major axonal CAMs is main- 
tained during defasciculation while other 
factors shift the balance of forces in favor of 
defasciculation. 

Studies in the chick implicate polysialic 
acid (PSA), a carbohydrate that is co- 
valently attached to the Ig CAM NCAM, 
as an important regulator of axon defascicu- 
lation (101) (Fig. 4C). Motor axons exit 
the CNS and are tightly fasciculated and 
intermingled as they reach the base of the 
limb bud. There they begin to defasciculate 
and to sort out into different axon path- 
ways. This defasciculation appears to be 
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caused by a concomitant increase in levels 
of PSA found on these axons, because en- 
zymatic removal of PSA impairs the defasz 
ciculation and causes an increase in projec- 
tion errors ( 101 ). There is evidence that the 
addition of highly charged PSA chains to 
NCAM on a cell creates a charge cloud that 
sterically interferes with the ability of both 
NCAM and other neighboring CAMs on 
the cell to mediate adhesion (102). The 
effects of PSA removal on motor axons can 
be reversed by addition of antibodies to 
L1/NgCAM (101), a CAM expressed by 
these axons, suggesting that PSA normally 
functions to decrease L1/NgCAM-mediated 
axon fasciculation, increasing the ability of 
motor axons to defasciculate (103). 

PSA is found only in vertebrates, where 
it is associated with only a subset of defas- 
ciculation events. Insights into other factors 
regulating defasciculation come from genet- 
ic studies on the peripheral projections of 
motor axons in Drosophila. The motor axons 
of the segmental nerve b (SNb) initially 
follow the intersegmental nerve (ISN) but 
then defasciculate from the ISN axons at a 
specific choice point and form a separate 
bundle that steers away (104). The Ig CAM 
Fas II is normally expressed at high levels 
on motor axons throughout their trajecto- 
ries and is required to mediate their fascic- 
ulation (99, 105). When the levels of Fas II 
on the axons are increased transgenically, 
the SNb axons fail to defasciculate at this 
choice point (105), suggesting that the se- 
lective defasciculation of motor axons re- 
quires modulation of Fas II function inde- 
pendent of changes in its expression. 

Five genes have been identified that en- 
code candidate negative regulators of Fas II 
function, as loss-of-function mutations in 
these genes give SNb defasciculation phe- 
notypes similar to those observed when Fas 
II levels are increased (Fig. 4D). Three 
RPTPs (Dlar, DPTP69D, and DPTP99A) 
are expressed on motor axons, and muta- 
tions in the genes encoding them (either 
singly or in combination) give partially 
penetrant defasciculation phenotypes (67). 
Single mutations in two other genes-beat- 
en path [beat (104, 106)] and sidestep [side 
(107)]-result in similar but more highly 
penetrant phenotypes: virtually all SNb ax- 
ons fail to defasciculate and instead contin- 
ue extending along the ISN. beat encodes a 
secreted protein expressed by motoneurons, 
and genetic interactions between beat and 
FasII suggest that secretion of Beat by mo- 
tor axons causes a decrease in adhesion of 
SNb axons to ISN axons (but not to other 
SNb axons) (106). 

These studies are beginning to identify 
some of the molecules that regulate selec- 
tive defasciculation, but their modes of 
action remain unknown. For example, it is 

not known whether RPTP function in de- 
fasciculation requires ligand binding. The 
secreted protein Beat might function to 
selectively decrease the attractiveness of 
some axons to others or modulate fascic- 
ulation in some other way. In addition, all 
of these molecules are made by the mo- 
toneurons themselves, and it is not known 
what environmental signals trigger the de- 
fasciculation. 

Target Selection 

Once at the target, growth cones invade the 
target region, where they often form a top- 
ographic projection pattern before selecting 
appropriate synaptic partners within the 
target field (Fig. 5). 

Invading the target region. Evidence is 
mounting that invasion of the target region 
is regulated by both pathway- and target- 
derived cues. Target invasion can be regu- 
lated by members of the nerve growth factor 
(NGF) family of neurotrophins. For exam- 
ple, sympathetic innervation of the pineal 
gland and external ear is controlled by neu- 
rotrophin 3 (NT3), a factor made by these 
targets. In NT3-1- mice, syrnpathetic fibers 
approach but fail to invade these targets, a 
defect that can be rescued by the addition 
of exogenous NT3 (53). Similarly, invasion 
of other targets requires an increasing gra- 
dient of target-derived NGF (52). Evidence 
also exists for what appears to be the oppo- 
site type of mechanism. Retinal axons that 
project to the tectum in Xenopus travel 
along a path marked by FGF, which termi- 
nates abruptly at the target. When FGF is 
added exogenously to alter the gradient, 
axons fail to invade the target and instead 
skirt it; the same result is obtained when 
FGF function is blocked by expression of a 
dominant-negative FGF receptor in the ax- 
ons (50). This result-that a failure to in- 
vade the target can be produced by either 
increasing or decreasing FGF function- 
suggests that the axons must be "primed" for 
target invasion by the detection of a down- 
ward gradient of FGF, although other inter- 
pretations are possible. These "upward" and 
"downward" gradient mechanisms are not 
mutually exclusive, and it remains to be 
seen whether such mechanisms operate 
generally to regulate target invasion. 

Generating topographic projections. Topo- 
graphically organized patterns of neuronal 
connections, in which neighboring neurons 
project to neighboring sites in the target, 
occur throughout the nervous system. The 
best studied example of the development of 
topographic projections is in the vertebrate 
visual system. Neighboring ganglion cells in 
the retina connect to neighboring target 
neurons in the optic tectum (or superior 
colliculus), thus projecting the retina's map 

of visual space as a topographic map across 
the tectum (Fig. 5B). Classic experiments 
by Sperry and others on the development 
and regeneration of this projection showed 
that axons that are experimentally deflect- 
ed to inappropriate regions of the tectum 
can nonetheless reorient and home in on 
their topographically appropriate target re- 
gion (108). Thus, the establishment of this 
pattern of projections appears to involve 
the recognition of positional information 
on the tectum. 

The nature of this positional informa- 
tion has long fascinated neurobiologists. 
Sperry (109) argued against the idea that 
each axon has a unique label that is com- 
plementary to another unique label on its 
appropriate target cell, both because of the 
implausibly large number of labels that 
would be required and because this model 
does not provide a mechanism for each 
axon to find its target, except by wandering 
aimlessly around the tectum. These consid- 
erations led Sperry to propose that position- 
al information might instead be encoded in 
the form of gradients of signaling molecules 
along both the anterior-posterior (AP) and 
dorso-ventral (DV) axes of the target, and 
that these gradients could be detected by 
complementary gradients of receptors on 
the axons. Positional information could 
thus be specified with a small number of 
molecules, and all axons could read posi- 
tional information at every point on the 
tectum. 

How might such gradients work to estab- 
lish topography (110)? In principle, top- 
ographic projections could be directed by 
just one ligand gradient and one receptor 
gradient (along each of the AP and DV 
axes). This mechanism requires, however, 
that each axon seek out a specific concen- 
tration of ligand (a "set point," determined 
by the level of receptor expression) and 
migrate down-gradient at higher concentra- 
tions and up-gradient at lower concentra- 
tions to reach the set point (57). In this 
set-point model, the ligand acts sometimes 
as an attractant for the axon and sometimes 
as a repellent. An alternative class of mod- 
els makes use of the antagonistic effects of 
two ligand gradients (along each axis). For 
example, an axon that is exposed only to an 
attractant gradient along a particular axis 
will tend to migrate all the way up the 
gradient, but if it is simultaneously exposed 
to a repellent gradient that starts shallow 
but becomes steep, it will migrate to that 
point along the axis where the repulsion 
precisely balances out the attraction. It is a 
relatively straightforward task to make ax- 
ons originating from different positions on 
the retina project to different locations 
along the axis by making their responses 
to, for instance, the repellent gradient de- 
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pendent on their position of origin (110). 
In these "antagonistic gradient" models, 
unlike set-point models, the ligands can be 
pure repellents or attractants, thus invok- 
ing mechanisms similar to those discussed 
earlier in the context of other guidance 
decisions. 

With the identification of gradients of 
repellent ligands for Eph receptors in the 
chick retinotectal system (Fig. 5B), the ev- 
idence, although very incomplete, has start- 
ed to favor antagonistic-gradient models 
over set-point models. In vitro studies first 
established the existence of a repellent ac- 
tivity for retinal axons in tectal membrane 
preparations ( 111-1 13). This activity is 
present in an increasing anterior-to-posteri- 
or gradient in the tectum ( 112), and 
smooth gradients of the activity can repel 
the axons in vitro (114). Surprisingly, the 
specificity of the activity is not exactly as 
expected. Rather than showing graded re- 
sponses, as would be expected according to 
antagonistic-gradient models, retinal axons 
fall into two classes: temporal retinal axons 
are all equally repelled and nasal axons are 
not repelled ( 112). Two related Eph li- 
gands, RAGS (the chick homolog of AL-1, 
discussed above) (60) and ELF-i (61), have 
since been found in overlapping anterior- 
to-posterior gradients across the chick tec- 
tum (Fig. 5B) and are candidates for repel- 
lents involved in topographic map forma- 
tion. ELF-i repels temporal axons without 
effect on nasal axons, both in vivo (62) and 
in vitro (62, 63), apparently affecting all 
temporal axons equally (63). Thus, ELF-I 
appears to have the properties of the repel- 
lent activity associated with tectal mem- 
branes. In contrast, retinal axons are all 
repelled by RAGS in vitro (60), but there 
appears to be a smooth gradient of sensitiv- 
ity of retinal axons across the AP axis, with 
temporal axons more sensitive than nasal 
axons (63), as postulated by antagonistic- 
gradient models. 

Many questions are raised by these ini- 
tial studies on Eph ligands. (i) Why are 
there two ligands, and what are their precise 
functions? The properties of ELF-I could be 
consistent with a primary role in preventing 
temporal axons from entering the posterior 
tectum (115), whereas RAGS could in 
principle help axons in the posterior-most 
tectum find their precise targets. Loss-of- 
function studies will help clarify these 
points. (ii) What receptors are responsible 
for graded axonal responses, and how do 
such closely related ligands trigger such dis- 
tinct responses? Several Eph receptors for 
these ligands on retinal axons have been 
identified, including one that is present in a 
gradient across the retina (61, 63) (Fig. 5B), 
but their contributions to the axonal re- 
sponses are not known. (iii) WIhat other 

factors work with Eph ligands to direct map 
formation? In particular, is there an attrac- 
tive gradient along the AP axis of the tec- 
tum as well, as predicted by antagonistic- 
gradient models? (iv) Are Eph ligands in- 
volved in topographic map formation out- 
side the retinotectal system? Evidence 
already exists for their involvement in di- 
recting topographic projections of hip- 
pocampal neurons to the septum (64). 

Selecting discrete targets. After reaching 
their topographically appropriate sites along 
the DV and AP axes of the tectum, retinal 
axons turn to seek their appropriate laminar 
termination site within the tectum, which 
they select precisely from among 16 differ- 
ent laminae (Fig. 5C), presumably in re- 
sponse to laminar-specific guidance cues 
(I 16). The molecular basis of such discrete 
target selection is poorly understood, but 
some insights into the problem of target 
selection in general have been obtained 
from analysis of neuromuscular specificity 
in insects. In each abdominal hemisegment 
in Drosophila, -40 motor axons select spe- 
cific muscles from among 30 potential tar- 
gets. Muscle ablation and duplication ex- 
periments indicate that individual axons 
can pick out their appropriate muscle tar- 
gets with great precision ( 17). To date, the 
strongest candidates for targeting molecules 
are the two Drosophila Netrins, which are 
expressed by overlapping subsets of muscles 
(26). Embryos carrying a deletion of both 
genes-as well as embryos mutant in the 
frazzled gene, which is thought to be re- 
quired for Netrin function-show partially 
penetrant defects in the projections of mo- 
tor axons that normally innervate the Ne- 
trin-expressing muscles (26, 78). Ectopic 
expression of either Netrin gene in all mus- 
cles results in aberrant motor projections, 
particularly of those axons that normally 
innervate Netrin-expressing muscles. Thus, 
the Netrins appear to function as part of the 
normal targeting system for the motor ax- 
ons that innervate the Netrin-expressing 
muscles. 

There are, however, only two Netrin 
genes known in Drosophila, and they are 
expressed by only 4 of the 30 muscles, in- 
dicating that other types of molecules must 
work with the Netrins to control targeting. 
Genetic screens thus far have failed to un- 
cover other genes that encode targeting 
ligands or receptors in this system (104, 
107). Taken together with the partial pen- 
etrance of the Netrin mutant phenotype, 
this result suggests that discrete target se- 
lection might involve multiple redundant 
target labels, a possibility further supported 
by studies on Connectin and FasIII (which 
encode membrane-anchored CAMs) and 
SemaII [which encodes a secreted sema- 
phorin (Fig. 2C)]. Thaese genes are ex- 

pressed by distinct subsets of muscles and 
may encode ligands involved in targeting, 
because when expressed ectopically in in- 
appropriate muscles, they can attract (Fas 
III and Connectin) or repel (Sema II and 
Connectin) specific subclasses of motor ax- 
ons (34, 36, 118). However, loss-of-func- 
tion mutations in these genes do not indi- 
vidually result in obvious misrouting phe- 
notypes, suggesting that they function in 
redundant recognition systems. 

Conclusions 

Our understanding of growth cone guidance 
mechanisms has progressed significantly 
over the past decade (119), and compared 
to just a few years ago (1), we now know a 
great deal more about the molecular medi- 
ators of axon guidance. At the same time, 
given the bewildering array of ligand and 
receptor mechanisms implicated in axon 
guidance that are being identified at an 
ever-increasing pace, one might be forgiven 
for thinking that the identification of so 
many different types of molecules confuses 
as much as it illuminates. Have any unifying 
themes started to emerge? 

A first general theme is that axons appear 
to be guided through the combined opera- 
tion of four guidance mechanisms (short- 
and long-range attraction, and short- and 
long-range repulsion), and that the outcome 
of any particular guidance decision appears 
to reflect the balance of attraction and re- 
pulsion operating at the decision point. Fur- 
thermore, based on in vivo analysis, these 
mechanisms appear to operate in all types of 
decisions-linear growth, sharp turns, axon 
fasciculation and defasciculation, and target 
invasion and selection. A further unification 
in our understanding appears to be emerging 
with the identification of molecules mediat- 
ing these four guidance mechanisms and the 
discovery that the four mechanisms are 
mechanistically related and phylogenetically 
conserved. In fact, the findings that mole- 
cules that function as long-range attractants 
or repellents (netrins and semaphorins) are 
structurally related to molecules tlhat func- 
tion as short-range attractants and repellents 
(laminins and other semaphorins) suggest 
that long-range guidance molecules may 
have evolved from their short-range coun- 
terparts. This conclusion is further reinforced 
by the recent discovery that receptors impli- 
cated in mediating attractive and repul- 
sive actions of the netrins are members of 
the Ig superfamily and are therefore close 
relatives of Ig superfamily members that 
are receptors (and ligands) implicated in 
several short-range guidance events, as 
well as in axon fasciculation. In addition, 
parallels between pathfinding events in 
nematodes, insects, and vertebrates illus- 
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trate vividly the evolutionary conserva- 
tion in guidance mechanisms. 

Although this convergence simplifies 
our understanding, at the same time there 
does not yet appear to be any overriding 
logic of how guidance molecules are used. 
Thus, Eph ligands, semaphorins, and ne- 
trins apparently assist in tasks as diverse as 
channeling growth, regulating fascicula- 
tion, and selecting specific targets. The sit- 
uation is most vexing in the case of discrete 
target recognition, where one might have 
expected discrete targets to be labeled by 
some obvious scheme, for example, on the 
basis of different members of a gene family 
or alternatively spliced forms of a particular 
gene. Instead, what has emerged from the 
initial analysis of neuromuscular recogni- 
tion in insects is the possibility that the 
remarkable specificity of discrete target se- 
lection might be directed by a patchwork of 
structurally disparate and functionally re- 
dundant guidance molecules, both attrac- 
tive and repulsive, that have been cobbled 
together according to no obvious logic. Is 
there a deeper logic of target recognition 
that eludes us? It is too early to tell. 

Another cautionary note relates to the 
functional redundancy of guidance mecha- 
nisms. Some of the redundancy, including 
the coordinate operation of the four canon- 
ical guidance forces, is presumably present 
to ensure a high degree of fidelity of axonal 
projections. There are, however, also exam- 
ples of what might be termed "gratuitous 
redundancy," in some cases arising from 
gene duplications, like the presence of func- 
tionally redundant Netrin genes at the mid- 
line in Drosophila. Although redundancy is 
clearly present, it is worth pointing out that 
some of our worst fears about redundancy 
have not been borne out. Historically, stud- 
ies of axon guidance progressed in the 1980s 
from an initial identification of candidate 
guidance molecules (often based on distri- 
bution and in vitro activities) to functional 
perturbations of these candidates. In many 
cases, strong phenotypes were not observed. 
This raised the fear that guidance mecha- 
nisms might be sufficiently overspecified to 
make it all but impossible to pinpoint the 
guidance function of any particular mole- 
cule. More recent studies indicate that this 
is not always true. Many guidance mole- 
cules have now been identified, mutations 
in which display a range of pathfinding and 
targeting phenotypes from dramatic to only 
partially penetrant. These studies have giv- 
en us hope that an understanding of guid- 
ance mechanisms might be within reach. 

What are some of the immediate chal- 
lenges for studies of axon guidance? First, it 
is necessary to identify more guidance cues 
and receptors, as well as more factors that 
modulate the function of these effectors. 

The concern here is not to draw up an 
exhaustive list, but rather to determine 
what other major families of effectors and 
modulators function with those already 
identified and whether all guidance cues fit 
into the four canonical categories. Second, 
much more work is needed to determine the 
functions of these molecules in vivo. We 
still have a limited understanding of the 
precise functions of Ig CAMs, netrins, 
semaphorins, and Eph ligands, let alone less 
well characterized factors like Beat, Comm, 
and phosphatases. A major lesson in recent 
years is that elucidating the function of a 
candidate guidance cue requires identifica- 
tion not just of the cue but also of its 
receptor, and analysis of both, based on 
loss-of-function and gain-of-function exper- 
iments, both in vivo and in vitro. This 
standard of analysis is only now starting to 
be applied and should help determine 
whether, within each of the four categories 
of guidance cues, there are any qualitative 
differences in the types of guidance events 
mediated by the different families of effec- 
tors (8). For instance, are the chemorepul- 
sions mediated by netrins and by semaphor- 
ins different in any significant ways? Third, 
with the identification of guidance recep- 
tors, a major thrust will be to determine 
how guidance signals are transduced and 
translated into changes in motility and 
steering of the growth cone (120). This task 
is being facilitated by the discovery of evo- 
lutionarily conserved guidance systems, as 
complementary insights are likely to be 
gleaned from genetic analysis in inverte- 
brates and biochemical analysis in verte- 
brates. One byproduct of such studies is 
likely to be an understanding of how the 
growth cone integrates the effects of the 
different cues, attractive and repulsive, that 
it encounters at any one time, and then 
translates this information into directed 
migration. It is possible that the panoply 
of extracellular signals mediating axon 
guidance operates through a small number 
of common transduction mechanisms. Un- 
derstanding this signal transduction may 
thus in turn help illuminate the logic un- 
derlying the use of particular combina- 
tions of guidance molecules to direct spe- 
cific guidance events. Elucidating this log- 
ic remains a central goal of molecular 
studies of axon guidance. 

REFERENCES AND NOTES 

1. As reviewed by C. S. Goodman and C. J. Shatz 
[Cell 72, 77 (1993)], the formation of precise pat- 
terns of neuronal connections during development 
appears to involve the sequential operation of two 
broad sets of mechanisms: those that require elec- 
trical activity in neurons (activity-dependent) and 
those that do not (activity-independent). The events 
of growth cone guidance and target recognition 
described here rely on molecular mechanisms that 

are apparently activity-independent and that result 
in an intial pattern of projections that is largely ac- 
curate, with the exception that at the target some 
axons can make a set of connections with target 
cells that is more diffuse than is appropriate. This 
pattern of connections subsequently becomes 
more refined and highly tuned under the influence of 
the precise patterns of electrical activity in the neu- 
rons, as discussed in the accompanying review by 
L. C. Katz and C. J. Shatz [Science 274, 1133 
(1996)]. 

2. C. S. Goodman and M. Tessier-Lavigne, in Molec- 
ular and Cellular Approaches to Neural Develop- 
ment, M. Cowan, T. Jessell, S. L. Zipursky, Eds. 
(Oxford Univ. Press, New York, in press). 

3. C. M. Bate, J. Embryol. Exp. Morphol. 35, 107 
(1976); H. Keshishian and D. Bentley, Dev. Biol. 96, 
116 (1983); R. K. Ho and C. S. Goodman, Nature 
297, 404 (1982); M. Klose and D. Bentley, Science 
245, 982 (1989); D. Bentley and T. P. O'Connor, in 
The Nerve Growth Cone, P. C. Letourneau, S. B. 
Kater, E. R. Macagno, Eds. (Raven, New York, 
1992), pp. 265-282. 

4. J. Silver, Perspect. Dev. Neurobiol. 1, 227 (1993); 
P. Godement and C. A. Mason, ibid., p. 217; D. W. 
Sretavan, Curr. Opin. Neurobiol. 3, 45 (1993). 

5. C. Klambt, J. R. Jacobs, C. S. Goodman, Cell 64, 
801 (1991); G. Tear, M. Seeger, C. S. Goodrnan, 
Perspect. Dev. Neurobiol. 1, 183 (1993). 

6. S. A. Colamarino and M. Tessier-Lavigne, Annu. 
Rev. Neurosci. 18, 497 (1995). 

7. J. A. Raper, M. J. Bastiani, C. S. Goodman, Cold 
Spring Harbor Symp. Quant. Biol. 2, 587 (1983); J. 
A. Raper, M. J. Bastiani, C. S. Goodman, J. Neu- 
rosci. 4, 2329 (1984); M. J. Bastiani, J. A. Raper, C. 
S, Goodman, ibid., p. 231 1; C. S. Goodman et al., 
Science 225, 1271 (1984). 

8. The possibility has been raised that only some mol- 
ecules might be truly "attractive" or "repulsive," in 
the sense of being capable of imparting directional- 
ity to growth cones, whereas others might be purely 
"permissive" ("trophic") or "inhibitory," in the sense 
of being capable only of stimulating or inhibiting 
motility [see, for example, M. P. McKenna and J. A. 
Raper, Dev. Biol. 130, 232 (1988); A. G. S. Lums- 
den, in The Making of the Nervous System, J. G. 
Parnavelas, C. D. Stern, R. V. Stirling, Eds. (Oxford 
Univ. Press, Oxford, 1988), pp. 166-187; H. Baier 
and F. Bonhoeffer, Science 265, 1541 (1994)]. It is 
still unclear whether guidance cues definitely fall into 
these clear-cut categories, and we have therefore 
used the term "attraction" to include a range of 
permissive and attractive effects, and "repulsion" to 
include a range of inhibitory and repulsive effects. 

9. S. Ram6n y Cajal, La Cellule 9,119 (1892). 
10. A. G. Lumsden and A. M. Davies, Nature 306, 786 

(1983); ibid. 323, 538 (1986); C. D. McCaig, 
J. Physiol. 375, 39 (1986); chemoattraction of re- 
generating axons is described by T. Ebendal and C. 
0. Jacobson, Exp. Cell Res. 105,379 (1977); R. W. 
Gundersen and J. N. Barrett, Science 206, 1079 
(1979); T. Ebendal, J. Embryol. Exp. Morphol. 61, 
289 (1981). 

11. M. Tessier-Lavigne, M. Placzek, A. G. Lumsden, J. 
Dodd, T. M. Jessell, Nature 336, 775 (1988); M. 
Placzek, M. Tessier-Lavigne, T. Jessell, J. Dodd, 
Development 110, 19 (1990). 

12. C. D. Heffner, A. G. Lumsden, D. D. O'Leary, Sci- 
ence 247, 217 (1990). 

13. A. Pini, ibid. 261, 95 (1993); M. Fitzgerald, G. C. 
Kwiat, J. Middleton, A. Pini, Development 117, 
1377 (1993); A. Tamada, R. Shirasaki, F. Mu- 
rakami, Neuron 14, 1083 (1995); S. Guthrie and A. 
Pini, ibid., p. 1117; an early description of long- 
range chemorepulsion was reported by T. Ebendal, 
in Cell Behaviour, R. Bellairs, A. Curtis, G. Dunn, 
Eds. (Cambridge Univ. Press, Cambridge, UK, 
1982), pp. 281-297. 

14. S. A. Colamarino and M. Tessier-Lavigne, Cell 81, 
621 (1995). 

15. For example, P. C. Letourneau, Dev. Biol. 44, 92 
(1975). 

16. M. Abercrombie, In Vitro 6, 128 (1970). 
17. Reviewed by R. Keynes and G. Cook, Cell 62, 609 

(1990); Y. Luo and J. A. Raper, Curr. Opin. Neuro- 

SCIENCE * VOL. 274 * 15 NOVEMBER 1996 1131 

This content downloaded  on Sat, 9 Mar 2013 20:11:08 PM
All use subject to JSTOR Terms and Conditions

http://www.jstor.org/page/info/about/policies/terms.jsp


biol. 4, 648 (1994). 
18. R. J. Keynes and C. D. Stern, Natul-e 310, 786 

(1984). 
19. R. A. Oakley and K. W. Tosney, J. Neurosci. 13, 

3773 (1993). 
20. A. Wizenmann, S. Thanos, Y. von Boxberg, F. Bon- 

hoeffer, Development 117, 725 (1993). 
21. J. Fan and J. A. Raper, Neuron 14, 263 (1995). 
22, J. P. Kapfhammer and J. A. Raper, J. Neurosci. 7, 

201 (1987). 
23. A. L. Roskies and D. D. O'Leary, Science 265, 799 

(1994). 
24. E. M. Hedgecock, J. G. Culotti, D. H. Hall, Neuron 

4, 61 (1990); N. Ishii, W. G. Wadsworth, B. D. Stern, 
J. G. Culotti, E. M. Hedgecock, ibid. 9, 873 (1992); 
W. G. Wadsworth, H. Bhatt, E. M. Hedgecock, ibid. 
16, 35 (1996). 

25. T. Serafini etal., Cell 78, 409 (1994); T. E. Kennedy, 
T. Serafini, J, R. de la Torre, M. Tessier-Lavigne, 
ibid., p. 425; R. Shirasaki, A. Tarnada, R. Kat- 
sumata, F. Murakami, Neuron 14, 961 (1995). 

26. K. J. Mitchell et al., Neuron 17, 203 (1996), 
27. R. Harris, L. M. Sabatelli, M. A. Seeger, ibid., p. 

217. 
28. A. L. Kolodkin et al., ibid. 9, 831 (1992). 
29. Y. LuO, D. Raible, J. A. Raper, Cell 75, 217 (1993). 
30, A. L. Kolodkin, D. J. Matthes, C. S. Goodmnan, ibid., 

p. 1389. 
31. E. K. Messersrnith et al., Neuron 14, 949 (1995). 
32. A. W. Puschel, R. H. Adams, H. Betz, ibid., p. 941, 
33, Y. Luo etal- ibid., p. 1131. 
34. D. J. Matthes, H, Sink, A. L. Kolodkin, C. S. Good- 

man, Cell 81, 631 (1995). 
35. B. Wehrle and M. Chiquet, Development 110, 401 

(1990); A. Faissner and J. Kruse, Neuron 5, 627 
(1990); G. Mukhopadhyay, P. Doherty, F. S. Walsh, 
P. R. Crocker, M. T. Filbin, ibid. 13, 757 (1994); L. 
McKerracher et al., ibid., p. 805. 

36. A. Nose, M. Takeichi, C. S. Goodman, Neuron 13, 
525 (1994); A. Nose, T. Umneda, M. Takeichi, per- 
sonal communication. 

37. C. S. Goodmnan, Cell 78, 353 (1994). 
38. Reviewed by U. Rutishauser, Curr. Opin. Neul-obiol. 

3, 709 (1993); G. M. Edelman, Cell Adhes. Com- 
mun. 1, 1 (1993); M. Takeichi, Curr. Opin. Cell Biol. 
7, 619 (1995). 

39. B. A. Cunningham et al., Science 236, 799 (1987); 
K, Hatta, A. Nose, A. Nagafuchi, M. Takeichi, J. Cell 
Biol. 106, 873 (1988). 

40. T, B. Kuhn, E. T. Stoeckli, M. A. Condrau, F. G. 
Rathjen, P. Sonderegger, J. Cell Biol. 115, 1113 
(1991); T. Brummendorf et al., Neuron 10, 711 
(1993); G. Morales et al., ibid. 11, 1 1 13 (1993); C. 
Rader et al., Eir. J. Biochem. 21 5, 1 33 (1 993); D. P. 
Felsenfeld, M. A. Hynes, K. M. Skoler, A. J. Furley, 
T. M. Jessell, Neuron 12, 675 (1994); C. Murphy- 
Erdosh, C. K, Yoshida, N. Paradies, L. F. Reichardt, 
J. Cell Biol. 129, 1379 (1995); A. P. DeBernardo 
and S. Chang, ibid. 133, 657 (1996); A. M. P. Mont- 
gomnery et al., ibid. 132, 475 (1996). 

41. M. Grurnet, D. R. Friedlander, G. M. Edelman, Cell 
Adhes. CommLn. 1, 177 (1993); E. Taira, N. Ta- 
kaha, H. Taniura, C. H. Kim, N. Miki, Neuron 12, 
861 (1994); U. Norenberg, H. Wille, J. M. Wolff, R. 
Frank, F. G. Rathjen, ibid. 8, 849 (1992); A. H. Zisch 
etal., J. Cell. Biol. 119, 203 (1992); P. Pesheva, G. 
Gennarini, C. Goridis, M. Schachner, Neuron 10, 
69 (1993). 

42. D. E. Krantz and S. L. Zipursky, EMBO J. 9, 1969 
(1 990). 

43. A. Nose, V. B. Mahajan, C. S. Goodmnan, Cell 70, 
553 (1992). 

44. K. Zinn, L. McAllister, C. S. Goodman, ibid. 53, 577 
(1988); T. Elkins, M. Hortsch, A. J. Bieber, P. M. 
Snow, C. S. Goodman, J. Cell Biol. 110, 1825 
(1990); S. Takeshita, R. Kikuno, K. Tazuka, E. 
Amann, Biochem. J. 294, 271 (1993). 

45. P. Bellosta, M. Costa, D. A. Lin, C. Basilico, Mol. 
Cell. Biol. 15, 614 (1995); G. C. Zondag et al., 
J. Biol. Chem. 270, 14247 (1995). 

46. T. Elkins, K. Zinn, L. McAllister, F. M. Hoffmann, C. 
S. Goodman, Cell 60, 565 (1990); P. F. Maness, C. 
G. Shores, M. lgnelzi, Adv. Exp. Med. Biol. 265, 117 
(1990); J. L. Bixby and P. Jhabvala, J. Neurosci. 13, 
3421 (1 993); E. J. Williams, J. Furness, F. S. Walsh, 

P. Doherty, Neuron 13, 583 (1994); Development 
120, 1685 (1994); P. Doherty and F. S. Walsh, CL/-r. 
Opin. Neurobiol. 4, 49 (1994); J. L. Bixby, G. B. 
Grunwald, R. J. Bookman, J. Cell Biol. 127, 1461 
(1994); H. E. Beggs, P. Soriano, P. F. Maness, ibid., 
p. 825; M. Igneizi Jr., D. R. Miller, P. Soriano, P. F. 
Maness, Neuron 12, 873 (1994); E. J. Williams, B. 
Mittal, F. S. Walsh, P. Doherty, Mol. Cell. Neurosci, 
6, 69 (1995); L. Garcia-Alonso, M. F. VanBerkurn, 
G. Grenningloh, C. Schuster, C. S. Goodmnan, 
Proc. Natl. Acad. Sci. U.S.A. 92, 10501 (1995); S. 
G. Klinz, M. Schachner, P. F. Maness, J. Neuro- 
chem. 65, 84 (1995); S. Kunz, U. Ziegler, B. Kunz, 
P. Sonderegger, J. Cell Biol. 135, 253 (1996). 

47. LAMP; A. F. Pimenta et al., Neuron 15, 287 (1995); V. 
Zhukareva and P. Levitt, Development 121, 1161 
(1995); IRREC: T. Schneider et al. Neuron 15, 259 
(1995); R. G. Ramosetal., Genes Dev. 7, 2533 (1993). 

48. M. Jouet, A. Rosenthal, J. MacFarlane, S. Kenwrick, 
D. Donnai, Nature Genet. 4, 331 (1993); L. Vits etal,, 
ibid. 7, 408 (1994); M. Jouet et al., ibid., p. 402. 

49. Reviewed by C. Basilico and D. Moscatelli, Adv. 
CancerlRes. 59, 115 (1992). 

50. S. McFarlane, L. McNeill, C. E. Holt, Neuron 15, 
1017 (1995); S. McFarlane, E. Cornel, E. Amaya, C. 
E. Holt, ibid. 17, 245 (1996). 

51. Reviewed by M. Barbacid, Curr. Opin. Cell Biol. 7, 
148 (1995). 

52. G. W. Hoyle, E. H. Mercer, R. D. Palrniter, R. L. 
Brinster, Neuron 10, 1019 (1993). 

53. W. M. ElShamy, S. Linnarsson, K. F. Lee, R. Jae- 
nisch, P. Ernfors, Development 122, 491 (1996). 

54. For examnple, S. Cohen-Cory and S. E. Fraser, Na- 
tLure 378,192 (1995); reviewed by Katz and Shatz in 
(1) and by W. D. Snider, Cell 77, 627 (1994); T. E. 
Kennedy and M. Tessier-Lavigne, Curr. Opi/n NeLl- 
robiol. 5, 83 (1995). 

55. C. A. Callahan, M. G. Muralidhar, S. E. Lundgren, A. 
L. Scully, J. B. Thomas, Nature 376, 171 (1995). 

56. P. van der Geer, T. Hunter, R. A. Lindberg, Annu. 
Rev. Cell Biol. 10, 251 (1994); A. Pandey, R. A. 
Lindberg, V. M. Dixit, Curr. Biol. 5, 986 (1995); N. 
W. Gale et al., Neuron 17, 9 (1996). 

57. M. Tessier-Lavigne, Cell 82, 345 (1995). 
58. J. W. Winslow et al., Neuron 14, 973 (1995). 
59. L. Meir-na et al., Eur. J. Neurosci., in press. 
60. U. Drescher et al., Cell 82, 359 (1995). 
61. H. J. Cheng, M. Nakamnoto, A. D. Bergemann, J. G. 

Flanagan, ibid., p. 371. 
62. M. Nakamnoto et al. ibid. 86, 755 (1996). 
63. B. Monschau et al., EMBO J., in press. 
64. P.-P. Gao et al., Proc. Natl. Acad. Sci. U.S.A. 93, 

11161 (1996); J.-H. Zhang, D. P. Cerretti, T. Yu, J, 
G. Flanagan, R. Zhou, J. Neurosci. 16, 7182 (1996). 

65. S. Park, J. Frisen, M. Barbacid, personal 
cornmUnication. 

66. M. Henkemeyer etal., Cell 86, 35 (1996); D. Orioli, 
M. Henkemneyer, G. Lemke, R. Klein, T. Pawson, 
EMBO J., in press; S. J. Holland etal., Nature 383, 
722 (1996); K. Brueckner, E. B. Pasquale, R. 
Klein, personal communication. 

67. C. J. Desai, J. Gindhatl Jr., L. S. Goldstein, K. Zinn, 
Cell 84, 599 (1996); N. X. Krueger etal., ibid., p. 61 1. 

68. E. Peles et al., ibid. 82, 251 (1995). 
69. Reviewed by A. D. Lander, Mol. Neurobiol. 1, 213 

(1987); J. L. Bixby and W. A. Harris, Annu. Rev. Cell 
Biol. 7, 117 (1991); R. 0. Hynes and A. D. Lander, 
Cell 68, 303 (1992); M. Schachner, J. Taylor, U. 
Bartsch, P. Pesheva, Perspect. Dev. Neurobiol. 2, 
33 (1994). 

70. L. F. Reichardt and K. J. Tomaselli, Annu. Rev. 
Neurosci. 14, 531 (1991). 

71. D. M. Snow, V. Lemmon, D. A. Carrino, A. I. 
Caplan, J. Silver, Exp. Neurol. 109, 111 (1990). 

72. L. Garcia-Alonso, R. D. Fetter, C. S. Goodman, 
Development 122, 2611(1996). 

73. A. Lilienbaum, A. A. Reszka, A. F. Horwitz, C. E. 
Holt, Mol. Cell. Neurosci. 6, 139 (1995). 

74. B. Franco etal., Nature 353, 529 (1991); R. Legouis 
etal., Cell 67, 423 (1991). The biochemical proper- 
ties of the KAL 1 gene product [N. Soussiyanicostas 
et al., J. Cell Sci. 109, 1749 (1996); E. I. Rugarli, C. 
Ghezzi, V. Valsecchi, A. Ballabio, Hum. Mol. Genet. 
5, 1109 (1996)] are not unlike those of the netrin and 
secreted semaphorin proteins (25, 29-34), SUg- 

gesting that it might function as a chemoattractant 
or chemorepellent. 

75. Reviewed by J. G. Culotti, A. L. Kolodkin, Cur-. 
Opin. Neurobiol. 6, 81 (1996). 

76. S. S.-Y. Chan et al., Cell 87, 187 (1996). 
77. K. Keino-Masu et al., ibid., p. 175. 
78. P. A. Kolodziej et al., ibid., p. 197. 
79, C. Leung-Hagesteijn et al., ibid. 71, 289 (1992); M. 

Hamelin, Y. Zhou, M. W. Su, I. M. Scott, J. G. 
Culotti, Nature 364, 327 (1993). 

80. There are at least 3 semaphorins in Drosophila, 2 in 
C. elegans, 5 in chick, 7 in mouse, and 10 in human 
[(28-34); P. Roy, Y. Kohara, J. Culotti, personal 
communication; Y. Sekido et al., Proc. Natl. Acad. 
Sci. U.S.A. 93, 4120 (1996); S. Baumgartner and A. 
L. Kolodkin, personal communication; and unpub- 
lished analysis of the dbest database]. 

81, At least three semaphorins are encoded in viral 
genomes [(30) and NIH database]. 

82, A. W. Puschel, R. H. Adams, H. Betz, Mol. Cell. 
Neurosci. 7, 419 (1996); 0. Behar et al., Nature 
383, 525 (1996). 

83. J. Wong, W. Yu, T. O'Connor, personal communication. 
84. T. Serafini et al., Cell, in press. 
85. A. Fazeli et al., unpublished observations. 
86. For example, E. T. Stoeckli, U. Ziegler, A. J. Bleiker, 

P. Groscurth, Dev. Biol. 177, 15 (1996); A. Buch- 
staller et al., J. Cell Biol_ in press, 

87. H. Hu and U. Rutishauser, Neuron 16, 933 (1996); 
R. Shirasaki, C. Mirzayan, M. Tessier-Lavigne, F. 
Murakami, ibid., in press; A. Tucker, A. Varela- 
Echavarria, A. W. Puschel, S. Guthrie, personal 
communication. 

88. E. T. Stoeckli and L. T. Landmesser, ibid. 14, 1165 
(1995). 

89. D. M. Suter et al., J. Cell Biol. 131, 1067 (1995). 
90. E. Stoeckli, P. Sonderegger, G. E. Pollerberg, L. T. 

Landmnesser, personal communication. 
91. J. Dodd, S. B. Morton, D. Karagogeos, M. 

Yamamoto, T. M. Jessell, Neuron 1, 105 (1988). 
92. M. Seeger, G. Tear, D. Ferres-Marco, C. S. Good- 

man, ibid. 10, 409 (1993). 
93. T. Kidd, K. J. Mitchell, C. S. Goodman, G. Tear, 

unpublished observations. 
94. G. Tear et al., Neuron 16, 501 (1996). 
95. M. J. Bastiani, A, L. Harrelson, P. M. Snow, C. S. 

Goodman, Cell 48, 745 (1987). 
96. D. E. Hall, K, M. Neugebauer, L. F. Reichardt, J. Cell 

Biol. 104, 623 (1987); J. Cohen, V. Nurcombe, P. 
Jeffrey, D. Edgar, Development 107, 381 (1989); I. 
de Curtis, V. Quaranta, R. N. Tamura, L. F. 
Reichardt, J. Cell Biol. 113, 405 (1991). 

97. A. L. Harrelson and C. S. Goodman, Science 242, 
700 (1988); G. Grenningloh et al., Cold Spring Har- 
bor Symp. Quant. Biol. 55, 327 (1990). 

98. G. Grenningloh, E. J. Rehrm, C. S. Goodman, Ce// 
67, 45 (1991). 

99. D. M. Lin, R. D. Fetter, C. Kopczynski, G. Grennin- 
gloh, C. S. Goodman, NeuL-on 13, 1055 (1994). 

100. U. Rutishauser, Semin. Neurosci. 3,265(1991); P. 
A. Brittis, V. Lemmon, U. Rutishauser, J. Silver, 
Mol. Cell. Neurosci. 6, 433 (1995). 

101. J. Tang, L. Landmesser, U. Rutishauser, Neuron 8, 
1031 (1992); J. Tang, U. Rutishauser, L. Land- 
messer, ibid. 13, 405 (1994). 

102. U. Rutishauser, A. Acheson, A. K. Hall, D. M. Mann, 
J. Sunshine, Science 240, 53 (1988); P. Yang, D. 
Major, U. Rutishauser, J. Biol. Chem. 269, 23039 
(1994); U. Rutishauser and L. Landmesser, Trends 
Neurosci. 19, 422 (1996). 

103. A role for PSA in modulating cell-cell adhesion is 
also supported by studies on defects in cell migra- 
tion associated with loss of NCAM and PSA func- 
tion [K. Ono, H. Tomasiewicz, T. Magnuson, U. 
Rutishauser, Neuron 13, 595 (1994)). 

104. D. V. Vactor, H. Sink, D. Fambrough, R. Tsoo, C. S. 
Goodman, Cell 73, 1137 (1993). 

105. D. M. Lin and C. S. Goodman, Neuron 13, 507 
(1994). 

106. D. Fambrough and C. S. Goodman, Cell, in press. 
107. H. Sink and C. S. Goodman, Soc. NVeuL-osci. Abstr. 

20, 1283 (1994). 
108. Reviewed by C. E. Holt and W. A. Harris, J. Neur-o- 

biol. 24, 1400 (1993); Z. Kaprielian and P. H. Patter- 
son , BioEssays 16 ,1 (1994) . 

1132 SCIENCE * VOL. 274 * 15 NOVEMBER 199( 

This content downloaded  on Sat, 9 Mar 2013 20:11:08 PM
All use subject to JSTOR Terms and Conditions

http://www.jstor.org/page/info/about/policies/terms.jsp


7---- ARTICLES 
109. R. W. Sperry, Proc. Natl. Acad. Sci. U.S.A. 50, 703 

(1963). 
110. A. Gierer, Development 101, 479 (1987). 
111. F. Bonhoeffer and J. Huf, Nature 288, 162 (1980); 

EMBO J. 1, 427 (1982); Nature 315, 409 (1985). 
112. J. Walter, B. Kern-Veits, J. Huf, B. Stolze, F. Bon- 

hoeffer, Development 101, 685 (1987); J. Walter, S. 
Henke-Fahle, F. Bonhoeffer, ibid., p. 909. 

113. E. C. Cox, B. Muller, F. Bonhoeffer, Neuron 4, 31 
(1 990). 

114. H. Baier and F. Bonhoeffer, Science 255, 472 
(1992). 

115. H. Nakamura and D. D. O'Leary, J. Neurosci. 9, 
3776 (1989). 

116. M. Yamagata and J. R. Sanes, Development 121, 
189 (1995). 

117. E. E. Ball, R. K. Ho, C. S. Goodman, J. Neurosci. 5, 

1808 (1985); H. Sink and P. M. Whitington, Devel- 
opment 113, 701 (1991); S. Cash, A. Chiba, H. 
Keshishian, J. Neurosci. 12, 2051 (1992); A. Chiba, 
H. Hing, S. Cash, H. Keshishian, ibid. 13, 714 
(1993). 

118. A. Chiba, P. Snow, H. Keshishian, Y. Hotta, Nature 
374,166(1995). 

119. J. Dodd and T. M. Jessell, Science 242, 692 
(1988). 

120. Recent studies on signal transduction mecha- 
nisms in axon guidance include (46) and J. R. 
Atashi et al., Neuron 8, 831 (1992); W. Li, R. K. 
Herman, J. E. Shaw, Genetics 132, 675 (1992); T. 
P. O'Connor and D. Bentley, J. Cell Biol. 123, 935 
(1993); D. Y. Wu and D. J. Goldberg, ibid., p. 653; 
L. Aigneretal., Cell 83, 269 (1995); H. Y. Chang et 
al., Nature 376, 686 (1995); Y. Goshima, F. Naka- 

mura, P. Strittmatter, S. M. Strittmatter, ibid., p. 
509; S. M. Strittmatter, C. Fankhauser, P. L. 
Huang, H. Mashimo, M. C. Fishman, Cell 80, 445 
(1995); E. Tanaka and J. Sabry, ibid. 83, 171 
(1995); M. F. VanBerkum and C. S. Goodman, 
Neuron 14, 43 (1995); P. A. Garrity et al., Cell 85, 
639 (1996). 

121. We thank K. Brose, C. Bargmann, and T. Serfini for 
thoughtful comments on the manuscript; L. Bauer 
for help with manuscript preparation; and many 
colleagues both within our laboratories and around 
the world who have discussed many of the ideas 
presented here or who have allowed us to refer to 
their unpublished results. Supported by NIH grants 
to M.T.-L. and C.S.G. M.T.-L. is an Assistant Inves- 
tigator and C.S.G. is an Investigator with the 
Howard Hughes Medical Institute. 

Synaptic Activity and the 
Construction of Cortical 

Circuits 
L. C. Katz* and C. J. Shatz 

Vision is critical for the functional and structural maturation of connections in the mam- 
malian visual system. Visual experience, however, is a subset of a more general re- 
quirement for neural activity in transforming immature circuits into the organized con- 
nections that subserve adult brain function. Early in development, internally generated 
spontaneous activity sculpts circuits on the basis of the brain's "best guess" at the initial 
configuration of connections necessary for function and survival. With maturation of the 
sense organs, the developing brain relies less on spontaneous activity and increasingly 
on sensory experience. The sequential combination of spontaneously generated and 
experience-dependent neural activity endows the brain with an ongoing ability to ac- 
commodate to dynamically changing inputs during development and throughout life. 

The mammalian central nervous system 
relies on precise synaptic circuits to func- 
tion correctly. These circuits are assembled 
during development by the formation of 
synaptic connections between hundreds of 
thousands of neurons. Although molecular 
interactions direct the early formation of 
circuitry (1, 2), this initial patterning is 
followed by a prolonged period during 
which massive numbers of new synapses are 
added. In this review, we consider how 
neuronal activity, by guiding synapse forma- 
tion, elimination, and rearrangements, es- 
tablishes adult patterns of connectivity and 
function. We argue that sensory experience, 
which historically has been viewed as the 
strongest force guiding circuit formation, is 
actually a special case of a more general role 
for neural activity, much of which can be 
L. C. Katz is with the Howard Hughes Medical Institute 
and the Department of Neurobiology, Duke University 
Medical Center, Durham, NC 27710, USA. C. J. Shatz is 
with the Howard Hughes Medical Institute and the Divi- 
sion of Neurobiology, Department of Molecular and Cell 
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generated spontaneously. We then examine 
possible mechanisms by which patterns of 
activity-either spontaneous or evoked by 
sensory experience- can be translated into 
patterns of synaptic connections. 

Sensory Experience and Circuit 
Formation in the Visual System 

The role of sensory experience in the for- 
mation of neural circuits has been most 
thoroughly studied in the mammalian visu- 
al system. Most current concepts are based 
on the development of ocular dominance 
columns in the visual cortex. In carnivores 
and primates, thalamic inputs to the cortex 
arising from the lateral geniculate nucleus 
(LGN) segregate by eye within cortical lay- 
er 4 into a series of alternating stripes. 
These eye-specific stripes form the structur- 
al basis for the functionally defined system 
of ocular dominance columns that span all 
cortical layers. Early in development, ocular 
dominance stripes in layer 4 are absent 
(3-5). The LGN axons representing each 
eye are sparse and simple and overlap with- 
in layer 4. By the addition of large numbers 

of branches and synapses within the appro- 
priate regions and elimination of the sparse 
collaterals initially present within inappro- 
priate regions, LGN axon arbors gradually 
form dense, eye-specific patches (Fig. 1) 
(6). These anatomical rearrangements of 
the presynaptic axons are accompanied 
functionally by a corresponding change in 
the synaptic physiology of layer 4 neurons 
(7), the majority of which are initially ac- 
tivated by stimuli presented to either eye 
but finally come to respond to visual stim- 
ulation through one eye only. 

The classic experiments of Hubel and 
Wiesel demonstrated the important role of 
visual experience in determining the orga- 
nization of ocular dominance columns (8, 
9). If one eye is deprived, even temporarily, 
of vision by eyelid closure for several weeks 
in neonatal life, then most of the mature 
visual cortical neurons are responsive only 
to stimuli presented to the eye that re- 
mained open. Within layer 4, early eye 
closure greatly enlarges the patches of input 
from LGN axons representing the open eye, 
whereas those representing the closed eye 
are relegated to very small regions (9, 10). 

Local cortical circuits undergo similar an- 
atomical rearrangements under the influence 
of sensory input. In cats, eye closure between 
6 months and 1 year of age produces physi- 
ological shifts in the cortex's ocular domi- 
nance profile, but no anatomical change in 
the organization of LGN axon terminals (I 1, 
12). This implies that local connections- 
perhaps those between layer 4 and layer 
2/3-remain plastic considerably longer 
than the longer range connections from the 
thalamus. In addition, local horizontal con- 
nections of pyramidal neurons in cortical 
layers 2 and 3, which in the adult cortex 
form periodic clusters of branches that link 
columns of similar orientation preference, 
can be altered in response to visual input 
[reviewed in (13)]: Prolonged visual depriva- 
tion results in the formation of large, poorly 
organized clusters (14). The clustering of 
horizontal connections can be altered by 
inducing strabismus, which prevents cortical 
neurons from receiving simultaneous inputs 
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