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We met in Madrid in May of 1998 to discuss how the brain gets wired up. Specificity in 
nervous system wiring unfolds in a series of overlapping developmental steps. Neuronal growth 
eones navigate specific pathways and choice points. They fmd and recognize their correct targets 
and make initial pattems of stereotyped synaptic connections. The pattem and strength of these 
synapses is then refined, remodeled, and adjusted during development, a process that continues 
throughout 1ife. Our Workshop reviewed progress iil all ofthese areas, including the discovery 
of molecules, the elucidation of mechanisrns, and the overall sophistication with which the field 
now approaches these questions. 

A common coffee break topic was to marvel at just how far the field has come since we 
last met five years ago in Cuenca in 1993. Cuenca represented a transition from the cellular leve! 
of analysis of the 1980's as we ushered in the molecular genetic analysis of the 1990's. During 
the 1980's, specificity was defi.ned, simple model systems explored, and a diversity of molecules 
and mechanisms implicated. lt was a decade of clever in vivo and in vitro manipulations, from 
transplants and ablations to stripes and collagen gel assays. Elegant stories emerged conceming 
the development of motoneuron projections, retinotectal topography, other sensory projections, 
projections to and from the cortex, spinal cord wiring, and a variety of axon projections in flies 
and worms. We carne to realize that repulsion is just as important as attraction, that guidance 
cues can work at lortg-range as well as short-range, and that guidance and connectivity are based 
on more than differential cell adhesion. 

The either/or argurnents of activity-independence vs. activity-dependence gave way to a 
perspective in which both mechanisrns work in concert to construct the nervous system. 
Beautiful examples emerged showing just what activity does and does not normally do in 
patteming and refining connections. In short, during the 1980's, the dust settled on sorne ofthe 
old arguments in the field, and we got down to the hard work of trying to discover how nervous 
systems are actually constructed. As the 1990's approached, a variety of laboratories headed off 
in search of guidance and connectivity mo1ecules, sorne using in vitro assays and biochemical 
approaches, while others took an in vivo genetic approach. Other laboratories used imaging and 
biophysical methods to further explore the mechanisms and roles of pattemed activity. 

What emerged at Cuenca in 1993 was that all of these approaches were beginning to pay 
off with great success. We heard about the discoveries of a variety of new IgCAMs and other 
cell adhesion molecules. Having heard for over a decade about what CAMs might be capable of 
doing, we finally started to hear what they actually do in the developing organism. We heard the 
further details of many different repulsion assays, and the characterization of a variety of 
activities and factors. The structure of the first growth cone collapse molecule -- Collapsin in 
chick - was announced, and it was shown to be highly re1ated to a recently described and 
otherwise novel guidance molecule - Fasciclin IV in grasshopper. Related molecules were 
known in flies, and were just being discovered in humans. Within a few months, papers were 
published suggesting that both of these proteins were members of a broader family of molecules, 
called the Semaphorins, that were conserved across phylogeny. In the wind was the ongoing 
purification of the floor plate factor, which emerged one year later as the discovery of the 
Netrins, and their homology. to UNC-6 in nematode. The genetic analysis in worms, with the 
interactions of unc-6 with unc-5 and unc-40, suggested candidate receptors for the Netrins in 
mammals. That too would emerge between Cuenca and Madrid. Topography was still in search 
of its first molecules - the relevan ce of the Ephrins and Eph receptors in this process were still a 
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few years off. On the activity front, the first signs were starting to emerge that not all 
neurotrophins were functionally identical to NGF, and that sorne might do more than simply 
control cell survival. 

What has happened since Cuenca? lt was striking in Madrid in 1998 to see the ways in 
which our field has grown up, dug in, and begun to· explore molecular mechanisms in a deeper 
and more biologically meaningful fashion. The field's assays and approaches have shifted 
towards more relevant ones. In the early 1990's, the dominant in vitro assays were based on 
simple neurite outgrowth; by 1998, many labs seemed to be using more relevant assays that 
provided choice and context, including both stripe and collagen gel matrix assays, and the use of 
transfected cells producing defmed molecules. On the in vivo front, more people were using 
genetic or other molecular perturbations. Conditional genetic manipulations were just beginning 
to infiltrate our field. 

In 1993 we knew that guidance could either be attractive or repulsive. By 1998 we had 
realized that most guidance decisions were not either one or the other, and were not based on a 
single molecule or mechanism, but rather that at most choice points, growth eones measure the 
relative balance of attractive and repulsive forces and respond accordingly. Names such as 
Netrins, Semaphorins, and Ephrins, and sorne of their receptors were household words that no 
Jonger needed introduction. At the same time, sorne new molecules emerged - for example, the 
Slits and Robos. And intriguing transgenic results compelled us to consider that olfactory 
receptors led a double life in vertebrates, playing a role in guidance prior to their role in smell. 

One theme of the meeting was the notion that changes in growth cone responsiveness are 
an important feature of the dynarnic nature of guidance decisions. Growth eones in vivo can 
change their guidance receptors (either the levels or functions of these receptors) and thereby 
their responsiveness; in vitro, changes in second messenger systems and other associated proteins 
were shown to Iead to dramatic changes in responsiveness. Sorne molecules that we thought 
functioned in repulsion can also function in attraction, and sorne that we thought were involved 
only in attraction can also function in repulsion. Detailed analysis in a number of well-known 
mode1 systems, from the rnidline to motoneurons and from retina! to olfactory topography, 
showed us that guidance and targeting are not built with the principie one molecule/one choice or 
one molecule/one synapse. Knock-outs and knock-ins showed fascinating phenotypes, but rarely 
the simplest growth cone behaviors that would be predicted if single molecules controlled single 
guidance or connectivity decisions. Other systems, such as cortical and hippocampal 
connections, are just beginning to be explored, and appear to use many of these same molecules 
and principies. 

In 1993, we heard about the fust wave of new molecules, whereas in 1998 we beard abriut ::: 
more members ofthose gene families, and sorne new gene families as well. The next fr~~Úe~ · ¡~ ' I · 
integration and signa! transduction, that is, dissectirig how growth eones decipher and inte~t~ " 
all of the conflicting signals impinging on them, and translate them into meaningful gui~;wce ·,; 
decisions. In 1998, a genetic analysis in Drosophila gave us our first glimpse of how guidaflce 
receptors might hook into local actin polymerization and depolymerization via adapter proteins 
(such as Dock) and small GTPases (such as cdc42). Five years from now, we'll no doubt have 
shed our innocence and joined the rest of cell biology in the morass of intersecting and 
intertwined signaling systems, hoping to understand how growth eones make decisions. 
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Synapse formation continues to be most elegantly dissected, in terms of cellular 

mechanisms and manipulations, at the neuromuscular jllllction. Although we know a great deal 

about the molecules that control receptor localization and gene expression, we are still in search 

of molecular mechanisms that control who wins and who loses during the process of synaptic 

refmement. One ofthe neurotrophins, BDNF, was shown to play an essential role in one form of 

synaptic plasticity in the adult, although it is still llllknown how this and presurnably other 

molecules control the developmental remodeling of synapses. 

One principie that emerged in 1998 was the remarkable degree to which a variety of 

circuits generate their own bursting activity during development. First seen in the form of the 

retina! waves, and now extended to brain circuits throughout the visual pathway, such 

phenomena were shown for motoneurons in the spinal cord as well. Moreover, these patterns of 

electrical activity in the embryo have their own special biophysical and neurochemical properties 

that point to them being a llllique and transient mechanism. We heard ofthe first successes using 

molecular methods to discover genes whose expression is turned on by activity. One of these 

activity-dependent genes, MHC, is particularly intriguing given how it functions in the immlllle 

system. 

Interestingly, the temporal separation of activity-independent and activity-dependent 

mechanisms became further blurred. First the field leamed that activity is likely to control 

synaptic growth and retraction by calling forth the same sorts of molecular mechanisms that 

function during activity-independent phases of development. Moreover, a beautiful example was 

described in which activity was shown to be necessary for an otherwise activity-independent 

process of axon defasciculation and selective refasciculation of motor axons. 

Where will we be in 2003 when our commllllity meets again for its S year progress 

report? Obviously, we'll have more molecules and a deeper llllderstanding of mechanisms, 

particularly in terms of signa! transduction, cytoskeletal changes, gene expression, and cell-cell 

interactions. W e might even know (perhaps not in the fui! biblical sense, but nevertheless at 

sorne textbook leve!) how sorne guidance and connectivity decisions are made in the organism. 

But no doubt, we will see sorne additional transitions in our thinking and analysis, sorne 

predictable, and others not. For example, whereas the 1990's will have been the decade in which 

we embraced the remarkable conservation in gene structure and function across species, the next 

decade is likely to see us focus on the differences. The evolution ofbehavior must have its roots 

in specific changes in circuitry, and such differences in connectivity must have their basis in 

changes in the expression of guidance and connectivity molecules. Having learned that all 

organisms use the same molecules and mechanisms for wiring (and having exploited this 

conservation to learn how they function), the next challenge will be to discover how subtle 

diffefences in the expression ofthese molecules controls the evolution ofbrain and behavior. 
¿• ,. 

Corey 'Goodman 
Robeit'o)Gallego 

) ' j . .. . 

¡ , 
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MOLECULAR MECHANISMS OF COMMISSURAL AXON 
PATHFINDING 

Dept. of Integrative Biology, University of Basel, Rhe insprung 9, CH-4051 Basel, 

Switzerland 

The establishment of a functional nervous system crucially depends on the 

correct wiring of its individual parts. Thus, during embryonic development 

growing axons have to navigate through the preexisting tissue to find their way 

to and form stable contacts with their target cells. Hany different families of 

molecules have been suggested to have a role as guidance cues for developing 

axons. The current hypothesis propases that axons are guided by both long-range 

and short-range guidance cues which can be either attractive or repulsive (for a 

review see Tessier-Lavigne and Goodman, 1996) . One of the best characterized 

model systems for growth cone guidance are the commissural axons in the 

embryonic chicken spinal cord . Commissural neurons are located in the dorsal 

half of the spinal cord, close to the dorsal root entry zone . They extend their 

axons ventro-medially toward the floor plate . After crossing the midline they 

turn rostrally into the longitudinal axis along the contralateral border of the 

floor plate. 

Long-ranqe as well as short-ranqe guidance cues for commissural axons have been 

identified in both in vivo and in vitro studies (for a recent review see 

Stoeckli and Landmesser, 1998). It has been shown that the floor plate produces 

a long-range guidance cue, netrin-1, which is a chemoattractant for commissural 

axons (Kennedy et al., 1994; Serafini et al ., 1994 and 1996). While netrin-1 is 

outlining the target for commissural axons, molecules of the immunoglobulin (lg) 

superfamily of cell adhesion molecules (CAHs) appear to serve as a track for the 

axons to reach their target. In an in vivo ·study, axonin-1 and NrCAH, two 

members of the of the lg superfamily of CAHs, were shown to be .. important for the 

guidance of commissural growth eones across the midlirie (Stoeckli and 

Landmesser, 1995) . If axonin-1 and NrCAH interactions were perturbed by 

injection of function-blocking antibodies or soluble axonin-1 into the central 

canal of the spinal cord in ovo, commissural axons turned into the longitudinal 

axis prematurely along the ipsilateral border of the floor plate. 

A more detailed analysis of the mechanisms by which axonin-1 and NrCAH are 

guiding axons across the midline in vitre revealed a perturbation of growth 

cone/floor plate contacts in the absence of axonin-1 and NrCAH interactions 

(Stoeckli et al., 1997). Time lapse recordi ngs of commissural growth eones 

contacting floor-plate cells in control cultures and in the presence of anti

axonin-1 or anti-NrCAH antibodies suggested that interactions of axonin-1 and 

NrCAH mask a collapse-inducing activity of the floor plate. Thus, a balance 

between positive and negative signals appears to determine the behavior of 

commissural axons at the midline. The same conclusions were drawn from studies 

in Drosophila, where a balance between Roundabout and Commissureless was found 

to be crucial for the correct formation "of commissures in the central nerve cord 

(Kidd et al . , 1998a and b) . 

References 
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MECHANISMS OF AXON GUIDANCE lN THE HINDBRAIN 

Fujio Murakami 

Laboratory of Neuroscience, Division of Biophysical Engineering, Graduate School of 

Engineering Science, Osaka University, Machikaneyama 1-3, Toyonaka, Osaka 560-

8531,Japan 

The early pattem of the neuronal circuit in the vertebrate neural tu be is composed of an 

orthogonal arra y of axonal tracts extending along circumferential and longitudinal axes. 

One major component that gives rise to the circumferentialy as well as longitudinally 

growing axons is commissural axons originating rrom the alar plate. Diffusible 

molecules secreted by the floor plate at the ventral midline of the neural tu be appear to 

provide key signals for organizing neural patteming during development, by directing 

ventrally growing circurnferential axons (1, 2, 3, 4). Moreover, chernotropic guidance 

by the floor plate, initially discovered in the spinal cord (4), has been extended to all 

axiallevels where floor plate cells are present (2,3). At the molecular leve!, netrin-1 

appears to be a key rnolecule in guiding ventrally directed axons (5, 6, 7). 

The rnechanisrns that allow the growth of cornmissural axons across the floor 

plate has remained less clear. An intriguing possibility is that growth eones alter their 

responsiveness to a floor plate-derived chemoattractant when they encounter floor plate 

cells, enabling thern to navigate beyond the floor plate. We tested this possibility using 

an in vitro preparation that reproduces the crossing of the midline floor pi ate by the 

cerebellar plate (CP) axons. When a strip ofthe rostral metencephalon that included the 

entire circumferential trajectory ofCP ax~ns was cultured alone in collagen gel, axons 

originating from the CP grew across the midline floor plate to extend contralaterally. A 

floor plate explant was then juxtaposed to the metencephalic strip on one side, and the 

behavior ofCP axons was examined by implanting the fluorescent tracer Dil into the 

CP contralateral to the explant, to test whether or not CP axons, after they ha ve crossed 

the floor plate, are attracted by an ectopic floor plate explant. Under such conditions, 
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CP rucons which had crossed the midline floor plate did not show directed growth 

toward the ectopic floor plate explant (8). 

After crossing the floor plate, commissural axons at all axiallevels from the 

spinal cord to the mesencephalon abruptly change their growth direction to extend 

longitudinally (ref. 1, for example). The changes in growth cone responsiveness to 

guidance cues as described here might explain why commissural axons can grow along 

the longitudinal axis only on the contralateral side, despite the existence of identical 

ipsilateral cues. In addition, growth cone encounters with their intermediate targets 

might also cause sensitization of growing axons to subsequently encountered cues that 

guide them to their final destinations. 
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chemotropic factors for commissural axons in the embryonic spinal cord. Cell 78 : 

425-435 

6. Serafini T, Kennedy TE, Galko MJ, et al (1994) The netrins define a family of axon 

outgrowth-promoting proteins homologous to C. elegans UNC-6. Cell 78: 409-424 
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7. Serafini T, Colamarino SA, Leonardo ED, et al (1996) Netrin-1 is required for 

commissural axon guidance in the developing vertebrate nervous system. Cell 87: 

1001-1014 
8. Shirasaki R, Katsumata R, Murakami F (1998) Change in chemoattractant 
responsiveness of developing axons at intermediate target Science 279: 205-107 
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Highways for axonal growth in thc forc- and midbrain. 

Kim Nguyen Ba-Charvet, Béatrice Llirbat, Stefania Guazzi, Edoardo Boncinelli, 
Ysander von Boxberg, Pierre Godement 

1. Retinotectal projections. 

In the retinotectal system, axons from both nasal and temporal retina invade the 
tectum from its anterior pole, but in the final map only temporal axons make 
connexions with anterior tectal cells, whereas nasal axons make eonnexions with 
posterior tectal cells. Severa! studies suggest that ligands of EPH kinase receptors ( e.g., 
ELFI and RAGS) exert a repulsive and differential influences on retina! fibers, from 
nasal and from temporal retina. Our in vitro and in vivo studies suggest that these two 
populations of fibers are also differentially funnelled as they grow through anterior 
aspects of the optic tectum. In vivo, growth eones of nasal fibers ha ve mainly elongated 
morphologies in the anterior part of the embryonic mouse tectum, and much more 
elaborate morphologies posteriorly. In eontrast, temporal fibers have mainly eomplex 
growth eones anteriorly, and eollapsed growth eones posteriorly. These changes change 
appears to reflect a direct response of nasal fibers to their tectal environment, because 
they can be reproduced it in in vitro experiments: eontact of nasal fibers with anterior 
tectal membranes leads to an increase in their growth rate, and to their adopting very 
elongated and filopodial morphologies. While temporal fibers are collapsed by posterior 
tectal membranes. We propose that selective funneling of nasal fibers through the 
anterior tectum may act to ensure that nasal fibers do not extensively pause to respond 
to other cues while in anterior tectum, and as an anti-branching effect and suggest that it 
represents a general guidance mechanism that acts to constrain the growth of subsets of 
fibers through select subregions in their target areas. 

2. A potential role for the Otx2 homeoprotein in creating "highways" for axonal 
growth in the rostral brain. 

Brain pattern formation starts with a subdivision ofthe neuroepithelium through 
site-specific expression of regulatory genes. It has been proposed that the boundaries 
between presumptive neuromeres may provide a scaffold for pioneer axon growth. In 
mouse forebrain, the transcription factor OTX2 is strongly expressed at severa! such 
boundaries. Combining dye tracing and staining for OTX2 protein, we show here that a 
number of early fibre tracts develop within stripes of OTX2 expression. To analyse a 
putative influence ofOTX2 on the expression ofmolecules involved in neurite growth, •:;, 
we generated severa! clones ofNlli3T3 cells stably expressing OTX2 protein at varying' 
Ievels. As revealed by immunoblotting, Otx2 transfection affects the expression of a . 
variety of ce!! and substrate adhesion molecules, rendering the cells a favourahte '- 'e> Y>::: 
substrate in neurite outgrowth assays. Among the molecules upregulated with increasing '; · · 
levels ofOTX2 are NCAM and DSD-1-PG, which also in situ eolocalize with zones of 
OTX2 expression at boundaries. These data suggest that Otx2 might be involved in 
defming "highways" for axon extension in the forebrain. · 

Instituto Juan March (Madrid)



21 

To Cross or Not to Cross: Gcnetic Analysis of Axon Guidance at the Midline 
Carey S. Goodman, Department of Molecular and Cell Biology and Howard Hughes 
Medica! Institute, University of Califonúa, Berkeley, CA, 94720 U.S.A 
goodman@uclink4.bcrkeley.edu 

Our goal is to understand the molecular mechanisms that control the wiri.ng 

of the brain, that i.s, how neurons find and recognize their corred targets and make 

appropri.ate synaptic connections. We have focused our studies on the fruitfly 
Drosophila, a model system in which molecular genetic approaches can be applied 
to unraveling these mechanisms. For this talk, I will focus on the question: how do 

growth eones make deci.sions at choice points? We have focuc;ed these studies on 
guidance at the midline, in particular trying to understand why some growth eones 
cross the midline while others do not, and for those that do cross, why they never 
cross again. Our genetic screen for midline guidanee mutants led to the 
identification of two key genes involved in short-range midline guidance: 
commissureless and roundabout. The comm gene encocles a transmembrane 
protein (Comm) expressed by midline cells; in its absence, axons approach the 
midlinc, but fail to cross it. Mutations in the robo gene lead to the opposite 
misrouting such that many growth eones that normally do not cross the midline, 
now do so; moreover, many grov.1h eones that normally cross the midline only 
once, now freely recross the midline multiple times. The robo gene enrodes a 
transmembrane protein of the Ig supcrfamily (Robo) that is expressed on growth 
eones and which functions as a repulsive guidance receptor. Comm functions as a 
key regulator of Robo expression. Overexprcssion of comm is dosage sensitive and 
leads to a phenotype identieal to the robo loss-of-function: too many axons cross the 
midHne. Comm controls Robo expression; increasing Comm leads to a reduction o 
Robo. The levels of Comm and Robo appear to be tightly regulated to assure that 
only certain growth eones cross the midline and th.at those growth eones that do 
cross never do so again. Thus, Robo functions as the key gatekeeper controlling 
which growth eones do or do not cross or recross the midline, and Comm functiont 
as a key regulator of Robo expression. Growth eones expressing high levels of Robe 
do not cross the midline. We have discovered a fami.ly of Robo-like receptors in 
mammals, and have shown (in collaboration with Marc Tessier-Lavigne's lab) that 
they too are expressed by commissural neurons in the developing spinal cord. 

sorne relevant references: 

Seeger, M.A., Tear, G., Ferres-Marco, D., and Goodrnan, C.S. {1993). Mutations 
affeéting growth cone guidance in Drosophila: genes necessary for guidance 
toward or away from the midline. Neuron 10, 409-426. 

Tear, G-. Harris, R., Sutaria, S., Kilomanski, K, Goodman, C.S., and Seeger, M.A. 
(1996). commissureless controls growth eone guidance across the CNS 
rnidline in Drosophila and encocles a novel membrane protein. Neuron 16, 
501-514. 
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Mitchell, K.J., Doyle, J.L., Seraiini, T., Kennedy, T., Tessier-Lavigne, M., 
Goodman, C.S., and Dickson, B.J. (1996) . Genetic analysi.s of Netrin genes in 
Drosophila: Netrins guide CNS comnússural axons a11d peripheral motor 
axons. Neuron 17, 203-215. 

Kolodziej, P.A., Timpe, L.C., Mitchell, KJ, Fried, S.A., Goodman, C.S., Jan, L. Y., 
and Jan, Y.N. (1996). Jrazzled encodes a Drosophila member of .thc DCC 
irnrnunoglobulin subfamily and is required for CNS and motor axon 
guidanee. Cell87, 197-204. 

Kidd, T., Brose, K., Mitchell, K.J., Fetter, RD., Tessier-Lavigne, M., Goodman, 
C.S., and Tear, G. (1998). Row1dabout controls axon crossing of the CNS 
midline and defines a novel subfamily of evolutionarily conserved guidance 
receptors. Cell 92, 205-215. 

Kidd, T., Russell, C., Goodman, C.S., and Tear, G. (1998). Dosage sensitive and 
complementary fnnctions of ·Roundabout and Commissureless control axon 
crossing of the CNS midline. Neuron 20, 25-33. 
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REGIONAL AND CELLULAR SPECIFICATION IN THE PROSENCEPHALIC 

ANLAGE OF THE NEURAL PLATE 

Salvador Martínez 

Dept. Morphological Sciences. Fac. Medicine.Murcia. Spain 

The anterior neural plate is the anlage ofthe prosencephalon. To study the process of 

prosencephalic regionalization we have developed afate map ofthis area using quail-chick 

grafts. We have maped the topology ofpresumptive telencephalic areas (Rubenstein et al., 

1998; Cabos et al. in preparation). During this study a tangential migration of cells in the 

marginallayer ofthe developing telencephalon was observed. These cells were generated in 

the neuroepithelium ofthe medial ganglionic eminence, and migrated dorsally into pallial 

domains. The characterization ofthese cells showed that oligodendrocytes and GABA

expressing neurons were present. Grafts of different telencephalic neuroepithelial areas did 

not show significative cell migration. These results are in agreement with recent data in 

mouse cortical development (Anderson et al ., 1997.) and suggest the existence of ventricular 

compartments in the telencephalic neuropeithelium, where the regional and cellular identity 

of neural precursors are specified. 

References: 

- Rubenstein, J.L.R.; Shimamura, K. ; Martínez, S. and Puelles, L. 

Regionalization of the prosencephalic neural plate. 

An. Rev. Neurosci. 21:445-477 (1998). 

- Anderson, S.A. ; Eisentat, D.D.; Shi, L. and Rubenstein, J.L.R-

lnteneuron migration from basal forebrain to neocortex: dependence on Dlx genes 

Science, 278 :474-476 (1997) · 
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Role of Selective Fasctculation and Electrtcal Activity 1n Motor Axon 

Pathfinding. Lynn T. Landmesser. Víctor F. Rafuse and Louise D . Milner, 

Dept. ofNeurosciences, Case Westem Reserve University School of 

Medicine, Cleveland, OH 44120 

Durlng motor axon outgrowth into the limb, we previou.sly showed 

that motor axons regroup into target specific fasclcles at the base of the 

lirnb, following a polysialic acid-medlated defasciculation process. We 

have recently found that Within indiVidual rootoneuron pools that 

project to single muscles. neurons projecting to fast and slow myotubes 

exist as distinct subclasses. Although their somas are intenningled 

Within the motoneuron pool. as their axons group into the target specific 

fascicles in the plc::xus region, the axons of faat and s]ow motoneurons 

segregate from one another into separate but adjacent fascicles, 

maintaining thts segregation distally Within the majar nerve trunks. As 
the fast and slow axons approach their target muscles, they make 

divergent pathfind1ng decisions and project only into regions contalnlng 

the approprtate 1ype of myotube. 
These observations índicate that the growth eones of fast and slow 

motoneurons must express d1fferent cell surface molecules that allow 

them to selectively fasctculate with like a:xons shortly after leaving the 

spinal cord. Additionally, fast and slow growth eones must also possess 

different comblnations of receptors that allow them to distingulsh fast 
and slow primaxy myotubea. A corollaJy 1s that fast and slow myotubes 

must also e:xpress molecularly distinct ccl1 surface molecules .. Fínally, in 

some pools. motoneurons projecting to slow and fast myotubes exhibit 

different electrtcal bursting pattems during spontaneous activity. Thus 

these motoneurons must also d1ffer in intrinsic electdcal properties 

and/ or the manner 1n which they are connected to the interneurons that 

drtve the characteristic bursting patterns. We are testing the ablllty of 

pure populations of such motoneurons . . obtained by FACS sorting 

folloWing retrograde labcling With DI-I, to respond toa variety of putaUve 
guidance cues in culture. 

During the process of defasciculation and subsequent selective 
relásciculation described above during embxyonic stages 23-25, we have 

found that motoneuron poola exbibit regulady spaced bursts of 
endogenous clectrical act:Mty. We have found that thls activity 1s 

synapttcally drtven, and that this vexy early activity during axon 

outgrowth involved pximarlly cholinergic and GABAergtc inputs. 

Although present. neither NMDA nor non NMDA glutamate receptors 

played a role 1n the endogenous electrtcal activity. This endogcnous 
bu.rnting activity could be blocked however. both in tsolated cord 

preparations and In-ovo, by application of the GABA A agonist 
muscimol. Blockiog of activity duri.ng the axonal sortlng out period 
resulted in moderate but reproducJble levcls of pathfinding errors. 
Although we have not determined the cellu.Iar mechanisms responslble 

for su.ch errara. one posslbllity is that the express1on of sorne of the 
molecules tnvolved in the axon sorting process in the plexu.s is 
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dependent on normal pattems of electrtcal activity. Supported by Nlli 
gnmts NSI9640 & NS23678. 

Rafuse, VF, Milner. LD and Landmesser. LT (1996) Selective innervation 
of fast and slow muscle regions durlng early chick neuromuscular 
development. J. Neurosci. 16:6864-6878. 

Mtlner, LD. Rafuse, VF & Landmesser, LT (1998) Selectlve fasciculation 
and divergent pathfinding decistons of embryonic cbick motor axons 
projecting to fast and slow muscle reg1ons. J. Neurosci. 18: 3297-3313. 

Milner, LD & Landmesser. LT (1998) Pattemed electrlcal activation of 
motoneurons during early stages of axon outgrowth: role of cholJnergtc 
and GABAerg1c synaptic inputs. J. Ncurosci. (aubmittedl 
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Axoa tui<hnce of cnnial motor ncurons 

Addc Cw>n, A<hm HW=-, .fuifa Nux:m,jan Iivct+ a.nd Sanh Guduie 
Dcparunent of Devclopmental Ncurobiolo¡;y, Uni(ed Medial and Dental Schools, 

Guy's Hospital, London SE1 9RT 

+ INSERM Uo..ité 382, IDDM (CNRS-INSERM-Univcnit.é de la Méd.itannée), 
Campus de Lurniny, 13288 Man;eille Cedex 09, France 

During devclopmen(, cranial mO(or neucons extend lheir a.xons aloog distinct pa.thways in10 thc 

pcriphery. Neurons ma.y be da.ssiíied a.s b.rmchiomotor (BMl, viscenl motor (VM) or soma.tic motor 

(SM) dcpend.ing on their posilion, axonal lnjcctor:y and syn~c brgel. For o-:ample, BM and VM 
neucons ext.end axons dorsa.lly ID lea.ve the lúndbnin vú.lu¡;e docsa.l ait points, whilst SM uons exit 

the neuroepithclium vemnlty in sma.ll groups. BM and VM a.xaos subsoquendy grow in a.ssocútion with 

sensory~ ~1ez-c,upon BM axons na.vigúc 10..-nds the musdes ofd1e branchial a.cches. We have 

invcs~ d1e poSSible role of diffusiblc chemorepellenls oc chemoallnd.allts in cnnial molDe a.xon 
pathfmding in r.u embryos, by eo-<:u.ltucing cxpla.nls cootaining cnniaJ motor neucons with pa.thway 

tissucs in coUagen gcls. Previous experiruents showed tha.tlhe floor pW.c exerts a chemorepdlcut 
inf!ucncc oo motor axons (Guduie and Pini, 1995), ddled.ing lh=> froro the núdline during the ea.rly 
pa.rt of lheir coursc.. TIJese dfects may be mediatcd by the chemorepdlents netrin-1 a.nd sema.phorin 
D; dilferenlial seasitivity of m olOr neucon subpopula.lions ID these moleeules ma.y underlic segrega.lioo 

of vemnl a.od dorsal axoml pa.lhways (Colunarino and Tessier-La....jgne, 1995; Va.rcla-Echa.va.rría et al., 
1997). Oa1iamo1Dr neuroru were sensiáve n<:ither ID netrio-1 nor lo sema.pborio D (Va.cda-Echa.varria. 

et .al ., 1997). 

Recendy we have ex=Jined the idea. tbar other pathway lissues might provide diffusible rues for cnni.al 

m olOr .u:ons. We lave found tbar explants of dorsal neucal tube oc of tbe bindbrain roof plate were 
chemorepdlent;, cdlecting a role for tbese strudures in exdud.ing motor axons, whilst explants of cnnial 
sensory gaoglia wece weakly chemoaara.c:canL Thc most suiking clfects observed in ouc operúneots 
eoncemed cxpla.nls of bnnchi.al arch mesenchyme, which were stroogly ¡;rowth-promoúog and 
chemoaaractant for cranial motor axoru, All subpopulat.ioos of cnnial motor neurons d.isplayed 

chemoallr.tdion10 :a.rch tissue, induciin.l: tbose thar nonna.lly innervate DlJ;ds other than the bca.nchial 
::t!ches, 5Ud!ll3 trochlear and oculomotor- neucons wiúcb supply extn~ mus des . Otcmo31lra.dion 
could aJso be diciled by pwifiod Heparocyte G.ro..th Factor <HGF> loadod oo beads and used in the 
co-culturc:s. Funhennorc, anli-HGF mtibodics l~y bl<>ekd the chemoartnctant dfect of the 
baodúal udt, suggesliog lhat HGF may be lhc celevant :a.rch-<ierivod activily ia vivo. HGF wa.s foWld 
ID be~ by myogcnic cdls in the branchial acches and other rq:ioos of the hea.d innervared by 
cranial moiOr neucons, whilst the HGF ceceplor Metwa.s expressed by all subpopula.lions of cnnial 
motor ncuroas ,¡th tbe ex=ptÍon of the oaJ!.omotor nudeus_ 

Myogeni.c cdl popula.lions in the branchial acches and clsewbere thus ::td. to guide mQ{Or axons by 
cheruoaar.oaion., atlea.stpa.rtia.lly due ID lhe produetion ofHe¡u.tocyte Gcowth Factor_ Chcmoallndion 
of oaJ!.omoiOC axons ro the branchW :a.rch \\'3.5 not blocked to a significa.ot degree by anti-HGF 

antibodies, <Xlmist.ent with lhc lad of Met expression by oaJ!.omotor ncucons and implying a separne 

modwúsm for n.a.vi&arion of lhesc uons ID tbeir wgds. In add.ition, a eompooent of the branchial a.cdl 
chemOallradion on all olhec cnnial molDe neucon populations 3ppea.red to peoist in lhe pe-escoce of 
anti-HGF ano.Dodies, pointing ID the existenee of HGF-independenl cbemoaiindioo (oc motor axons 
in thc: head. 

Co!amarino, S . aod Tessiec-l..avignc, M. (1995) . Cd/81: 621-629. 
Guduie, S. aod Pini, A_ (1995) . Neurva 114: 1117-1130. 
Va.cd•.-E.dlavaaia C{ aL, (1997). Neuron 18: 193-207. 
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A TIRACfiVE ASPECfS OF REPULSIVE PROTEINS: SEMAPHORlNS CAN ACf AS 
BIFUNCTIONAL AXONAL GUIDANCE SIGNALS 

Andreas W. PüscheJ 

Molekulare Neurogenetik, Abt. Neurochemie, MPI für Hirnforschung, 
Deutschordenstr. 46, 60528 Frankfurt, FRG 

The precise navigation of aJI:ons is essential for the establishment of t he 

complex pattern of neuronal connections in the vertebrate nervous 

system. Proteios encoded by the semaphorin gene family have been 

shown to act as growth cone guidance signals in vertebrales a n d 

invertebrate~ . To date 16 different semaphorins ha ve been identified in 

vertebrales. They fall into five distinct classcs that can be distiguished 

by me presence of class-specific carboxyterminal domains (l-3 ). 

Thc s=rcted class lii semaphorins are synthcsized as proproteins which 

are proteolytically cleaved by a furin-like proprotein convertase (4) . 

Proteolytic processing of SemD at severa! highly conserve<! dibasic 

sequen ces generates two isoforms of 65 kDa and 95 kDa which differ in 

their repulsive activities. SemD is secreted as a homodimer that is linkcd 

by one intermolecular disulfide bridge (5). This dimerization is 

necessary but not sufficient for SemD to display its repulsive activity. 

Whilc SemD(95k} forms dimers. the removal of the carboxyterminal 

domain by proteolytic cleavage results in ilie dissociation of SemD 

homodimers to monomeric SemD(65k). 

In cxplant cullures, SeroA, D and E act as chemorcpellenls on spccific 

populations of axons (4). Wbile SemD repc:ls a wide range of sensory and 

sympathetic axons, the effects of other semaphorins such as SernA and E 
are restricted to sympathetic axons of a specifc developmental stage. 
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Their expression m mesodcrmal structures of the devcloping mou se 

embryo such as the somites and the branchial are hes suggest that o n e 

function of the secreted semaphorins is lo restrict the choice of 

pathways accessable to sensory axons during the innervation of the ir 

periphcral targets. 

Semaphorins and their receptors display highly dynamic expression 

patterns in the developing CNS. In order lo test thcir role in cortical 

devclopmeot the response of cortical axons lo gradients of secreted 

semaphorins was aoalyzed. In contras! to the repulsivc effects of SemD, 

SemE had an attractive effect on cortical axons . Thus, like netrin-1, a t 

least one semaphorin can act as a bifunctional signa! and has bo th 

attracti ve and repulsive properties . 

Selectc:d references: 

l. Püschel et aL (1995). Neuron 14, 941 - 948. 
2. Adams et al (1996). Mech. Dev. 57, 33-45. 
3. Mark et aL (1997). Cell & Tissue Res. 290, 299-306. 
4 . Adams et al. (1997). EMBO J. 16, 6077-6086. 
5. Klostennano et aL (1998). J. Biol. Chem. 273, 7326-7331. 
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The Molecular Biology of Smell 

Richard Axel 

Departments of Biochernistzy and Molecular Biophysics, Pathology. and 

Howard Hughes Medica! Jnstitute, College of Physicians and Surgeons, Columbia U ni versity, 

New York. New York 10032 

Mammals possess an olfactory system of inordinate discriminatory power. How is the 

diversity and specificity of olfactory pcrception accomplished'? Analysis of the spatial pattems of 

expression of odorant receptor genes suggest a Iogic for olfactory perception in which neurons 

expressing a given receptor, and therefore responsive to a given odor, project to precisely defmed 

Joci in the olfactory bulb creating a topographic map of receptor activation. The identity of an 

odorant stimulus will therefore be encoded in disrinct spatial pattems of activity in the brain. 

Support for this model derives from recent genetic experimenta tbat pemút the visualization of the 

individual axons from sensocy neurons expressing a given receptor as thcy cotUSe through the 

olfactory epilhelium into the olfactory bulb. These experiments reveal that neurons expressing a 

given receptor project to only two topographically-fixed loci in the mouse olfactory bulb such that 

the pattem of convergence is absolute and invariant. The bulb, tbcrcfore, provides a spatial map 

that identifies which of the numcrous rcceptors ha ve been activated sucb that tbe quality of an 

olfactory stimulus would be encoded by specific combinations of glomeruli activated by a given 

odorant How do neurons expressing a given receptor Jmow which target to project to in the 

olfactory bulb? In recent experimcnts, we have used geno targc:ting to introduce either deletions or 

substitutions into specific odorant receptor genes, and have visualizcd the effect of these mutations 

on tho prccision of axon targeting. These data support a model in which the olfactory receptor 

plays an instructive role in axon targeting as one of a complement of guidance rc:cq¡tors involved in 

the generation of a precise topographlc map. 
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Signa( transduction mechanisms affccting chcmorepcllcnt 
cffccts of collapsin-1/Scma 111 

Zhigang He
1
, Hang Chen

1
, Alain Chédotal

2
, Hongjun Sonl. Guoli MingJ, Carey S. 

Goodman2
, Mu-ming Poo3

, Marc Tessier-Lavigne
1 

11-IHMI and Department of Anatomy, UCSF, San Francisco. CA, USA, 2HHMI and 

Department ofMolecular and Cell Biology, UC Berkeley, Berkeley, CA. USA, 3Departrnent of 

Biology, University ofCalifomia at San Diego, La Jolla, CA, USA 

Collapsin-1/Sernaphorin III/D (Serna III) has been implicated as a diffusible axonal 

chemorepellent in patteming the central and peripheral projections of sensory afferents from 

developing dorsal root ganglia. To begin to elucidate the mechanisms that account for the 

repulsive actions of Serna III, we have used expression cloning to search for Serna III binding 

proteins frorn a cONA library derived from E14 rat DRG cells. We have shown that a type I 

transmembrane protein, neuropilin-1, can bind Serna III with lúgh affinity, and antibodies against 

the ectodornain ofneuropilin-1 can block the ability ofSema III to repel sensory axons and to 

induce collapse of their growth eones (He & Tessier-Lavigne, Cell 90, 739-751, 1997). 

Subsequently we also identified a neuropilin-1 related protein, neuropilin-2 whose expression in 

developing axons is largely nonoverlapping with that of neuropilin-1 . Unlike neuropilin-1, which 

has similar affinity for Serna III, Serna E, and Serna IV, neuropilin-1 shows lúgh affinity to Serna 

E and Serna IV, but not Serna m (Chen et al., Neuron 19, 547-559, 1997). Similar results have 

been reported by Kolodkin et al (Cell90, 753-762, 1997). The differences between neuropilins ir 

sites of expression and affinity ofligand binding might eontribute to the specificity of action of 

semaphorins on different classes of axons during developrnent. 

The high conservation in the short cytoplasmic domains of neuropilin-1 from different 

species stirnulated us to search for its binding proteins. Using a yeast two hybrid screening 

strategy, we identified a novel neuropilin association protein (NAP) wlúch can bind to the 

cytoplasmic dornains ofboth neuropilin-1 and neuropilin-2. The sites of expression ofNAP in 

developing neurons overlaps with that of neuropilins. We are currently examining the functional 

relevance ofNAP in Serna III-rnediated responses. 

Serna lll-induced repulsive effects have also been dernonstrated in a Xenopus spinal 

neuron culture assay. We ha ve shown that rnicroscopic gradients of Serna IIl trigger a repulsive 

·' tuming response by the growth eones of Xenopus spinal neurons. lnterestingly, the repulsive 

. effects of Serna IIl on Xenopus growth eones can be eonverted to attraction by pharmacological 

activation ofthe cGMP-dependent signaling pathway. Sirnilarly, the eollapse-inducing effect of 

Serna HI of rat sensory growth eones can be inhibited by activation of the cGMP pathway. Thes< 

:results point toa key role of cyclic nucleotides in regulating growth eone behavior. and suggest 

potential approaches to alleviate the action of rcpulsive factors that inhibit nerve regeneration in 

vivo . 

Instituto Juan March (Madrid)



34 

CHARACfERISA TION OF THE ROLE OF COMMISSURELESS DURING AXON 
GUIDANCE IN TIIE DROSOPH!l.A CNS 

Arma Myat and Guy Tear 

Departmenl of Biochemi~II)'. Imperial College, Exhihition Road, Lnndnn SW7 2AZ 

comm is required for t.he formation of almost all t.he commissures in the Drosophila 
embryonic CNS. ll encodes a noveltrJ.nsmembrane protein t.hat is expressed by glia at t.he 
ventral midline of t.he CNS at the time of commissure formation. As commissural axons 
contact t.hese glia and cross t.he midline of t.he CNS, Comm prolein is apparently transferred 
onto commissural axons. The intracellular portion of Comm is essential for function since a 
truncated form of t.he protein Iacking this region lacks all function. 

To investigale furt.her t.he role of Comm during axon guidance we ha ve used lhe 
intracellular region of Comm in a yeast two-hybrid screen to identify potential downstream 
components of a Comm signalling pat.hway. The Comm intracellular region was fused to t.he 
GAlA DNA-binding domain and used lo screen Drosophila embryonic cDNAs fused lo t.he 

VP16 activation domain. From 15 x I06lransformants 41 positives were isolated, as 
detected by lhe expression of two reporter genes. Isolation of plasmid DNA has revealed t.hat 
a large subset of t.hese clones encode a protein containing two WW domains. The WW 
domain is an approximately 40 ami no acid domain t.hat has been implicated in protein-protein 
interactions lhrough binding toa proline consensus sequence XPPXY. In addition, mutation 
of eilher a WW domain or t.he proline consensus sequence t.hal it recognises has been 
implicated in a number of human diseases. From t.he homology of our WW domains to a 
known vertebrate prolein we suggesl t.hat Comm's role in axon guidance may be vía t.he 
regulation of protein degradation. 
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DEVELOPMENT OF THE OLFACfORY SYSTEM: EARLY FllJER PROJECTIONS 
ANO CELL MIGRATION 
Juan A. De Carlos, Laura López-Mascaraque. Concha Garcia and Facundo Valverde. 
Instituto Caja! (CS[C). Madrid. 

Primary olfactory fibers originate from the first ncurons found in the olfactory pathway, 
the olfactory receptor neurons (ORN). These neurons ace localiz.ed outside the brain, in the 
olfac:tory q¡ithdium (OE) ofthe nasal cavity, and project their axonal processes to tbe glomerular 
!ayer of the olfactory bulbs (OB), where they make sinaptic connections with periglomerular, 
tufted and mitra! cells'· 7

' • . The processes of these four types of neuron fonn anatomically 
specialized synaptic structures called olfactory glomeruli . During early embryonic development, 
befare the anatomical fonnation ofthe OB, ORN originate in the olfactory placode. The olfactory 
placode develops as a local thickening of the epithelial tissue in the rostral tip of the embryonic 
head•· 14

• The folding and invagination of this structure gives rise to the olfactory pitu and la ter 
to the OE, which contains ORN. and sustentacular and b;ual cells . Soon after their generation, 
ORN send neorites toward the rostral pole ofthe telencephalic vesicle (TV), the locatioo ofthe 
presumtive OB . The ORN are bipolar neurons with two neuronal proces5e-' : a short periphaal 
process and an unmydinated long proces•. The short peripheral process is directed toward the 
surf.ace of the mucosa, where it ends in an expanded o!factory knob covered by cilia. The long 
unmyelinated central process penetrates the lamina propia ofthe OE accompanied by specialized 
glial cell processes (ensheathing cells) ~ 11

, that project throu¡;h the cribriform plate to the 
ipsilateral OB. From the very early stages of development, a fibrillar and cellular continuity 
persists between the olfactory placode and the central nervous system2

• Thus, sorne cells 
originating in the oltadory placode leave this structurc and migrate toward the TV. Among thesc 
cells there are two populations that are not associated with olfactory functions. One, the 
luteinizing hormone-rcleasing bonnone (LHRH)-secreting cells that migrate from the medial site 
of the olfactory placode and enter the TV vía the nervus terminalis to reach their target.~ in the 
hypothalamus and septum1

l 13. 1be second, a novel population of cells de!!cnbed by our group that 
may be implicatcd in ncocortical develo¡iment'. Two otber population of cells are: of olfactory 
nature, the olfactory rnark<:T protein (OMP)-immunoreactive cells and the ensheathing cells. OMP 
is a protein restricted to mature olfactory neurons and, although sorne OMP-immunoreactive 
neurons migrare from the OE to the ventrolateral aspect ofthe OB, usually they are anchored in 
the OEu. Eosheathing cells are presumptive glial ceUs that guide the olfactory fibers to the OB . 
These cells enter the tderocephalon superficially, contributing to the forrnatioo of the olfactory 
glomeruli1o. 12• 

The aim of this communication is to describe the developrneot of primary olfactory axons 
and the possible migration pattems of cells derived from the olfactory placode, olfactory pit or 
OE. To answer these questions, we performed acetylcholinesterase {AChE) histochemistry, 
inuntmocytocbemistry to visualize the distribution ofp-tubulin type ill (TuJ l antibody) and the 
growth-associated protein 43 (GAP43 antibody), In vivo and in vi trO labelling with carbocyanine 
fluorescent tracers, and in utero injections of retro viral vectors containing the gene encoding for 
~ Ruorescent Protein (GFP). As a result of our experiments the incorporation of migra1Ír4; 
cells frorn the olfuctory placode or OE into the bnún was demonstrated and di.fferent mechanism.< 
of migration put forward' : 1) Dorsally mi grating neurons which travel following a path not 
a.ssociated with any fiber and which interact with the neocortical preplate layer. During their 
migration these cells develop processes: 2) Ol'vfl>-irnmunoreactive neurons wlüch navigated 
througb the area occupicd by the olfactory fibers without associating with bundles of 6bers and 
without erniting processes. Only when they arrived to the rostro-ventral part ofthe TV/OB did 
these ceUs emit fibers; 3) UiRH-producing neuron• are generatcd in thc medial olfactory placodc 
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and migrated medially associated with the nervus temúnalis to enter the TV ventro-medially. 
These nc:urons enút proccsses into fibecs bundlc.s aiding their migration; 4) Sorne ORN in the OE 
projea long fibers which entCf' the TV neuroepithelium. Onct: these fibers have reachcd their 
destination, these ceUs leave the OE and migrate toward the TV, shortcning their long process. 
A fifth mechanism of migration is prc.sent, taken by the glial ensheathing cells that guide the 
olfactory libers to their target. Finally, we have used the mouse carrying a mutation in the Pax-6 
gene to study whether the nasal olfactory structures intervene in the formaúoo of ca¡tral olfactory 
structures. This mutan!, as weU as laclcing eyc.s and nasal cavity, is reported to lack olfactory 
epithelium and OB. Rowever, we have found an ovoid ceUular structure localized in the rostral 
part of the brain, and sorne c.clls in tl1is structure projcct axons toward the piriform cortex forming 
a prcsumptive lateral olfilctory tract_ We conclude that the refcrred structure is an OB, which fails 
to devclop because the mutation in the Pax-6 gene affocts the formation of nasal structurcs_ As 
such, fibers ofthe ORNs are necessary for the protrusion and layered formation ofthe OB, but 
thcse inputs are not nccessary for the establishment of the central olfactory projoctions1

. 
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DEVELOPMENT OF NEURAL CONNECTIONS IN THE HIPPOCAMPUS. 

Eduardo Soñano 
DCpartmentof Animal and Plant Cell Biology, 
Univei'sity ofBarcelona, Diagonal 645, 

Barcelona 08028, SPAlN 

Jñe mairt aff~ent connections to the lúppocampus are the errtorllino-hippocampal 

pathWay .and the commissurallassociational pathway. [n the adult lüppocarnpus these 

connections ate organiz.ed in a layer-specific f.lshion, in wbich· the eutorhinal affererrts 
~nate In thc outer- layers (strarum lacunosum-moleculare and outer molecular !ayer) and 

the roomliSsunillassociatiooal conncctions innelvate the lowet: laye:rs ( stnnum radiatum and 

· oricns and itiner molecular !ayer). Studies in dcveloping mouse·embcyos have shown that tlús 

patteo:l Of cxinnections is formed in a highly stereotypcd way, Thus entorhioal axons grow in 
o~directioo towards the lúppocampus about El4, and sooo after (Ei6) they invade their 

· sp<icific bi:Yer;.the stratum la.cunosum-molecularc. Commissunil axons grow dorsally along the 

. furíbcia from -El S onwards and innervate the appropriatc target iayers in thc coatralatcral 

hippocimpus. 

"Eaiiy a:xoosl tnjéctories are iofluenced by diffusibksigna.ls: To study the possible 

snv~lv~ent oflong-range diffusible siguals in the patteming ofhip~al projections we 

eo:ru}cured ·c:inbryoníc e:q¡lants in collagen gels. We showed that hippocampal axons are 

repclled wh~ · conftonted by cntorbinal or neocortical explant.s;:.a:nd .tlJat entorbinal axons are 

idscirepelled by the neocortex. These results indicate that repdlent ~ible signais ·prevent 

hippocampal ak()DS from invading the eo.torhioal cortc:x: and di red them instead to the midlinc 

ofthe telencephaloil. Converscly, eutorbioal axoos are repelled by the ádjacan neocortex and 
emer the bippocarnpus. Elq¡ressioo studies and cxperiments With CQS:..mnsfected cells 

· suggeSt that ·tite secreted semaphorios Sema m aod Sena IV mec:liBte these responses vía 

' receptors ofthe neuropilin family. Similar expaimeots with cells producing Netrin 1 'indicate 

~that:;tbe ~on of.this filctor in the fimbria ex:erts ao attzactive function for axons from thc 

hippoc:ampus·and entotbinal cort~ · 

· l'~aeet ~rons .ue·mvolved in the form.lltioo of.layer,speciÍ¡c COBacctioos. Srudies in 

. .vi~ ·show that; ~ · ihey reach thcir targct, devd.oping hippOcampal ¡dl'erents overlap 

;VariÓUs populations of early-genereted oeuroas that w: arraogcd in distinc:t layers, and form 

tnnSientsynilptic contacts with them. One such population is foimed by Cajal-Retzius (CR) 

·cef!S, wbidi are tnrJs!.ent targets for entorbinal axons. Studies of organotypic slice cultlires 

· sh9w th&t·. ablation ofCR cdls prevmts the ingrowth of entortñnal axons in the hippocampus. 

,(Anverscly; theectopic locatioo ofCR oe!ls disturbs the laycr-Specific taigering of ente>rbinal 

axons: ·T'hese lt:sWis indicate that distina sets of pionecr oeurons Ürangcd in a hiycr -spccific 

tistik,n inay giJide.developing affereats to spocific layers. . · · 

!Udia .:.ll.il d.tracdlub.r protein expressed by Caju-.Retzius·c.dls- c.eiatributes to .the 

~pmeotof . the mtorhia~hippoca.mpal pathway. Studiesi1f vitro. usiag thc CR-50 

b~ag antibody and aoalysis ofthe reelcr phcnorype- defective in ROOin- indicate that tlús 

pruttin is not eSsCtttíai fur the ingmwth of entorbinohippocampal .axoos. Howcvcr, oot~ in 
Viva·md iri vítrd"these at,ferents sbow numerous target crrors as wdl as_decrcased axonal . 

.dboÓZ!ttiOm. Somc oÍthese axooal abnonnalities are rc:coven:d at late ¡)ostnaW stagci: In 

~ntrast, cortunissural .afferents are targeted corrcctly to thc appropiiate 1.3.ycr: TilC3C fuidings 
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are supported by oogoing studies on the direct cífects ofReclin oo dcvcloping axons, in which 
addítion .ofrecombinant protcin decreases axonal outgrowth and incrcases axonal branching of 
mtorhinal.axons. Tbcsc findings indicatc: that Rc:din modulates the tMgeting and growth of 
errtorh.inal a.fferents. 

Neurotroprun·s con tribute to axonal branching a11d sy!Wlptogeoesis. Analyses ofthe 
.pbellotype oftrkB(-1-) and trkC (-/-) mutant mice indicate that neurotrophins are not essential 
fo( the ingrowth or the layer-specific targeting of hippocampal a.fferents. Similar findings are 
rq>arted in dooble mut~ ukB/tri.:C ( -1-) mice. However, at bite postnata.l stages single axons 
display less dáborate axonal arbors in these mutant mice. In addltion, .elcctron mic:roscopic 
~~ · show that trkB ( -/-) mi ce have decceased densities af axonal boutons as· well as 
~easCd dcusitits ofsynaptic vesicles and absence ofvesjclc clilstcring neac active zones. 
~fine strud.unll ~norm.alities correlate with selective reduCed expression of v-SNARE 
i.nd.t-SN:ARE proti:ins, responsible for calcium-mediated oeurotransmitter relcaSc:. Thesc 
.finPings indicate that neurotrophins oontributc to thc: rcgulation af DUmbers of synaptic inputs 
aild. sy,naptiC· macbinc:ty. · 

: r~ ~' thesc: find:ing!¡ show that the development af hippocampal connediorls is a 
M,ul~factorial proeess·.in wtúch diffi:rc:nt signals, acting at sequential stagcs, pro-vide the cues 
ttecessary for the iogr.owth, layer-specific targeting and el.aboration of specific hippO<:ampal 
~ñilectiÓns. · 
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HOW DO CORTICAL WIRING MOLECULES SPECIFY 
CORTICAL CONNECTIONS ? 

Jilrgen Bo!t 

INSERM Unité 3 71 "Cerveau et Vision", 18 ave Doy en Lépine, 69500 Bren, France 
and 

Friedrich-Schiller Universitlit JellB., Institut filr Allgemoine Zoo1ogie und 
Tierphysiologie, Erberstr.l, 07743 Jena, Germany 

Local drcuits in the cerebral cortex are based on the precise arrangement of axon 
collatorals of pyramidal neurons which form precise connections between distinct 
corticaJ layers (Bolz et al., 1996). During cortical development, these connections are 
highly specified from the initial outgrowth of collateral branches. Our previous work 
provided evidence for positional cues confined to individual layers that induce and/or 
preven! the formatioo of axon collaterals in specific populations of cortical neurons 
and restrict their growth to individuallaminae (Castellani and Bolz, 1997). However, 
very little is known about the molecular nature ofthe signals that influence the growth, 
tl!rgeting and arbor formation of cortical neurons. We have been examining severa! 
candidate molocules whlch in have been implicated in axonal guidance and which are 
exhibit specific laminar expression pattems at dovelopmental stages when local 
connections are being formod in the cortex. Our results indicate that these molecules 
ha ve a wide and complex raoge of actions, and that an individual molecule can exert 
highly selective effects on cortical axons. The effects are cell-type specific, and some 
molecules regulate selectively axonal guidance, or axonal branching or axonal 
elongation, whereas others influence any combination thereo( For exarnplo, ephrin-A5, 
a ligand for Eph receptor tyrosine kinases, is a repellent axonal guidance signa! 
("RAGS") for a population of fibers that avoid the cortical !ayer expressing ephrin
A5. However, in contrast to its established role as a repulsivo axonal guidance signa!, 
ephrin-A5 specifically mediates sprouting ofthose cortical axons that target the ephrin
A5 expressing cortical !ayer in vivo (Castollani et al., 1998). Results obtained with 
scmaphorins, whlch have been previously described as mediators of repulsive growth 
cone guidance ("collapsin"), havo indicatod that at least one semaphorin acts as an 
attractive guidanco signal (Bagnard et al., 1997). These results illustrate that a given 
molecule rrúght be either "attractive" or "repellent". Moreover, the same study 
demonstrated that tho effects of semaphorins depend on the spatial distribution of these 
molecules : effects were different wben cortical growth eones encountered a gradiont, a 
patterned distribution or a uniform concentmtions of semaphorins. These results 
indicate that, in the developíng cortex, it is not possible to classifY molecules as 
attractive versus repulsive factors, or as wguidance signals"; "branching signals" etc. 
This is why we propase to call such molecules collectively .. wring molecules": 
although they can function in alternative ways, they serve as sígnals for assembling the 
intricate network of neuronal connections (Bolz and Castellani, 1997). 
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Genetic analysis of axon outgrowth and guidance in C. elegans 

Cornelia l. Bargmann, Jennifer Zallen, Joe Hao, Erik Lundquist, and Erin Peckol 
HHMI and The Umversity of California, San Francisco 

The simple nervous system of C. elegans with its stereotypic axon patterns 
provides an opportunity to examine the pathways that control neuronal 
development at single~ll resolution. We have been studying the 
development of the chemosensory neurons, a group of neurons that are part 
of the animal's central nervous system. 

A screen for mutants with defects in the development in chemosensory axons 
led to the identification of the immunoglobulin superfamily member SAX-3, 
which is similar to the Drosophila Robo protein. sax-3 mutants have 
defects in the positioning of the neive ring, the majar neuropil of the C. 
elegans central nervous system. sax-3 is also important for guidance of 
axons to the midline and for preventing ectopic midline crossing by axons; 
the latter function is analogous to the role of Robo at the Orosophila 
midline. 

While SAX-3 determines the final position of the nerve ring, other genes 
help guide chemosensory axons to this position. The chemosensory axons 
grow ventrally befare they reach the nerve ring, and two redundant groups 
of genes mediate this first guidance event. This guidance event and nerve 
ring positioning are superficial! y independent of one another. 

The chemosensory neurons are bom in the embryo and reach their mature 
morphology before the animal hatches. As the animal grows, the axons grow 
while the neurons maintain their functions. Activity of the sensory 
neurons is required for neuronal growth to proceed normal! y. Mutations 
that disrupt sensory activity lead to characteristic axon sprouting events. 
The same defects can be produced by blocking the access of sensory neurons 
to odorants, by disrupting sensory transduction, or by inhibiting 
electrical activity. Sensory activity contributes to the maintenance of 
normal axon structure even into the adult stage. These results reveal an 
unexpected role for activity-dependent processes in axon growth in the 
nematode nervous system. lt is striking that the effects of activity are 
independent of initial guidance and targeting events. 
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REG PROTEINS IN NEURAL DEVELOPMENT ANO REGENERATION 
F. 1. Livesey and S. P. 1-Iunffl 
Zoolosr 0<"partment,. Trinity Co!k-gc, Dub!in 2; 
§MRC Lahoratory o{ Ml>lewlar Bi.,logy, HiJI!I Ruad, C.mbrid¡;e, CB2 2QH 

We have recently characterised a novel neuron-glía signalling protein, Reg-2/Rcg
JII(J, wh.ich is a cornponent of a neuron-glia signalling pathway involvcd in motor 
neuron regcneration (Livcsey et al., 1997). Rcg-2 mRNA and protein are expressed 
by developing and regcneratíng mammalian motor and sensory neurons and the 
protein is transported along regrowing axons. A neccssary step in successful 
regeneration is axon-stimulatcd Schwann cell proliferation and we have shown that 
Reg-2 is a potenl Schwann cel1 mitogen in vitro. lnhibition of Reg-2 signalling in 
tlivo, by administration of an anti-Reg-2 polydonal antiserum whic.h blocks the 
mitogenic efects of Rcg-2 in culture, significantly retards the regeneration of Reg-2-
containing axons. During dcvelopmcnt, Rcg-2 production by motor and sensory 
neurons is regulated by contact with periphera.l targets. Strong candidates for the 
peripheral factors regulating Reg-2 production are cytokines of the LJF/CNTF family, 
as there are two interleukin-6 response elements (IL-6REs; STAT-binding elements) 
in the promoter region o! the rat Reg-2 gene (Dusetti el al., 1995). These cytokines 
are well-<haracteriscd as peripherally-derived neurotrophic factors for dcveloping 
motor and sensory neurons and all signa! through receptor complexes containing 
the LJF receptor (LIFR) to actívate the intracellular Jak-STAT signalling pathway. 
We have found that Reg-2 is not expressed in developing motor or sensory neurons 
of mice c.arrying a targeted disruption of the UFR gene, a common componenl of the 
receptor (..'Omplexes (or all of the LIF/CNfF family (Li ct al., 1995), indicating that 
LIFR ¡¡ctivation is necessary for Reg-2 expression. Reg-2 is one of six dosely related 
proteins, aJI expressed in the adull pancreas and gastrointestinal tract. One of the 
family, Reg-1, has been reported to be exprcsscd in human developing and 
Alzheimer's disease-aUected cerebral cortex (Ozturk et al., 1989). In the developing 
rat embryo, Reg-1 protein is expressed in pyramidal neurons in the cerebral cortex 
and arce. CAl o{ the hippocampus andina subpopulation of neurons i:n the 
olfactory bulb. A detailed study of the function of th.is protein in the developing 
nervous system is currently being carried out. 
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The C. elegans mig-1 gene acts to guide longitudinal cell migrations and 
encocles a frizzled-related transmembrane protein 

Scott G. Clark 
Molecular Neurobiology Program, Skirball Institute, New York University 
Medica! Center, New York, NY 10016 USA 

A number of long-range cell migrations during C. elegans 

development occur along the anteroposterior body axis. For example, the M 
mesoblast migrates from the head to the posterior body regían and the HSN 
neuroblasts migrate from the tail to the midbody. Mutations in the gene 
mig-1 cause these cells to termínate their migralions prematurely, suggesting 
that mig-1 functions to guide them to their normal final destinations . 

mig-1 also specifies certain cell fates. In wild type animals, the 
descendants of the QL neuroblast migra te posteriorly, whereas the 
descendants of the QR neuroblast migrate anteriorly. In mig-1 mutants, the 
QL descendants migrate anteriorly like the QR descendants, suggesting that 

mig-1 determines the fates of the QL descendants. Interestingly, the mig-1 cell 
migration and cell fate defects are region-specific, occurring in the posterior 
half of the animal. 

We deterrnined that mig-1 and cfz-1, which encocles afrizzled-related 
transmembrane protein, are the same gene. Like other frizzled-related genes, 
mig-1/cft-1 encocles a protein with an amino-terminal signal sequence, a 
conserved cysteine-rich extracellular domain and seven membrane-spanning 
dornains. frizzled-related proteins can act as wingless or wnt receptors, 
suggesting that MIG-1 is also a wnt receptor and that wnt signaling functions 
in the guidance of long-range longitudinal cell migration.s in C. elegans. 

The migration defects conferred by mig-1 mutations vary in severity 
and penetrance. At least two mig-1 alleles are null mutations by molecular 
crlteria, suggesting that multiple guidance processes influence these 
migra tions. 

We constructed a mig-l::gfp translational fusion to examine the 
expression pattem of mig-1. mig-l::gfp is membrane localized and first 
expressed in embryonic epidermal cells during the period that M and the 
HSNs undergo their migrations. mig-I::gfp expression was also been observed 
in sorne neurons (induding the HSNs, QR, and QLt body wall muscle and M. 
Thus, mig-1::gfp appears to be expressed in the affected migratory cells and in 
the surrounding epiderrnal tissue. We are currently investigating where 
mig-1 function is needed for normal development. 
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Axun tar¡:din ¡: au<l turuiu¡: iu tlu· dt·vdupin¡: vistwl systt·m uf Xt•nupus 

C hristinc llolt 
Department of Anatomy, Cambridge University, Downing Streel, Cambridge Cl32 3D Y, U.K. 

Our research has focused on two of multiple steering dccisions that retina! axons mu s! 
make to corrcctly navigate the embryonic optic pathway: 1) exit from the retina, and 2) cntry into 
the target. the optic tectum. Recent evidence suggests that netrin-1, whose expression is localized 
to the optic nerve head within the developing vertebrate retina (Sretevan el al, 1997; de la To rre 
el al , 1997). may enlice axons lo lea ve the retina! surface by allracting them into the optic nerve 
hcad, and thus out ofthe retina . Growth cene turning assays in culture demonstrate that a 
localized source of netrin-1 acts as a chemoallractive signalthat clicits chemoallractive turning. 
This chemoallraction is mediated vía the netrin-1 receptor, DCC, since function blocking 
antibodies abolish attractive turning (de la Torre el al, 1997). lnterestingly, this allractive turning 
response can be con verted to repulsive turning in the presence of soluble laminin or a specific 
laminin peptide, YIGSR. Experiments in which levcls ofintracellular cAMP. were altered indicate 
that the laminin-induced switching involves cytosolic cAMP. Our findings suggest that externa! 
factors in the extracellular matrix in vivo may play an importan! role in modulating the 
responsiveness of growth eones to specific guidance cues. 

What governs target entry? We have found that experimental pertubations offibroblast 
growth factor receptor (FGFR) signaling in growing retina! axons in vivo cause errors in target 
recognition. For example, when FGFRs are activated by exogenous FGF-2 or FGF-2-binding 
heparan sulfates, or when it is blocked by expression ofa dominan! negative protein, retina! axons 
fail to enter the tectum and instcad skirt around its perimeter (McFarlane et al, 1995, 1997; Walz 
et al, 1997). Our findings support a model oftarget recognition in which a key element is a 
change in levels ofFGFR signaling in retina! growth eones when they reach the tectal border 
triggered, for example, by a drop/elevation in ligand concentration ora change in ligand type or 
modulatory factor (Holt and Harris, 1998). Such a signaling change could alter the 
responsiveness of retina! growth eones causing a repulsive signa! in the tectum to beco me an 
attractive one, thus permitting target entry. 

Deiner, M. S., Kennedy, T. E., Fazeli, A., Serafini, T ., Skarnes, W. C., Tessier-Lavigne, M., and 
Sretevan, D. W. (1997). Netrin-1 and DCC mediate axon guidance locally at the optic disc: 
Loss offunction leads to optic nerve hypoplasia. Neuron 19, 575-589. 

de la Torre, J. R., V. H. Hoepker, G-1. Ming, M.-M. Poo, M. Tessier-Lavigne, A. Hemmati
Brivanlou and C.E. Holt Tuming ofretinal growth eones in a netrin-1 gradient mediated by 
the netrin receptor DCC. Neuron 19: 1211-1224 (1997). 

Holt C. E. and W.A. Harris Target selection: invasion, mapping and cell choice. Current Opinion 
in Neurobiology 8 : 89-105 (1998). 

McFarlane, S., L. McNeill and C.E. Holt FGF signaling and target recognition in the developing 
visual system. Neuron 15 : 1017-1028 (1995). 

McFarlane, S., E. Cornel, E. Amaya and C.E. Holl lnhibition ofFGF receptor activity in retina! 
ganglion cell axons causes errors in target selection. Neuron 17: 245-254 (1996). 

Ming G-1., M.-M, H.-J. Song, B. Berninger, C.E. Holt, M. Tessier-Lavigne and M.-M. Poo 
cAMP-dependent growth cene guidance by netrin-1. Neuron 19: 1225-1235 (1997). 

Walz, A., S. McFarlane, Yardenah G. Brickman, V. Nurcombe, P.F. Bartlett and C. E. Holt 
Essential role of heparan sulfates in axon targeting in the developing visual system. 
Developmenl 124: 2421-2430 (1997). 
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Growth Cone Guidance in the Drosophila Visual System 

Larry Zipursky, HHMI/UCLA, Department ofBiological Chemistry, UCLA School ofMedicine, Los Angeles CA 90095. 

We ha ve been studying the mechanisms regulating the formation of specific partems of neuronal conncctions in the Drosophila visual system. The compound eye ofthe fly contains sorne 750 simple eyes ealled orrunatidia. Each ommatidium contains 8 photoreceptor neurons (so-called R1-R8 neurons). These neurons can be elassified into three groups based on synaptic specifieity. The Rl-R6 neurons form connections in the first optic ganglion, the lamina, whereas the R7 and R8 axons project through this region and make specific connections in two different layers of the second optic ganglion, the medulla. In addition to ganglion target specifieity, photoreceptor neurons elaborate a topographic map. 

To begin to dissect the histo!ogical mechanisms regulating R-cell a.xon guidance and target recognition, we camed out a screen for mutations disrupting R-cell connections. A set of mutations were identified that affected various aspects of axon guidance including outgrowth, pathfinding and target recognition. Our stud.ies on one ofthese, ealled dreadlocks (dock), provided a starting point for dissecting signal transduction mechanisrns within thc growth cone (1). Dock encocles an SH3/SH2-domain containing protein regulating aspects ofpathfinding and target recognition . The finding that the mammalian ortholog ofDock, Nck, interacts witb Eph and c-Met rcceptors suggests that Doek!Nck may play an evolutionarily conserved role in regulating signalling in the growth cone. Phenotypic studies w_ill be presented arguing tbat Dock funetions in many, but not all, neurons to control aspects of guidance and targeting. dock mutants exlúbit distinet phenotypes in a subclass of motoneurons and in the projections of photoreceptor neurons in the larval eye (i.e. Bolwig's organ). Progress in understanding the molecular meehanisrns by which Dock functions in the growth cone to link extracellular signals to ehanges in cytoskeletal organization will be discussed. 

The prcsence of an SH2 domain in Dock led us to pursue a candidate gene approach to identify genes regulating pbosphotyrosine signaling in R-cell growth eones. A (eceptor tyrosine phosphatase, DPTP69D, is required for the termination of Rl -R6 growth eones in tbe lamina; in dptp69d mutants Rl-R6 axons rern.ain fasciculated with R8/R7 and project into the medulla. Studies indicated that though DPTP69D is required fo( Rl-R6 growth eones for their termination in tbe lamina, misexpression ofDPTP69D in R8/R7 is not sufficient to re-specify their connections. These data suggest tbat DPTP69D functions in the context of other guidance moleeules to regulate Rl-R6 terrnination in the lamina. Mutational analysis of the role of DTPTP69D in motoneurons by Zinn and colleagues (2) and our analysis in Bolwig's organ reveals that 69D functions differently in the context of different growth eones. 

References: 

l. Ganity et al. (1996). Cell 85, 639-650. 
2. Desai et al. (1997). Development 124, 1941-1952. 
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AXON GUIDANCE, IN VIVO AND IN VITRO EXPERIMENTS 

Dieter Oütting, Tomoko Yamada *, Hideaki Tanaka *, Thomas Ciossek, 
Friedrich Bonhoeffer and Uwe Drescher 

Max-Pianck-lnstitute for Developmental Biology 
Department of Physical Biology 
Spemannstr 35 
72076 Tübingen 
FRG 

* Oepartment of Neuroscience and lmmunology 
Kumamoto University 
Graduate School of Medica! Sciences 
Kumamoto, Japan 

Generally it is believed that the Eph family exerts its function in 
neuronal patterning by the complementary expression of receptors and 
ligands. Here we show that in the retinotectal projection Ephrin-A ligands 
are co-localized with their EphA receptors on nasal, but not temporal 
retina! ganglion celts at the time of ingrowth into the tectum. Moreover, 
Eph receptors and tigands are expressed surrounding the optic fibre tract 
towards their target area, the optic tectum. Retrovirally driven 
overexpression of Ephrin-AS in the retina leads to the inability of 
temporal axons to respond to tectal guidance cues in vitro concommittant 
with a change in the phosphorylation pattern of EphA receptors. In vivo, 
retina! axons show servere pathfinding errors and a disturbed mapping on 
the optic tectum. These data suggest a role of Ephrin-A ligc¡nds in the 
modulation of the activity of co-expressed EphA receptors. 
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Mcchanisms and molcculcs controlling retina) ;non guidancc, branching, and topographic 
mapping in thc dcvcloping brain. Dermis D.M. O'Leary, Janet E. Braisted, Seung Choi, Todd 
McLaughlin and Paul A. Yates. Molecular Neurobiology Lab, Thc Salk lnstitute, La Jolla, CA 
92037 USA 

Our objective is to define rnechanisms· and molecules in volved in the developmcnt of orderly 
spatial arrays of axonal connections in the brain, using as a model the topographic mapping of 
retina) axons onto the chick optic tectum or its rodent homologue, the superior colliculus (SC). 
The Eph receptor tyrosine kinase, EphA3 (Mek4); and its ligands, ephrin-A2 (ELF-1) and ephrin
AS (AL-1/RAGS), are candidates for controlling topographic specificity of retina) connections. 
F. Bonhoeffer, J. Flanagan and their colleagues have shown in developing chicks that EphA3 and 
its ligands are expressed in complementary gradients, with EphA3 highest in temporal retina 
(maps to rostral tectum) and lowest in nasal retina (maps to caudal tectum), and ephrin-A2 and 
ephrin-AS present in an increasing rostral to caudal gradient in tectum. In collaboration with John 
Flanagan and colleagues (Nakamoto et al., 1996), we have shown using the membrane stripe 
assay that ephrin-A2 specifically repets· temporal axons. In addition, temporal axons avoid 
ectopic patches of ephrin-A2 overexpression created by infection with recombinant retrovirus. Thus, ephrin-A2 could determine temporal versus nasal retinotectal specificity. 

In collaboration with lonas Frisen and Mariano Barbacid (Frisen, Yates, et al., 1998), we 
have addressed the requirement of ephrin-AS for retina) axon guidance by analyzing ephrin-AS 
null mice created by targeted gene deletion. We find that in mice ephrin-AS has a graded high 
caudal to low rostral expression across the se, whereas ephrin-A2 is expressed at high levels in 
m id se and lower or non-detectable levels in more rostral and caudal S C. Ephrin-A5 ( -/-) m ice 
have normal anterior-posterior patteming of the midbrain, as indicated by the expression pattems 
ofephrin-A2 and the engrailed genes, En-1 and En-2. Hówever, in the se, retina! axons establish 
permanent projections to topographically incorrect sites that correlate with locations of low 
expression of ephrin-A2. Thus, ephrin-AS is required for the proper topographic mapping of retina! axons. In addition, in ephrin-AS (-/-) mice retina! axons transiently overshoot the SC and 
extend into the inferior colliculus (IC). This defect is consisten! with a high leve! of ephrin-AS expression in the Ie, and our finding that the leve! of ephrin-AS in the Ie inhibits retina! axon 
growth in vitro. Thus, ephrin-AS may also serve to restrict retina! axons to the SC. 

Additional findings suggest that ephrin-A2 and -AS act by regulating rostral-caudal 
specificity in axon branching and arborization. Although ephrin-A2 and ephrin-AS are expressed 
in graded or restricted pattems in the tecturn/Se when retina! axons first arrive, they fail to guide 
or restrict growing retina! axons to topographically correct sites. Our in vivo work indicates that the development oftopographically specific connections occurs principally through the formation 
of collateral branches which go on to establish arbors. In vitro studies show that guidance 
molecules can control the collateral branching of retina) axons in a topographically specific manner. These data, and modeling of the extension and topographic specific branching of retina) 
axons, make predictions on the pattemed distributions of receptors and ligands required to generate topographic specificity. 
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Complementing the proposed roles of ephrin-A2 and -AS in regulating topographic 

specificity of retina! axon branching through a repellen! mechanism, we have been investigating 

molecules that might promote retina! axon branching. 8DNF is an attractive candidate: retina! 

ganglion cells are known to express Trk8, the high-affinity receptor for the neurotrophin 8DNF. 

In addition, 8DNF is expressed in the tectum, and has been shown by S. Fraser and colleagues to 

regulate the morphology of retinotectal axonal arbors. Our ongoing work indicates that BDNF 

presented in vitro to localized sites along retina! axons in either a soluble or substrate-attached 

form can induce branch-like structures. Further experiments indicate that this effect is specific 

and appears to act through a Trk-specific mechanism. These findin gs support the hypothesis that 

BDNF directly regulates retina! axon branching in the optic tectum. 

Finally, our expression analyses done with Hai Wang and David Anderson also suggest a 

role in retinotectal axon patterning for ephrin-13 1 and ephrin-132, ligands for the 13 subfamily of 

Eph receptors (8raisted et al., 1997). Ephrin-13 1 is expressed in a high dorsal lo low medial 

gradienl in developing chick tectum, complementing the high ventral to low dorsal gradcd 

expression of its receptor, Eph82, by retina! ganglion cells. Ephrin-82 is distributed unifonnly in 

the tectum but selectively in the deep retinorecipient layers. These patterns implicate ephrin-13 1 

in retina! axon mapping along the dorsal-ventral tecla( axis, and ephrin-132 in the developrnent of 
layer-specific projections. Supported in part by NEI RO 1 EY 07025. 

Nakamoto, M, Cheng, H-J, Friedman, GC, McLaughlin, T, Hansen, MJ, Yoon, CH, O'Leary, DDM 

and Flanagan, JG (1996). Topographically specific effects of ELF-1 on retina! axon guidance in 
vitro and retina! axon mapping in vivo. Cell86:755-766. 

8raisted, JE, McLaughlin, T, Wang, HU, Friedman, GC, Anderson, DJ, O'Leary, DDM (1997) . 

Graded and lamina-specific distributions of ligands of EphB receptor tyrosine kinases in the 
developing retinotectal system. Developmental Biology 191 : 14-28. 

Tuttle, R, 8raisted, JE, Richards, LJ, O'Leary, DDM (1998). Retina! axon guidance by region 

specific cues in the diencephalon. Development, 125:791-801. 

FrisEn J 1
, Yates PA 1

, McLaughlin T, Friedman GC, O'Leary DDM2
, 8arbacid M 2 (1998). 

Ephrin-A5 (AL-1/RAGS) is essential for proper retina! axon guidance and topogra~hic 
mapping in the mammalian visual system. Neuron, 20:235-243 . 1co-first authors; co

communicating authors . 
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Emx2 in the developing cerebral cortex 

Edoardo Boncinelli 
DffiiT, Scientific Instirute San Raffaelc, Via Olgettina 58, Milan, Italy. boncinelli.edoardo@ hsr. i t 

Emxl and Ernx2 are two vertebrate homeobox genes reJated to the 
fruit fly gene empty spiracles (ems). They are expressed in the developing 
rostral brain of mouse embryos, in a region including the presumptive 
cerebral cortex and the olfactory bulbs. In . the developing cerebral cortex, 
Emxl is expressed in most neuroblasts and neurons at all stages of 
development, whereas Emx2 expression is restricted to proliferating 
neuroblasts of the so-called ventricular zone and is undetectablc in post
mitotic neurons. It is conceivable to hypothesise that Emx2 plays a role in 
the control of proliferation of cortical neuroblasts or in the regulation of 
their subsequent migration. 

Mutations in the human EMX2 gene bave been reported in sporadic 
cases of schizencephaly. This rarc developmental disorder is characterised by 
a full-thickness cleft within the cerebral hemispheres. Large portions of the 
cerebral hemispheres may be absent and replaced by cerebro-spinal fluid. 
The presence of Emx2 mutations in cases of schizencephaly lends support to 
the hypothesis of a requirement of Emx2 gene products for the correct 
formation of the human cerebral cortex. 

The implication of Emx2 gene products in the control of proliferation 
and/or migration of cortical neurons is corúirmed by the analysis of Emx2 
null mutant mice. Their brain displays severa! abnormaliries including a 
general reduction of the cortex, both in ex.tension and thickness. The dentate 
gyrus is missing, the hippocampus proper and the medial limbic cortex are 
greatly reduced in size and olfactory bulbs are disorganised. 

We are currently analysing the detailed distributions of the EMX2 
homeoprotein using a polyclonal antibody. In the pallial neuroepithelium 
EMX2 is expressed in a graded way in cell nuclei along the rostro-caudal 
axis with a caudal maximurn as expected, but in addition to that sorne anti
EMX2 immunoreactivity is also detectable in Cajal-Retzius cells . This 
suggests for the EMX2 homeoprotein a more direct role in thc migration of 
cortical neurons. 

.) 
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SEMAPHORINS 111 ANO IV REPEL HIPPOCAMPAL AXONS VIA 
TWO DISTINCT RECEPTORS. 
~hédotal Alain 1, Jose A. Del Rio4

, Zhigang He2
, Fernando de Castro 1, 

Monica Ruiz4
, Hang Chen2 ,Victor Borrell4

, Frederic Ezan 1 , Carey S. 

Goodman3
, M are Tessier-Lavigne2

, Constantino Sote lo 1 and Eduardo 

Soriano4
. 

11NSERM U106, Hópital de la Salpetriere, 75013 París, France. 2 HHMI, 

Department of Anatomy, UCSF, San Francisco, CA, USA.3 HHMI, 
Department of Molecular and Cell Biology, UC Berkeley, Berkeley, CA , 

USA. 4University of Barcelona, Department of Cellular Biology, Barcelona, 
Spain. 

In the developing central nervous system (CNS), axonal growth eones are 
known to be guided, at a distance by a variety of diffusible molecules. Some 
of these secreted factors can attract the axons (chemoattraction) whereas 
others repel them (chemorepulsion). To date, semaphorins constitute the 
largest family of chemorepulsive molecules and many of them are expressed 
in the CNS. Secreted semaphorins have recently been shown to bind 
receptors of the neuropilin family. 

Our goal in these experiments was to determine whether 
chemorepulsion and semaphorins might play a role in axon guidance in the 
hippocampus, a structure whose connections are highly organized. Using 
collugo11 gol co-cultumo tnl~u11 fmm E.1 G·F.17 mouoo omb1yoo, wo hovo 
shown that axons growing out of explants from CA 1 and CA3 can be 
selectively repelled by entorhinal cortex explants. We also found that two 
secreted semaphorins, Sema 111 and SernaiV, as well as their receptors 
neuropilin 1 and 2 are expressed in diverse components of the hippocarnpal 
forrnation at the time the connections are being formed. We showed in vitro 
that Serna 111 and SernaiV, expressed in COS cells, strongly repel CA 1 and 
CA3 axons. Entorhinal axons were only repelled by Serna 111. Finally, we 
found that an antibody directed against neuropilin-1, when applied to our 
cultures, could block the repulsive action of Serna 111, but not Serna IV. 

These results show that chernorepulsion plays a role in axonal 
guidance in the hippocarnpus, and that secreted semaphorins may be 
responsible for this action. Our results also dernonstrate that the same axons 
can be repelled by two distinct sernaphorins via two different receptors, one 
of which involves neuropilin-1. This also suggests that the receptor 
mediating the Serna IV repulsive effect rnight involve neuropilin-2. 
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Synapric Compdition at lhc NcuromusoJiar Junction 
Idf Lichuruw 
Waslúngton Univcrslty School ofMcdicino 
Se. Louis Mi=uri. USA 

Mammali.a.n musclc fibcrs undcrgo a majar changc in U1c pauc:m of iMc:rvation durin¡; carly postrultal lifc. 
Tiús phenomcnon, wlúch islcnown as "syn.apsc elirnination" has intcrc:sti.og parallc:ls to altcrations in 
co!Uicctivi¡y in othc:r paru of thc: dcvcloping nc:rvous systcm including autonornic gangüa. thc ccrcbellum, 
and lhc: visual syst.em. In musclc, compctition bctwccn axons liCC:ITIS to be thc driving force bc:hind the 
changos in synaptic coMectivi¡y. Al birth, each muscle fiber is innervated by mulúplc motor axons that 
converge al a neuromuscular junctioll Allhough all U1e axons are appropriate in lhc scosc lhey come frorn 
thc corrcct motomeuron pool, willún scvcral wceks (-2 wa::Jcs in rodents) cach ncuromuscular junction 
loses input from all axons but onc. The loss of CO!Uiections is the rcsult of cxtcnsive axonal branch 
reuaction on thc pan of cach motorneuron. Each neuron discoMcds with more than half the muse le libers 
it contacted earlicr. My laboratory has focussed on attempting to WJderstand Uus proccss by studying 
individual neW'omuscular junctions as they undcrgo lllis competitivc loss of multiplc innervation. Using a 
varicty of physiological and anatomical techniques. we have found tl1at the interaxor~al competition is a 
úcpwisc proccss. Axons convcrging at a neW"omuscular junction begin with approximatcly cqual tenitory 
a.nd ¡¡ynaptic strength bu! bo::ome grndually diffcrcnt as one axon comes to occupy more territory and ha ve 
gn:.al.cr quantal cont.cnt than othcr axons. Iniúally thc inpulS are highly interminglcd al each junction but as 
¡¡ynapsc eli.mination prog¡-csses v-e have rc:cently found U~at tl1ey scgrcgatc. Synaptic cndings nearcst 
compcútor 5)'Il8pses are Withdn!wn first The willuirawaJ is duc lo a local atrophy of individual branch..lcts 
within the junction. As thc prcsynaptic axona! changes takc place, wc have found a com:spondingly rapid 
disassembly of thc pos!Synaptic apparatus. Wc futd that si tes of elimiJlation ultimatcly loase al( signs of 
prc- or postsynaptic spc:cializ.ations. ThllS, the withdniwal of an axon is not duc lo thc invasion and 
inncrvation of its territory by another input. Raú1cr, synaptic compcútion is due to compctition ata distance 
with thc susceptibíliry for loss bcing g¡-eatesl for compcting brnnches tha.t are in clase proxirnity. Prcvious 
cxpcriments in which we focal! y blocked neW"Omuscular trnnSrnission al parts ofjunct.ions l~avc suggestcd 
to us that neW'Otransmincr receptor activation by one axon iniúatcs the disasscmbly of synaptic si tes that 
are not active al the samc time. Thcsc results indicate tl13! the postsynapt.ic ccll is U1e likely intcnncdiary in 
thc compctition between axons. In uying to unda'stand this mc:chanism ofloss wc h.wc posited ú1a1 there 
nccds lO be thrcc dill'eremlcinds o( signa.ls: 1) a local protcction signa! tha.t prevcnts active postsynaptic 
si tes from dísassembling themsclvcs, 2) a punishment signal tl~at dccrc:mcnlS rapidly in space and time Ll~at 
dísasscrnbles the postsynaptic si tes assoclat.cd with othcr axonal inputs, and tir~ally 3) a retrograde! y acting 
signa] tha.t causes nervc tcrminals to atrophy and withdraw from postsynaptic sites th.at are thc:msclvcs 
disappe.aring. Recen! work with musclc fibers whosc protein synthesis has bcx;n blockcd and transgcnic 
animals ovcrcxprcssing various growth factors suggestS thal the atrophy of axonaJ branches is duc to lhe 
abscncc of a rctrogradcly acti.og factor that is continu.ally required for lhe ongoing maíntenance of syn.aptic 
end.ings. 
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FORM FROM FUNCTION: NEURAL ACTIVITY SCULPTS CONNECTIVITY IN VISUAL 
SYSTEM 
DEVELOPMENT. Carla J . Shatz HHMI and Oept. of Molecular and Cell Biology, 
University of California. Berkeley, CA 94720. 

Connections in the adult central nervous system are highly precise. In the 
visual system, ganglion cells in each retina confine their axonal 
connections with target neurons in the LGN to adjacent, non-overlapping 
eye-specific layers. During development, however, layers are not present. 
lnputs from the two eyes are intermixed initially, and the adult layered 
pattern emerges as connections from the two eyes remodel. Remodeling 
requires ganglion cell signaling, since blocking action potentials prevents 
formation of the layers. These action potentials are endogenously 
generated in utero long befare rods and eones are present: the ganglion 
cells fire spontaneously and synchronously, generating ''waves" of activity 
that sweep across domains of the retina. Calcium imaging and 
microelectrode recordings show that an early synaptic network of ganglion 
cells and cholinergic interneurons is required to produce these waves of 
activity. The periodic activity, in turn, is relayed synaptically from 
retina to LGN. Physiological recordings indicate that the strength of this 
synapse can be altered in an L TP-Iike way. Moreover, the spontaneous 
activity present in the retinogeniculate pathway is required for the 
regutation of gene expression by LGN neurons, as revealed by differential 
display comparing expression between control and activity-blocked LGN. 
These observations indicate that an early neural circuit within the retina 
generales di serete spatiotemporal pattems of activity which are then 
relayed across central synapses. Thus, long before visual experience, 
nerve cell function is essential for specific activity-dependent gene 
expression and for the initial structural remodeling that leads ultimately 
to the adult precision of visual system connectivity. Since spontaneous 
neural activity is present elsewhere in the developing CNS, this 
activity-dependent process is likely used throughout the nervous system to 
refine early connections into their precise adult patterns. NSF IBN 
93-19539, March of Dimes, and NIMH 48108. 
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IN 1'11'0 I'A 1TERNS OF SI'ONTANEOUS ACI'IVI'I'V IN Tll E DEVELOI'ING 
VISUAL TIIALAMUS: IMI'LICATIONS FOR Tlll~ DIWELOI'MENT OF 

Cülri'ICAL FlJNCTIONAL AI~CIIITECTlJRE 

Lawrence C. Katz, Justin C. Crowley 

lt is a widely held bcliefthat understanding the patterning offunctional archilecture in the 
mammalian visual cortex, in particular the pattern of ocular dominancc columns. will serve 
as a sort of"Rosetta stone" for understanding the basic rules by which circuits in the 
mammalian brain are formed and altered by experience. Ocular dominancc columns consist 
ofinterdigitating stripes ofthalamic terminations, eaeh carrying information originating from 
a single eye. Based on the pioneering work ofHubel and Wiesel, it is abúndantly clear that 
the organization ofthis pattern can be dramatically altered by visual experiencc. As these 
alterations require neuronal activity, a large body ofresearch has emerged implicating 
patterned neuronal activity and activity-dependent plasticity processes, su eh as LTP. in the 
formal ion and plasticity ofthese structures. However, in recent years it is becoming 
increasingly clear that the forccs guiding plastic rearrangemcnts of ocular dominance 
columns and those guiding their initial fonnation need not be identical. For example. in 
1996, Hocking and Horton, following an earlier work by Rakic ( 1976) showed that 
newborn monkeys have completely developed ocular dominance columns. Thus. whatcver 
patterning forces cause the formation of columns, they must exist before the onset of visual 
experience. 

Since columns are present at birth, it follows that spontaneous activity in the developing 
visual pathway must be important. Work by Shatz and colleagues (L. C. Katz and C.J . 
Shatz. Scjencc 274: 1133-1138) has shown that the developing retina produces rhythmic 
waves of spontaneous activity, even at very early times in development. Thcse waves ha ve 
been implicated in segregating the eye-specitic layers in the lateral geniculate nucleus (M. 
Weliky & L.C Katz, ~ 386: 680-683). Similar patterns could al so be imponant 
subsequently, in development for patterning of ocular dominance columns. 

Remarkably little is known however, about the patterns of spontaneous activity in awake 
behaving animals during the period during which ocular dominance may be constructed . To 
address this, we developed a multi-electrode recording technique to record from eye and 
response-type specific layers in the lateral geniculate nucleus of ferrets during the time that 
ocular dominance columns may be first forming (PND 24-28). 

Severa! clear findings emerged from thcse experiments. First, retina! wave-like activity is 
clearly transmitted to the thalamus in vivo. We observed periodic bursts of activity in 
thalamic neurons lasting for severa! scconds and occurring at approximately every 20 
seconds. Severa! propertics ofthese waves were consistcnt with the aclions predicted by 
models ofindependent retina! oscillators. For example, the correlations within a given eye
speci!ic laycr were high. Howevcr, thcrc were also sul>stantial corrclations bctwccn the two 
eye-specific layers, which should be relatively rare ifthe two eycs were acting as two 
independcnt oscillators. Thcsc binocular correlations require feedl>ack from the visual 
cortcx, as co1tical ablation, eliminating the bctwccn-eye corrclations. Furthermore. if both 
optic nerves were cut. correlated bursts of activity soon returned and thesc werc cxtremcly 
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correlatcd bctween thc two eye-spccific laycrs, implying that a thalamocortical loop is 
capable of sustaining pattcrncd activity. 

Interestingly, the two eycs were not equivalen! in their ability to drive the thalamus. Cutting the ipsilateral optic nerve had virtually no effect on the patterns of thalamic activity, 
whereas cutting the contralateral nerve effectively silenced thc thalamus. This suggests that input from the contralateral eye is much stronger physiologically at these early times in development, consisten! with recen! findings by others. We next inquired whether it was possible for geniculocortical axons to segregate into ocular dominance columns in the complete absence ofthe two retinas. Animals were binocularly enuculeated at PIS, just after thalamocortical axons reachcd !ayer 4. At P70, after the critica! period for ocular 
dominance columns in ferrets, layer-speciíic injections ofbiocytin were made under visual control into the thalamus. 

Remarkably, in these animals segregated geniculocortical axons were clearly segregated into stripes that were indistinguishable from normal control animals. This finding was buttressed by retrograde transport studies, which showed that small injections of retrograde tracers into cortcx led to labeling in one-specific !ayer or thc othcr in enucleated animals. 

Thus, independent of the presence of the two retinas and any activity they genera te, the 
thalamocortical axons can segregate into eye-speciíic layers. We propase that the standard thcories of the activity-dependent competitive interactions based on classical Hebbian mechanisms and L TP are not adequate to explain the mechanisms driving the initial 
formation of ocular dominance columns. While it is possible that subtle patterns of correlation within the oscillating thalamocortical loop could utilize such mechanisms, 
specific molecular markers present in the cortex may be used to determine the pattern of eye-specific terminations in !ayer 4. In this context, activity may actas a permissive force to allow axons to decode these signals. Thus neurons may need to be active in arder to properly organize their terminal arbors, but the precise pattem or correlational structure of activity is of little consequence. 
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Long-Term Changcs in Synaptic Efficacy: 
Neurotrophins and Synaptic Specificity 

Tobias Bonhoeffer 

Max Planck lnstitut für Psychiatrie 

München-Martinsried 

Germany 

Long-term potentiation (l TP) has been proposed as an importan! mechanism 
underlying various forms of learning, synaptic plasticity, and circuit reorganization . 
L TP is gene rally thought to be induced by concurren! pre- and postsynaptic activity 
leading to elevated calcium levels in the postsynaptic cell. How the subsequent 
synaptic enhancement is achieved and later maintained is much less clear, but it is 
very likely that at least part of the expression of synaptic enhancement is 
presynaptic, i.e. caused by enhanced transmitter release. The fact that the 
induction of L TP is postsynaptic whereas part of its expression is presynaptic ca lis 
for a retrograde messenger being involved in the process of L TP expression. 

1 will present evidence for brain-derived neurotrophic factor (BDNF) being a 
potential candidate for such a retrograde messenger. L TP is severely compromised 
in BDNF-knockout animals 1 and long-lasting L TP (L-L TP; t>3h) is even completely 
abolished2

. lt can be rescued by locally infecting cells with an adenovirus vector 
containing the BDNF gene3

, indicating that the BDNF protein is required at the time 
of L TP-induction. BDNF might act instructively as a retrograde messenger, but a 
permissive action also has to be considered. Since it is well known that BDNF can 
influence the morphology of neurons4

, it is attractive to speculate that this molecule 
might provide a link between functional and morphological aspects of synaptic 
plasticity which almos! always go hand in hand. 

1 will furthermore present results showing that L TP is not confined to single 
synapses. lf synapses are enhanced by simultaneous pre- and postsynaptic 
stimulation, neighboring synapses participate in this enhancement5

. These results 
are in fine with a diffusible retrograde messenger being responsible for expression 
of synaptic enhancement but they also suggest that the strict concept of a Hebbian 
synapse has to be modified lo encompass the notion of enhancement spreading 
severa! tens of microns from the site of lnitiation. lf one believes that the Hebbian 
mechanism is the basis for information storage in the brain these results indicate 
that for information storage - not necessarily for information processing - groups of 
synapses rather than single synapses are the basic computational unit. 

1. Korte, M., Carroll, P., Wolf, E., Brem. G., Thoenen, H. & Bonhoeffer. T. 
Proc.Nati.Acad.Sci.USA 92. 8656~860 (1995). 

2. Korte, M., Kang, H .. Bonhoeffer, T. & Schuman. E. Neurophannacology, in press . 
3. Korte, M., Griesbeck, 0 ., Gravel. C ., el al. Proc.Naii.Acad.Sci.USA 93. 12547-12552 (1996) . 
4. McAIIister, A.K., lo, O.C. & KaiZ, l.C. Neuron 15. 791-803 (1995) . 
5. Engert, F. & Bonhoeffer, T. Natura 388, 279-284 (1997). 
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Targct recognition and axon growth arrcst are two independent 

processes in Drosopltila mechanoreceptors. 

Angel Acebes, Inmaculada Canal y Alberto Ferrús . 
Instituto Cajal. CSIC. 
Madrid . 

Single neuron changes in connectivity have been analyzed in somatic mosaics of 
Drosophi!a giga.r mutant after horseradish peroxidase retrograde backfillings. This 

lethal mutant was isolated on the basis of its enlarged cell phenotype, including the 

nucleus. Mosaics obtained after expostrre to X-rays show somatic spots of mutant ce lis that 

are normal in morphology but two to three times larger than wild types. Mutant gigas 

mechanoreceptors project their axons. over a genetically normal substrate, to the regular 
targets maimaining their stereotyped profile. However, they extend additional projections 
into novel areas of the central nervous system. Bourons are observed in the normal target 
as well as along the new extended projection. The additional targets in other neuromeres 

still correspond to mechanosensory domains. Under electron microscopy analysis, the new 
invading projections do not seem to elicit gliotic reaction nor to cause necrosis. The 
functional consequences elicited by rhese mutant mechanoreceptors were assayed using 

the grooming retlex behavior. It is observed that mosaic flies carrying a single gigas 

mechanoreceptor produce normal a.s well as modified, but still context-coherent, grooming 

reflex responses in agreement wirh the new projection targets reached . These experiments 
show that growth cene an·est and target recognition can be considcrcd as two separable 

mechanisms. at Jeast in chis sensory system. Also. lhese observations underly the 
autonomous role of the growth cone during the formation of this sensory map. 
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Role ofNMDA and AMPA receptora in rcgulating gtant depolarizing potentials (GDPs) 
in developtng htppocampus 

+ • • + d h . ·+ E.Avignone , S.Bolea , J.V.Sanchez-Andrcs ·, N.Berretta an E.C erubm1 

+Biophysics Sector, Intemational School for 'A.dvanced Studies, Trieste, Ita! y 
·nept.Fisiologia, Universidad Miguel Hern8Jidez, Alicante, Spain 

Giant depolarizing potentials (GD~) observed in the hippocarnpus during the first postnatal week are synebronized network osei!lations gener8ted by the interplay between GABA 
and glutamate. At this stage of developm.:nt OABA, 8cting tbrough OABAA receptors, is dcpohuizing and bence allows calcium entry into the cell through activation of voltagedepcndent calcium channels. This div8lent Clltion pl8ys an esscntial role in synapse forrnation. 

The aim of tlús study was to determine the source of the glutamatergic drive and to 
cvaluate the role of ionotropic g!utamate receptors in GDP generation. To tlús pwpose, single: and dual whole cell rccordings have been pérformed from CA3 pyramidal cells in hippocampal 
slices pcrfused with artificial cerebrospinal tluid at 34 •c. Rats (3-6 days old) were decapitated under urethane (10%) anaestbcsia, and hippocarnpal slices were prepared using a standard 
procedure. Patch pipettes (resistance 4-6 Mnl were filled with (in mM): KCJ or KF 140; MgCJ2 1; N8Cl 1; EGTA 1; HBPES S; K2ATP 2; tpH=7.3). The intracellular solution containing KF 
W113 used to block GABAA receptor-mcdiated responses. With KF the responses to exogenous 
8pplication of 100 J!M GABA (in TIX l!Jl'rt) were blocked, whilc those to AMPA (S ~M) or NMDA (10 ~ were still present. In KF ODPs could stil1 be recorded and were synchronous 
with those dc:t.ccted simultaneously with Kf:l-filled electrodes. However, their amplitude was smaller as shown by the slope obtained by th¡: plot of GDP amplitude versus membranc potential 
(slope values with KF and KCI werc -0.26 Hl.03, n=ll and -0.77 ±0.06, n-6 respectivcly, mCIUl ± SEM). This suggcsts that also in pyramidan cells as in intemeurons (Khazipov et al. 1997) the block of GABAA receptors with KF rcveal$ 8 glutamatergie eomponent of the GDP. Similar results werc found in pair rccordings obt.aincd from minislices containing only 8 small portian of thc CA3 arca, indicating that thc glutamatera1c eomponent may derive from a local network. In order to idontify which type of ionotropic glljtamatergic receptor is involved in GDP generation, experi.ments werc perfonned in the presente~ of selcctive antagonists for these receptors. GYKI 
S2466 (100 J.LM) or CNQX (40 ~M), seleqtive antagonists of AMPA and kainate receptors, rcversibly blocked GDPa, while the NMDJ>.; receptor antagonists CPP (30 J.LM) or D-APS (SO 
¡JM) did not 8bolish them. However, in the presc:nce of GYKI (100 ~ or CNQX (40 JLM}, 
GDPs could be still induced by application of GABA · (20 ~- When GABA, 8t the same 
eoncentration, was applied in the presence ofl both NMDA and non-NMDA receptor antagonists, it failed to induce ODPs. 

These results suggest that gener8tioo ;,f GDPs normally requiros non-NMDA rcccptors a.ctivation, while NMDA rcceptors are not esscntial. Howevcr, when non-NMDA receptors are blocked, the NMDA a.ctivation is essential fot GDPs induction by GABA 

Khazipov, R., Lclnekugcl, X., Khal!lov, l., Y., Gaim'lo J.-L.&:. Bcn-Ari. Y. (1997). 
Synchronlzatlon of OABAorglc intcmeuronal notwori; in CAl subfield of beonatal rat hippocampal slices . Jownal of Physiology 498.3, 763-772. · 
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CLONING OF VERTEBRA TE HOMOLOGUES OF THE IMMUNOGLOBULIN 

SUPERFAMILY MEMBER ROUNDABOUT (ROBO) ANO CHARACTERIZATION 

OF TI-IEIR ROLE IN AXON GUIDANCE AT THE CNS MIDLINE 

Katia Bro:;el, Thomas Kidd2, Andrew Plumpl, Kevin J. Mitchel12, Kimberly 

Bland2, Julie Simpson2, Greg Bashaw2, Guy Tear2. Corey S. Goodman2, and Marc 

Tessier-Lavígnel . lHoward Hughes Medica! Institute, Department of Anatomy and 

Department of Biochemistry and Biophysics, University of California, San Francisco, 

CA 94143 
2Howard 1 fughes Medica! Institute, Departmenl of Molecular and CeÜ Biology, 

University of California, Berkeley, 94720 

An importan! aspect of nervous system wiring is that information from the two 

sides of the body is integrated by ax.ons that project to and cross the inidline, forming 

axon commissures. Embryological experiments in vertebrates and genetic 

manipulations in invertebrates have suggested that growth eones sense specific cues 

at the midline which influence their decision to cross or not to cross. The specific 

midline cues and the precise molecular mechanisms mediating this choice are not 

well understood. The Drosophila mutant roundabout (robo) is detective in this 

process of commissure formation. In robo mutants, axons that normally would 

never cross the midline. now cross and axons that would normally cross only once, 

now cross multiple times. suggesting that robo is part of a signaling system which 

prevents inappropriate crossing. To determine the mechanisms that regulate 

pathfinding at the vertebrate midline, we cloned and characterizing vertebrate 

homologues of components of this robo signaling system. We have identified two 

rat homologues of Drosophila robo, rRobo1 and rRobo2, both of which are expressed 

in the rat spinal cord at the time of commissural axon crossing of the ventral 

midline. rRobo1 mRNA is expressed in the dorsal spinal cord, in a pattern 

apparently corresponding to the cell bodies of commissural neurons, as well as in a 

subpopulation of ventral cells in the region of the developing motor column. 

rRobo2 is also expressed in the region of the developing motor column, but in a 

distinct pattem from that of rRobo1. In contrast. rRobo2 mRNA is expressed in the 

dorsal root ganglia, where rRobol is not expressed, and is expressed in the dorsal 

spinal cord in a much more restricted pattem than is rRobol. Therefore, like that of 

its Drosophila homologue, rRobo1 and rRobo2 mRNAs appear to be expressed by 

both neurons with crossing ax.ons and neurons with non-crossing axons, suggesting 

that Robo may in vertebrates play a role similar to that of Robo in Drosophila. To 

confirm whether Robo protein is indeed expressed on commissural axons and 

whether it is localized in a manner consistent with its postulated role as a receptor 

preventing inappropriate crossing, we have generated antibodies against rRobol and 

rRobo2 and are characterizing Robo expression at the time of midline crossing. We 

are also pursuing a number of molecular, cell biological and embryological 

approaches to gain insight into Robo's potential role in directing guidance at the 

midline: (1) We are actively seeking the identification of candidate Robo ligands, 

which may actas a midline repellent for commissural axons. (2) We are developing 

in vitro assays for midline crossing. Such assays should not only gain us valuable 

insight into mechanisms of Robo function but will also be a valuable too! for 

identifying other elements of the Robo signaling pathway. (3) To determine Robo's 

function in vivo, Andy Plump is "knocking-out" the mouse homologues of rRobol 

and rRobo2. (4) In collaboration with Carey Goodman's Jab. we are beginning to 

examine potential signaling effectors downstream of Robo. 
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Observations of Rapid Translocation of Signalling Receptors in vivo: Time-lapse 
Imaging in C. elegans sensory neurons 
Noelle Dwyer and Cori Ba rgmann 
HHMI, Neuroscience Program, UCSF, San Francisco, CA, 94143-0452 

The regulation of the distribution of signalling receptors on neurons is a problem 
ripe for study. With the recent discovery of many receptors for axon guidance cues 
such as netrin receptors, robo/sax-3, and Eph receptors, it is now possible to ask how 
the localization of these receptors is dynamically regulated by the neuron during development. Changes in localization of signalling receptors may govern how 
neurons make decisions such as growth cone turning, interstitial branch formation, arbor elaboration or pruning, and synapse stabilization or elimination. Fascinating 
examples of how receptor distribution influences developmental decisions include 
acetylcholine receptor dynamics at the NMJ during synapse elimination, 
stabilization by Fasii on both sides of the synapse, and the complementary changes in dcrailcd and robo protein cxprcssion in axons upon midline crossing. What are 
the factors that determine receptor concentration and location? Guideposts, targets, and local changes in activity or calcium are likely to play key roles, but the links 
between these influences and receptor expression or localization are largely a 
mystery. Spatially and temporally controlled endocytosis or secretion of vesicles containing receptors may play a role in receptor regulation, and thereby in neuron 
development and plasticity. 

We have been studying transport and localization of seven transmembrane domain 
receptors in chemosensory neurons in C. elegans. Previously we identified a novel protein that is required for proper localization of a subset of odorant receptors. 
Recently we have been studying the rapid transport of receptors in neurons within 
the living worm. This is possible through the use of functional GFP-tagged 
receptors, and rapid time-lapse imaging using a high-resolution CCD camera and 
Metamorph software. We have found that receptors can be translocated in the 
dendrite at very high speeds, up to microns per second. Receptors appear to be 
transported in vesicles and tubules of heterogenous sizes, and travel at a variety of 
speeds, both anterogradely and retrogradely. This process is dependent on ATP, and could be mediated by microtubule motors, although existing motor mutations do 
not disrupt this movement. Since little is known about how receptors are targeted to and transported in dendrites, the ability to couple genetics with in vivo 
observation of transport dynamics could add greatly to the field . 

The surprisingly rapid rates of translocation of these receptors suggest that changes 
in patterns of receptor distribution on neurons can take place within seconds. lt is possible that the mechanisms used in C. elegans dendrites will also be used in mammalian dendritcs for rcgulating the distribution of receptors that then effect structural changcs. 
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1\xons or thc Occllar Scnsory Sys tcm of D.-osophila show discrctc 
rcquil·cmcnts for spccific CAMs and !he FGFr function during guidancc. 
Luis García-Aionso and Fernando Jiménez. Centro de Biología Molecular Severo Ochoa. 
CS IC- UAM . 28049 Madrid. Spain . 

The development of sensoty nc rves in the adult dorsal head of Drosophila oiTers a 
simple model system to study the mechanisms of growth cone guidance. Early during the 
metamorphosis of the fly . two different types of neurons differentiate si de by side in the 
terrritory that will become the apical part of the adult head: pioneer neurons of the ocelli 
(OP) and mechanoreceptor neurons of the bristles (MN). Thesc two types of neurons 
initially select either of two alternative substrates for axon extension . OP axons extend in 
thc Extracellular Matrix (ECM) without adhering to the underlaying epithelium while MN 
axons grow in association with the epithelium1

• These two substrates guide these axons to 

different targets in the brain. Befare reaching them, OP axons cross from the ECM 
surrounding the head capsule to the ECM covering the dorsal side of the brain while MN 
¡txons continue following the epidermal head contour up to the region of the antenae, 
whcre they leave this surface and cross to the brain . 

Different Cell Adhesion Molecule (CAM) and Growth f¡¡ctor Receptor (GFR) 
tnutants rcveal discrete functions during thc different steps of development and guidance 
of thesc neurons and their axons. Laminin A (LamA) is rcquired in the ECM for OP 
axons to select itas their substrate for extension . In mutant conditions for LamA, OP 
axons project in the epidermallayer where they stop growth 1

• In a collaborativc work 
with the labs of C. Goodman and R. Murphey, we ha ve found that Laminin B 1 (LamB 1) 
and B2 (LamB2) are required by MN axons to both project in the epidermis and follow 
hcrc their corree! projection pathway. lnterstingly, triple LamA/LamB I/LamB2 mutants 
rcveal a similar requirement for LamA, not previously uncovered by the single mutant. 

Neurotactin (Nrt) is a CAM molecule especifically expressed by OP neurons. Nrt 
is required in the OP axons to mantain a tight fasciculation. In the absence of Ntt, isolated 
axons or small bundles can select the epidermis for extension where they eventual! y stop 
growth, suggesting that fasciculation of many axons may be a way to ensure precision 
during guidance. Conversely, ectopic expression of Nrt in MN axons allows them to 
recognize and select the OP axons as a substrate for extension. Ectopic expression of N 11 
in the epidermal cells cause OP axons to project in the epidermis where they again stop 
growth. Obviously, the growth inhibitory influence of the epidermis o ver the OP axons is 
a specific characteristic of these neurons, since MN axons use the epidermis as their 
normal substrate for extension2.Another CAM, Neuroglian (Nrg) is expressed by OP and 
MN ncurons. as well as by the epithelium. Nrg seems to be required by MN axons to 
attach to the epidermis, since Nrg mutants show bristle axons leaving the epidermallayer 
soon after their birth. 

Finally, we are studying the requirements for GFRs during development of OP 
and MN neurons. While the Epidermal Growth Factor receptor (EGFr) is required for the 
initial determination of both types of neurons. the Fibroblastic Growth Factor receptor 
(FGFr) seems to be specifically required for axon guidance. Thus, loss of function 
conditions of the FGFr generated using the GAL4 system show prominent phenotypcs in 
both OP and MN axon projections. In both cases, axons are unable to make appropriate 
decisions at critica! choice points. OP axons sometimes fail to project in the ECM but 
most frequent is a failure to cross from the head's ECM to the brain. ln addition , most 
MN axons are unable to lea ve thc epidermis and cross to the brdin atthe antennal choice 
point. Other aspects of axon development like fasciculation and growth do not seem to be 
allected al all under our experimental conditions. Therefore, and in line with current ideas 
dcrivated from experiments in vertebratc cell culture systems and transgenic mice. GFRs 
sccm to play a crucial role in integrating and transducing signals triggcred by CAMs 
during growth conc guidancc in Drosophila. 

l . ( ;;ud a·Aionso L. . Fcucr R., and Goodman C. ( 1996). Dcvclopmcnt 122. 261 1·2(•2 1. 
2. Spci<.:hcr S., Garda-Alonso L.. Carmcna A .• Martín -Ucnnudo 0., de h1 E. ~ •1lcr o 1 S .. anú JimóJC:t. F. 

( 1 tJYX ). Ncurun in prcss. 
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REELIN ANO DAB1, TWO COMPLEMENTARY MOLECULES THAT 
GOVERN MOUSE BRAIN DEVELOPMENT 
Lambert de Rouvroit C., Goffinet A.M. 
Dept. Physiology, Univ. NamLir Sch. Med., Namur, Belgium 

Reelin is an extracellular matrix protein specifically expressed during 
brain development. In mice, reelin deficiency results in the reeler 
phenotype, characterized by anomalies of neuronal cell pattems in the 
cerebral cortex, cerebellum, hippocampus and severa! other structures 
in the CNS. In the cortex, reelin is secretad by pioneer neurons such as 
Cajai-Retzius cells, as well as in cerebellar externa! granule cells and 
reticular neurons in the brainstem. Surprisingly, most reelin-producing 
neurons are not affected by the reeler trait. The reeler phenotype is al so 
produced by mutations of the disabled1 gene (mDab1 }, a putativa 
adaptar of non receptor tyrosine kinases homologous to the drosophila 
disabled gene product. Reelin expression is normal in animals with 
these mutations, including scrambler, yotari and mdab1-1 knock out. 
m0ab1 is expressed in neurons of the cortical pi ate, in Purkinje ce lis, 
neurons of the inferior olivary complex, etc ... all well-known targets of 
the reeler gene. Expression of mDab1 appears better correlated to the · 
reeler phenotype than that of reelin. There is thus sorne 
complementarity between reelin and mDab1 expression, suggesting 
that reelin acts in a juxtacrine fashion on target neurons, the response 
of which requires the mDab1 gene product. Reelin is a large, more than 
388 kDa glycoprotein and immunohistochemical studies suggest that it 
does not diffuse over appreciable distances from producing cells. 
Furthermore, binding studies on tissue sections using several fragments 
of reelin as ligands did not reveal any significant specific signal. The 
mechanism by which target neurons sense and respond to the 
presence of reelin thus remains to be explained further. 

r J) 
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Ephrin·B class ligands in the patterning of retinal projections in the 
developing chick tectum 
Todd McLaughlin, Janet E. Braisted, and Dennis D.M. O'Leary 
Molecular Neurobiology Lab, The Salk Institute, La Jolla, CA, U.S.A. 

Severa! Eph receptor tyrosine kinase receptors are expressed in the dúck retina 

during the development of the topographic retinotectal map. EphA3, an EphA class 

receptor, is expressed in a high temporal to low nasal gradient in the retina. Two ligands 

for EphA3, ephrin-A2 and epluin-A5, are e~pressed in high caudal ro low rosual gradiems 

in the developing tectum and ha ve been functionally implicated in the development of the 

retinotectal projection along the rostral-caudal axis ofthe tectum by specifically repulsing 

retina! ganglion cell axons expressing high levels ofEphA3 from regions of the tectum 

expressing high levels of ephrin-A class ligands. At least one other Eph receptor, the EphB 

class receptor EphB2, is distributed in a gradient in the chick retina and is present on retinal 

ganglion cell axons during the development ofthe retinotectal projection. However, EphB2 

is expressed orthogonally to EphA3 in the retina, being present in a lúgh ventral to low 

dorsal gradient. A high affinity ligand for EphB2, ephrin-B 1, is disuibuted in a high medial 

to low lateral gradient in the tectum during the time of initial retinotectal mapping and is 

found on the endfeet and along the processes of radial glial cells. These corresponding 

distributions of EphB2 and epluin-B 1 are suggestive of a role in retinotectal mapping along 

the medial-lateral axis. However, distinct from the EphA3 - ephrin-A class ligand 

interactions along tbe rostral-caudal axis, along the medial·lateral axis, regions of retina 

expressing high le veis of EphB2 map to regions of tectum expressing high levels of ephrin

B 1, suggesting the novel possibility of an attractive interaction between Eph receptor and 

ephrin. To date, no molecule has been directly implicated in mapping along the medial

lateral axis of the tectum. A recombinant replication competent avían retro virus has been 

constructed and is being used to misexpress ephrin-Bl in the developing chick tectum to 

assess its role in tbe mapping of tbe dorsal-ventral axis of the retina onto the medial-lateral 

axis of the tectum. 
A second epbrin-B class ligand is also expressed in the developing tectum. At the 

time of retinal ganglion cell ax.on arborization, ephrin-B2 mRNA and protein are localized 

to deeper retinorecipient tectallaminae. Altbough the distribution of epbrin-B2 in the tectum 

is not appropriate for influencing topography, the timing and localization of expression 

suggests that ephrin-B2 may play a role in tbe laminar patterning of retinal axon 

terminations. Ephrin-B2 may act to specifically attract those retina] axons which arborize 

within ephrin-B2 expressing larninae, or ephrin-B2 may act to specifically repel those 

retina! axons which arborize in more superficial tectallarrúnae. A recombinant replication 

competent avían retrovirus has been constructed and is being used to misexpress ephrin-B2 

in the embryonic clúck tectum to a'>sess the function of ephrin-B2 in dctermining the 

laminar d.istribution of retina! ganglion cell arborizations. 
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Kerry L. Tucker 

"Opticallmaging ofMouse Brain using Green F1uorescent Proteio" 

One of the major problems in the study of central nervous system (CNS) development is 
that it is diffi.cult to image large numbers of dendrites or axons in a living tissue. While excellent 
imaging techrúques exist, typically they allow sampling offew cells (e.g. the intracellular injections 
of tluorescent dyes) or require fixed tissue (e.g. Dil or tracers detected through 
immunocytochemical techniques). We are attempting to specifically label neurons and their 
subcellular compartments in the CNS of the mouse, utilizing the genes encoding the green 
tluorescent protein (GFP) from Aequoria victoria and its mutant derivatives. Live analysis in si tu 
and in organotypic slice cultures prepared from mouse brain will be performed with the recently
developed 2-photon laser microscope, a tecluúque which produces both unparalleled spatial 
resolution and reduced cell toxicity. 

Expression of GFP will be effected by targeting its cONA to the tau gene, a microtubule
binding protein localized in the axons of neurons in both the CNS and PNS. This will confer 
abundant neuron-specific expression upon the GFP cDNA from thc endogenous prometer of the 
tau gene. The tau gene has been previously inactivated through gene targeting (Harada et al .. 
Nature 369: 488-91), and the resultant homozygous mutant mice are viable, fertile, and show no 
obvious morphological defects in CNS structure. Thus, the expression of GFP from the targeted 
tau locus and the concomitant loss of tau expression from this allele should allow for the analysis 
of a normal CNS. At the time of abstract submission, embryonic stem cells have been transfected 
with a targeting construct and are being analyzed for the targeting of tau and the expression of 
GFP. 

As the ubiquitous expression of GFP in the CNS may present problems in resolving 
individual neurons, an inducible system of GFP expression is also being designed by placing a 
transcription-terminating "STOP" cassette upstream of the GFP cONA. This STOP cassette is 
flanked by loxP si tes, so that expression of the GFP cassette can be induced by the application of 
Cre recombinase, either through transgenic mice expressing Cre or through the localized 
application of Cre-expressing adenoviruses. Altering the applied ti ter of such adenoviruses should 
allow for the expression of GFP in only a fraction of neurons in a given tissue, thus allowing 
individual neurons to be visualized against a background of non-expressing cells. Another 
parameter to be considered is the targeting of the expressed GFP to axons or dendrites by 
coupling to the tau or MAP2 proteins, respective! y. 

We are particularly interested in the effects of neurotrophins upon pattems of visual cortex 
innervation. Recent research has uncovered a role for neurotroplúns in the activity-dependent 
growth and connectivity of neurons in the CNS. For example, neurotrophins have been found to 
regulate ocular dominance colurnn formation and dendritic growth in the visual cortex of cats and 
ferrets. Mice bearing a targeted GFP cDNA will be crossed to mice deficient for the 
neurotrophins Brain-Derived Neurotrophic Factor, Neurotrophin-3, and Nerve Growth Factor. 
Axonal and dendrite arborizations will be the quantifiable parameters to be examined first in 
neurons, but other activity-dependent morphological changes will be considered. 
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VOLTAGE-GATED SODIUM, CALCIUM ANO POTASSIUM CHANNELS IN 
DEVELOI'ING RA T SPINAL MOTONEURONES: PHARMACOLOGICAL ANO 
MOLECULAR CHARACTERIZATION 
Félix Viana, Ludo Van Den Bosch*, Wim Robberecht* and Bernd Nilius. 
KULeuven, Laboratory ofPhysiology and Neurobiology (*). Leuven, Belgium. 

The regulated expression of voltage gated ionic channels plays an importan! role in 
the changes that take place in action poten tia! duration (Ribera, 1 996) and repetitive 
firing properties (Viana et al., 1995) observed in developing neurones. Spontaneous 
elevations in intracellular Cal• are also necessary for the developmental of distinct 
neurotransmitter phenotypes (Gu and Spitzer, 1995). We have used. cultures of 
embryonic rat spinal motoneurones and the patch-clamp technique to investigate the 
expression of different Na', Cah and K' channels, and their pharmacological 
sensitivity. 

Embryonic (El4) rat spinal motoneurones, maintained in culture for 1-4 days, were 
able to tire repetitive trains of actions potentials u pon depolarizing current injections. 
Action potentials were complete! y abolished in the presence of the Na • -charmel toxin 
TTX. Furthermore, the duration of the action potential was highly sensitive to the 
application of K' -channel blockers TEA and 4-AI'. 

In the presence ofNa' and Cah eharmel blockers, 1-s duration depolarizing pulses 
evoked outward K' currents with transient (IKA) and sustained (IK0 ) components, 
with distinct kinetie and pharmaeological properties. IK0 activated around -30m Y, 
was blocked by TEA (IC50 = 2 mM), 4-AP and quinine. IK0 was also blocked by the 
eal• charmel blocker mibefradil, but this effect did not depend on intracellular Cal· 
elevations. A small fraction of IK0 was also blocked by charybdotoxin and o.
dendrotoxin. !KA activated at more positive potentials (--55 m Y), inactivated rapidly 
and almost completely, and showed pronounced steady-state inactivation (V 112 - -75 
m Y). !KA was insensitive to TEA, o.-dendrotoxin and mibefradil but blocked by 
quinine and 4-AP. Unlike previously cloned Kv 1.4 channels, the amplitude and 
inactivation characteristics of !KA were little affected by removal of externa! K' and 
oxidizing reagents. Using RT-PCR, we investigated the expression of K' channel 
mRNAs. We could amplify messengers coding for the Kvl.4, Kv4.2, and Kv 4.3 K' 
channels. 

Cah currents were recorded in the presence of Na' and K' channel blockers (Cs' 
and TEA). From -90 mV, depolarizations to -30 mY revealed a small (< 40 pA) 
inward curren! that inactivated rapidly (<- 20 ms) and more complete! y. This curren! 
was preferentially blocked by amiloride and nickel. All these features are 
characteristic of T -type Cal• channels. A much larger, sustained inward curren! was 
evoked upon steps toO m V. The sustained curren! was partially blocked by nifedipine 
(L-type curren!, 15%), ro-conotoxin GVIA (N-type curren!, 45%) and ro-agatoxin IV A 
(P/Q-type curren!, 20%). A residual componen! of inward curren! (R-type) was 
blocked by Cd2

'. 

In conclusion, our results suggest the presence of multiple pharmacological and 
molecular components of K' and Cal• channels in cultured embryonic rat 
motoneurones. These diversity is similar to observations made in postnatal rat 
motoneurones studied in slices and suggests an early specification of ion channel 
phenotypcs in spinal rat motoneurones. 
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THE CONSERVED SAX-3/ROI30 IMMUNOGLOI3ULIN SUPERFAMILY MEMI3ER 
DIRECTS AXON GUIDANCE ANO CELL MIGRA TION IN C. ELEGANS 
Jennifer Zallen and Cori Bargmann, HHMI and UCSF, University of California, San 
Francisco, CA 94143-0452 

Mutations in the sax-3 gene lead to widespread misrouting of axons 
throughout the e elegans nervous system. sax-3 encodes a predicted 
transmembrane protein with immunoglobulin-like domains and fibronectin type-3 
repeats that is closely related to Drosophila Robo (Zallen el al., 1998, Kidd el al ., 
1998). In one model, SAX-3/Robo may function as a receptor in the growth cone for 
choosing among available substrates in the enviroment. 

sax-3 mutants exhibit defects in the guidance of pioneer axons that travel 
independently, as well as axons that travel together in axon bundles. For example, 
sax-3 mutants are defective in the guidance of many axons that travel in the nerve 
ring, the largest axon bundle in C. elegans. To determine where sax-3 functions to 
guide nerve ring axons, we examined sax-3 mosaic animals. Mosaic anlaysis 
demonstrates that SAX-3/Robo can function non-autonomously in the nerve ring. 
In sax-3 mosaic animals, neighboring axons ha ve similar phenotypes regardless of 
whether they express sax-3, suggesting that axon guidance in the nerve ring is 
directed by a subset of SAX-3-expressing cells. These results are consistent with 
SAX-3/Robo acting in pioneer neurons, or alternatively as a ligand for a 
nonautonomous cell interaction. Experiments are in progress to distinguish 
between these models. 

In addition to axon guidance defects, sax-3 mutants also exhibit defects in cell 
migration, suggesting that these distinct cell biological processes can utilize sorne of 
the same molecular components. In sax-3 mutants, the CAN neuron fails to 
complete its posteriorly-directed cell migration. In contrast, overexpression of 
SAX-3 causes CAN to migrate past its normal destination. These results suggest an 
instructive role for SAX-3/Robo in guiding CAN migration. Similarly, SAX-3/Robo 
overexpression and loss of function can have reciproca! effects on axon trajectories. 

The guidance information mediated by SAX-3/Robo acts in concert with 
other guidance systems in C. elegans. For example, sorne axons that are affected by 
mutations in sax-3 are also similarly affected by mutations that disrupt signaling 
mediated by netrin or integrin pathways. We are currently investigating in vivo 
interactions between sax-3 and other guidance genes, to understand how growing 
axons integrate guidance information from multiple sources to achieve their precise 
trajectories. 
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•247 Workshop on Pathogenesis-related 
Proteins in Plants. 
Organizers: V. Conejero and L. C. Van 
Loan. 
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M. Beato. 
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Cancer. 
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*4 Workshop on the Past and the Future Organizers : G. W. Wertz and J . A. 
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Hormone Action 
*5 Workshop on Structure of the Major Organizers: J . Carbonell and R. L. Jones. 

Histocompatibility Complex. 
Organizers : A. Arnaiz-Villena and P. *14 Workshop on Frontiers of Alzheimer 
Parham. Disease. 

*6 Workshop on Behavioural Mech-
Organizers: B. Frangione and J. Ávila. 

anisms in Evolutionary Perspectiva. 
*15 Workshop on Signal Transduction by Organizers: P. Bateson and M. Gomendio. 

Growth Factor Receptors with Tyro-
*7 Workshop on Transcription lnitiation sine Kinase Activity. 

in Prokaryotes Organizers: J. M. Mato andA. Ullrich. 
Organizers: M. Salas and L. B. Rothman-
Denes. 16 Workshop on lntra- and Extra-Cellular 

*8 Workshop on the Diversity of the 
Signalling in Hematopoiesis. 
Organizers: E. Donnall Thomas and A. lmmunoglobulin Superfamily. 
Grañena. Organizers: A. N. Barclay and J. Vives. 

9 Workshop on Control of Gene Ex- *17 Workshop on Cell Recognition During 
pression in Yeast. Neuronal Development. 
Organizers : C. Gancedo and J. M. Organizers : C . S. Goodman and F. 
Gancedo. Jiménez. 
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*22 Workshop on Molecular Bases of Ion 
Channel Function. 
Organizers: R. W. Aldrich and J . López
Bameo. 

*23 Workshop on Molecular Biology and 
Ecology of Gene Transfer and Propa
gation Promoted by Plasmids. 
Organizers: C. M. Thomas, E. M. H. 
Willington, M. Espinosa and R. Díaz 
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26 Workshop on Cellular lnteractions in 
the Early Development of the Nervous 
System of Drosophila. 
Organizers: J. Modolell and P. Simpson. 

• 27 Workshop on Ras, Differentiation and 
Development. 
Organizers: J . Downward, E. Santos and 
D. Martín-Zanca. 

28 Workshop on Human and Experi
mental Skin Carcinogenesis. 
Organizers: A. J . P. Klein-Szanto and M. 
Quintanilla. 

• 29 Workshop on the Biochemistry and 
Regulation of Programmed Cell Death. 
Organizers: J. A. Cidlowski, R. H. Horvitz, 
A. López-Rivas and C. Martínez-A. 

•.30 Workshop on Resistance to Viral 
lnfection. 
Organizers: L. Enjuanes and M. M. C. 
Lai. 

31 Workshop on Roles of Growth and 
Cell Survival Factors in Vertebrate 
Development. 
Organizers: M. C. Raff and F. de Pablo. 

32 Workshop on Chromatin Structure 
and Gene Expression. 
Organizers: F. Azorín, M. Beato and A. P. 
Wolffe. 

33 Workshop on Molecular Mechanisms 
of Synaptic Function. 
Organizers: J. Lerma and P. H. Seeburg. 

34 Workshop on Computational Approa
ches in the Analysis and Engineering 
of Proteins. 
Organizers: F. S. Avilés, M. Billeter and 
E. Querol. 

35 Workshop on Signal Transduction 
Pathways Essential for Yeast Morpho
genesis and Celllntegrity. 
Organizers: M. Snyder and C. Nombela. 

36 Workshop on Flower Development. 
Organizers: E. Coen , Zs. Schwarz
Sommer and J . P. Beltrán. 

37 Workshop on C~llular and Molecular 
Mechanism in Behaviour. 
Organizers : M. Heisenberg and A. 
Ferrús. 

38 Workshop on lmmunodeficiencies of 
Genetic Origin. 
Organizers: A. Fischer and A. Arnaiz

Villena. 

39 Workshop on Molecular Basis for 
Biodegradation of Pollutants. 
Organizers : K. N. Timmis and J. L. 
Ramos. 

40 Workshop on Nuclear Oncogenes and 
Transcription Factors in Hemato
poietic Cells. 
Organizers: J . León and R. Eisenman. 
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41 Workshop on Three-Dimensional 
Structure of Biological Macromole
cules. 
Organizers: T. L Blundell, M. Martínez
Ripoll , M. Rico and J . M. Mato. 

42 Workshop on Structure, Function and 
Controls in Microbial Division. 
Organizers: M. Vicente, L. Rothfield and J. 
A. Ayala. 

43 Workshop on Molecular Biology and 
Pathophysiology of Nitric Oxide. 
Organizers: S. Lamas and T. Michel. 

44 Workshop on Selective Gene Activa
tion by Cell Type Specific Transcription 
Factors. 
Organizers: M. Karin , R. Di Lauro, P. 
Santisteban and J. L. Castrillo. 

45 Workshop on NK Cell Receptors and 
Recognition of the Major Histo
compatibility Complex Antigens. 
Organizers: J. Strominger, L. Moretta and 
M. López-Botet. 

46 Workshop on Molecular Mechanisms 
lnvolved in Epithelial Cell Differentiation. 
Organizers: H. Beug, A. Zweibaum and F. 
X. Real. 

47 Workshop on Switching Transcription 
in Development. 
Organizers: B. Lewin, M. Beato and J. 
Modolell. 

48 Workshop on G-Proteins: Structural 
Features and Their lnvolvement in the 
Regulation of Cell Growth. 
Organizers: B. F. C. Clark and J. C. Lacal. 

49 Workshop on Transcriptional Regula
tion at a Distance. 
Organizers: W. Schaffner, V. de Lorenzo 
and J. Pérez-Martín. 

50 Workshop on From Transcript to 
Protein: mANA Processing, Transport 
and Translation. 
Organizers: l. W. Mattaj, J. Ortín and J. 
Valcárcel. 

51 Workshop on Mechanisms of Ex
pression and Function of MHC Class 11 
Molecules. 
Organizers: B. Mach and A. Celada. 

52 Workshop on Enzymology of DNA
Strand Transfer Mechanisms. 
Organizers: E. Lanka and F. de la Cruz. 

53 Workshop on Vascular Endothelium 
and Regulation of Leukocyte Traffic. 
Organizers: T. A. Springer and M. O. de 
Landázuri . 

54 Workshop on Cytokines in lnfectious 
Diseases. 
Organizers: A. Sher, M. Fresno and L. 
Rivas. 

55 Workshop on Molecular Biology of 
Skin and Skin Diseases. 
Organizers: D. R. Roop and J. L. Jorcano. 

56 Workshop on Programmed Cell Death 
in the Developing Nervous System. 
Organizers: R. W. Oppenheim, E. M. 
Johnson and J. X. Comalia. 

57 Workshop on NF-KBIIKB Proteins. Their 
Role in Cell Growth, Differentiation and 
Development. 
Organizers: R. Bravo and P. S. Lazo. 

58 Workshop on Chromosome Behaviour: 
The Structure and Function of Tela
meres and Centromeres. 
Organizers: B. J. Trask, C. Tyler-Smith, F. 
Azorín and A. Villasante. 

59 Workshop on ANA Viral Quasispecies. 
Organizers: S. Wain-Hobson, E. Domingo 
and C. López Galíndez. 

60 Workshop on Abscisic Acid Signal 
Transduction in Plants. 
Organizers : R. S. Quatrano and M. 
Pagas. 

61 Workshop on Oxygen Regulation of 
Ion Channels and Gene Expression. 
Organizers: E. K. Weir and J . López
Bameo. 

62 1996 Annual Report 
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63 Workshop on TGF-~ Signalling in 

Development and Cell Cycle Control. 
Organizers: J . Massagué and C. Bemabéu. 

64 Workshop on Novel Biocatalysts. 
Organizers : S. J. Benkovic and A. Ba

llesteros. 

65 Workshop on Signal Transduction in 
Neuronal Development and Recogni
tion. 
Organizers: M. Barbacid and D. Pulido. 

66 Workshop on 100th Meeting: Biology at 
the Edge of the Next Century. 
Organizer : Centre for lnternational 
Meetings on Biology, Madrid. 

67 Workshop on Membrane Fusion. 
Organizers: V. Malhotra andA. Velasco. 

68 Workshop on DNA Repair and Genome 
lnstability. 
Organizers: T. Lindahl and C. Pueyo. 

69 Advanced course on Biochemistry and 
Molecular Biology of Non-Conventional 
Yeasts. 
Organizers: C. Gancedo, J . M. Siverio and 
J. M. Cregg. 

70 Workshop on Principies of Neural 
lntegration. 
Organizers: C. D. Gilbert, G. Gasic and C. 
Acuña. 

71 Workshop on Programmed Gene 
Rearrangement: Site-Specific Recom
bination. 
Organizers : J . C. Alonso and N. D. F. 

Grindley. 

72 Workshop on Plant Morphogenesis. 
Organizers : M. Van Montagu and J . L. 
Mi col. 

73 Workshop on Development and Evo
lution. 
Organizers: G. Morata and W. J. Gehring. 

74 Workshop on Plant Viroids and Viroid
Like Satellite RNAs from Plants, 
Animals and Fungi. 
Organizers: R. Flores and H. L. Sanger. 

Out of Stock. 

75 1997 Annual Report. 

76 Workshop on lnitiation of Replication 
in Prokaryotic Extrachromosomal 
Elements. 
Organizers: M. Espinosa, R. Díaz-Orejas, 

D. K. Chattoraj and E. G. H. Wagner. 

77 Workshop on Mechanisms lnvolved in 
Visual Perception. 
Organizers: J . Cudeiro and A. M. Sillita. 

78 Workshop on Notch/Lin-12 Signalling. 
Organizers: A. Martínez Arias, J . Modolell 

and S. Campuzano. 

79 Workshop on Membrane Protein 
lnsertion, Folding and Dynamics. 
Organizers: J . L. R. Arrondo, F. M. Goñi , 

B. De Kruijff and B. A. Wallace. 

80 Workshop on Plasmodesmata and 
Transport of Plant Viruses and Plant 
Macromolecules. 
Organizers : F . García-Arenal, K. J . 
Oparka and P.Palukaitis. 

81 Workshop on Cellular Regulatory 
Mechanisms: Choices, Time and Space. 
Organizers: P. Nurse and S. Moreno. 
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The Centre for Intemational Meetings on Biology 
was created within the 

Instituto Juan March de Estudios e Investigaciones, 
a prívate foundation specialized in scientific activities 

which complements the cultural work 
of the Fundación Juan March. 

The Centre endeavours to actively and 
sistematically promote cooperation among Spanish 

and foreign scientists working in the field of Biology, 
through the organization of Workshops, Lecture 

and Experimental Courses, Seminars, 
Symposia and the Juan March Lectures on Biology. 

From 1989 through 1997, a 
total of 109 meetings and 9 

Juan March Lecture Cycles, all 
dealing with a wide range of 
subjects of biological interest, 

were organized within the 
scope of the Centre. 
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The lectures summarized in this publication 
were presented by their authors at a workshop 
held on the 251h through the 271h of M ay, 1998, 
at the Instituto Juan March. 

Al! published articles are exact 
reproduction of author's text. 

There is a lirnited edition of 450 copies 
of this volume, available free of charge. 


