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Molecular mechanisms of growth cone guidance: stop and go?
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Abstract. Evidence from pathfinding studies in both and how are these signals translated into a response from
vertebrates and invertebrates indicates that growth conéise neuron? Obviously, these questions have to be stud-
are not guided by simple stop or go signals. Rather, thied at the molecular level. Therefore, molecules involved
navigation of growth cones through the preexisting tisin neurite growth promotion, specific cell-cell adhesion,
sue is controlled by a continuous integration of both posand signal transduction are of great interest to develop-
itive and negative cues. The path taken by an axon is deaental neurobiologists. Because of the enormous com-
termined by the continuously changing situation encounplexity of the nervous system, most of our knowledge
tered by the growth cone at any given site along the traabout protein function has been gained from in vitro ex-
jectory of the axon to the target. The signals derivegeriments in which the role of individual molecules can
from interactions of surface molecules with these cuebe studied more easily. However, in order to understand
provided by the environment of the growth cone are cona composite phenomenon, such as pathfinding, we ulti-
stantly changing both temporally and spatially. Theremately have to test molecular mechanisms in vivo.
fore, each growth cone encounters a unique set of guid¥hereas a genetic approach has been very fruitful in in-
ance cues directing it to its specific target, thus allowingrertebrates (for a review, see Seeger 1994), such studies
for the tremendous complexity required for the guidancere far more difficult in higher vertebrates, although pro-
of millions of axons in the developing nervous system. gress in molecular biology has made possible the cre-
ation of transgenic and knockout mice. Investigations of
Key words: Growth cones — Axonal pathfinding — Envi- lower vertebrates, such as zebrafish, which can be stud-
ronmental factors — Spinal cord — Molecular mecha-ied both genetically and with more conventional meth-
nisms ods, have become more and more popular (Kuwada
1995). Comparisons between invertebrate and various
classes of vertebrate systems have shown that a surpris-
ing number of principles are shared during development.
For example, the establishment of the general body plan
The establishment of a functional nervous system cruiS ruled by homeobox genes, which are relate®ro-
cially depends on the correct wiring of its individual SOPhilaand mammals (McGinnis and Krumlauf 1992;
parts. Thus, during development, axons have to find theif€ynes and Krumlauf 1994). More subtle aspects of de-
way to and make connections with their appropriate tarvelopment are also common between insects and higher
get cells. So far the mechanisms that determine the maMertebrates. Members of the same families of proteins,
ner in which growth cones navigate through preexistingguch as the semaphorins (Kolodkin et al. 1993; Kolodkin
tissue to find their correct targets are not very well un-1996; Pueschel et al. 1995) or the immunoglobulin-like
derstood. Intensive efforts to learn more about the estai§ell adhesion molecules (Burden-Gulley and Lemmon
lishment of neuron-target connections have concentratel?95; Bieber 1991), are involved in guiding elongating
on various problems. For example, what factors providegxons toward their target. Taking advantage of these
by the environment promote axon growth and influencesimilarities, neurobiologists have gained further insights
the orientation of the growth cone? How does a growthnto the development of the nervous system.
cone discriminate between target and non-target cells?
What are the receptors on the growth cone membrane re-
sponsible for the recognition of environmental signals Pathfinding — then and now
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found in Ramoén y Caja’'reports (Ramon y Cajal 1892),
neumposcientists &athe bginning of this centur believed
tha medanical brces ather than bemical cues guided
axons though the peexisting tissue (Wiss and aylor
1944). Spay (1963) ejuvenaed the ideas of Cajal cen
ceming the iwvolvement of bemotopism and bemo
taxis in pahfinding. He frst postuléeed tha axons
homed in on their tget because the @t cells &press
a madching label. Olviously, the rnumber of ldels e
quired for individually tagging every axon would exceed
the rumber of poteins bund in the nemus system.
However, Spery counteed dtadks by his citics in a e
vised \ersion of the bemoafinity hypothesis kp postu
lating & least tvo pependicular gadients thawould
specify indvidual locdions in the taget aea (Spety
1963). Based on thisypothesis, gea efforts were made
to discover sut gradients in theatina and tectum ¢f
reviews, see Holt and Hes 1993; Karielian and Rt-
terson 1994). Although some of theopeins vere identt
fied based solglon their gaded &pression in etina
and/or tectum @r example the TOP antigns; Tisler et
al. 1981; Switt et al. 1995), other were identifed by
their functional barmcteistics. Bonhoder and col
leagues hwe desdbed a 33-kDa glcoprotein tha is en
riched in posteor tectal membkanes and thiecauses the
collapse of tempal retinal axons (\&lter et al. 1987,
Stahl et al. 1990). Mer recenty, the doning of a 25-
kDa pmotein has beereported by the same la (Drester
et al. 1995). Tis pmotein, called R&S (for repulsive ax
on guidance signal), is @dominanyy expressed in the
posteior tectum, and induces the cgke of both nasal
and tempaal axons. Although R&S does not he the
expected functional spedifty of inducing the collpse
of only tempoal retinal gowth cones, it is a lignd r
the lage subamily of Eph eceptor tyrosine kinases and
links them to newa development (br recent eviews,
see Bambilla and Klein 1995; fiedman and O’Lear
1996; Mueller et al. 1996).hEe pression of Ephace-
tor tyrosine kinases and their igds indictes their in
volvement in axon guidance andgsgentaion of the
neivous system. Aus, the distbution of Mek4 and
ELF-1 in countegradients in etina and tectum singly
suggests thathese molecules plaa ole in the estalish-
ment of etino-tectal topgraphy (Cheng et al. 1995).
The pected topgraphic speciicity of ELF-1 on etinal
axons guidance haggenty been shan in an elgant
study both in vito and in wo (Nakamoto et al. 1996).
Its ectopic &pression in the tectum demoratés the e
pulsive efect of ELF-1 on tempat retinal axons.

The geneal accetance of epulsive cues as aok
factos in gowth cone guidance has beesther slav.
The discoery of collgpsin-1, the ifst semahoiin de
sciibed in diicken embyos, was based on in vidfrobser
vations of neduites from various neual tissues (Kgpf-
hammer and Rzer 1987a,b). Symiiaetic gowth cones
were found to collpse upon contact withetinal neu
rites. After deeloping an in vito assg (Rgper and
Kapfhammer 1990), Reer and collborators identifed
and doned collpsin-1 as the colf@se-inducing acte
factor fom chicken embyonic biain membanes (Luo et
al. 1993). Its mouse homasemahoiin Ill was shan

to contibute to the epulsive efect of \entral spinal cod
on the centl projections of dosal oot ganglia (DRG)
neuons (Rtzgerald et al. 1993; Messemith et al.
1995). Distinct tasses of senspmeunns ppject axons
to speciic laminae in the dmo-wental axis. In vito,
neuotrophin 3 (NF3) hut not neve gowth factor
(NGF) can pomote the outgwth of musde aferents
tha teminae in the entral spinal cod (Hoty-Lee et al.
1993). The repulsive efect of semphoiin lll/collapsin is
only found in pesence of NGFand not in pesence of
NT-3, sugesting tha semahotin lll/collapsin could be
a selectie chemoepellent br subpopultons of sensgr
neuons in vivo and theefore be ivolved in their guid
ance to spedit layers in the spinal car (Messesmith et
al. 1995). he inal st in the accptance of epulsive
cues as acte factos in gowth cone guidance as the
obsevation tha collgpsin-1 could steer rgwth cones
without inducing their collpse (Rn and Rper 1995).
After contacting a collasin-coaed bead with a taral
filopodium, gowth cones tend to tarawvay from the
bead ather than collpse

Our curent viev of the mebanisms imolved in the
estdlishment of neuwrn-taget connections thefore im-
plicates both #ractive and epulsive guidance cues @r
sented i the ewironment (Goodman and Shal993;
Goodman 1996; dssierLavigne and Goodman 1996).
They can either be solld seceted molecules actingrer
some distance or m@rocally actve cell-surace or &-
tracellularmatrix-bound molecules. Evidencerf long-
range chemodtractants seeted ly the taget tissue has
been dund in the tigeminal system (Lumsden and
Davies 1986), in the pons (Hakr et al. 1990; Sa et al.
1994), and in the spinal ajyrwhere commisswal axons
have been shan to be #racted tward floor-plate e-
plants (EssiefLavigne et al. 1988). Ndtr-1, the potein
seceted ly the foor plae, was the ifst chemodtractant
tha could be identied and pufied (Kenneg et al.
1994; Seafini et al. 1994). Fuher functional bamacter
ization of netin-1 has evealed a epulsive efect on
trochlear neuons (Colamano and EssierLavigne
1995). The inding tha one guidance cue can be per
ceived as eithertiactive or epulsive by different popu
lations of gowth cones is intguing. It remains to be
seen Vinether nein-1 binds to diferent receptors to im
plement #raction \ersus epulsion as postutad for unc-
6, the nein homolay in Caenorhdditis elgans (for a
recent eview, see Culotti and &lodkin 1996). Unc-6
patial loss-of-function mtants vere impaied either in
ventral or dosal axon pthfinding dgpending on the loss
of interaction with unc-40 or unc-5espectrely (Hedge-
co et al. 1990; \@dsvorth et al. 1996). Fiinemmore, it
remains to be shlen whether the senpdoiins, which
have so &r been lassiied as bemoepellents, can also
have a dual function, li& netm. Receny, a nwvel dass
of murine sempholins containing 7 tlembospondin e
peds was ¢oned ty an gpproad based on the pgher
ase tbain reaction (Adams et al. 1996). Sinceambc
spondin has been implia in neuite growth promotion
(O'Shea et al. 1991; Arber and ©@ar 1995), the tw
new sempholins, SemaF and Sema@ight act as posi
tive signals ér growth cone guidance



The dassical guidance cuesrfgrowing axons vere
thought to be taractive cell surhce molecules. Evidence
from in vitro studies sugpsted thagrowth cone guid
ance could bexplained a least in par by differential
adhesion (sedor example Letouneau 1975). Hwever,
after identifcation of a lage rumber of cell adhesion
molecules (CAMSs) and their functionahamacterzation,
simple adhesion seems not to be their major dariton
to pahfinding (Lemmon et al. 1992). ®eer, the gowth-
promoting and signaling gabilities of these molecules
are impotant for pahfinding. A grea deal of &ention
has beenigen to the immnaglobulin (Ig) superémily
of CAMs (Buden-Gully and Lemmon 1995). Hese
molecules hee been studied intenglly in connection
with neuonal deelopment in ertebrates (Raéhjen and
Jessell 1991; Bulen-Gully and Lemmon 1995). In
vitro assgs hare been used to demoraér their cpack
ty to promote neute growth and their ole in fascicula
tion. Especialf intriguing is the compbeinteraction p&
tem of these molecules (Sondgger and Rehjen 1992;
Bruemmendorf and Rlajen 1993, 1995, 1996). In witr
assgs with puified pioteins bound to pgktyrene
beads, ér example have revealed their &ious homo-
and heteophilic binding caacities, sugesting tha the
regulaion of speciic CAM/CAM interactions can di
rectly influence pthfinding decisions of eloraging ax
ons. Therefore, much effort has been put into their mele
cular anajsis and the elucidisn of their signal @ns
duction p#hways (for recent eviews, see Doh¢y and
Walsh 1994; Buten-Gully and Lemmon 1995). Sauf
only a small mmber of in wo studies corifming the
suggested ole of CAMs in p#hfinding in \erebrates
have been pulished In some of them, ynn Landmesser
and collegues desdbe the ple of Ig supedmily
CAMs duiing the innevation of the ticken hindlimb
(Landmesser et al. 1988, 199@&ng et al. 1992, 1994).
These studies kha elucidéed the impalance of the
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NgCAM and NrCAM, wvas identifed based on itser
stricted staining of these m¢y formed axon dscides of
retinal ganglion cells. Tie injection of Bbs gainst the
E587 antign into the ge of rpidly growing goldfish
disrupted thesedscides, lesulting in a tendegcof indi-
vidual axons to ltang fascides on their wy from the
peliphely to the center of theye (Bastmger et al.
1995). It emains to be deterined whether the dismp-
tion of fascides results in pthfinding erors of theseet
inal ganglion axons in the tectum orhether thg are
still capable of contacting their @propriate taget. The
prevention of fisciculdion with pioneer axons does not
necessaly induce p¢hfinding erors (Pilke et al. 1992;
Stoe&li and Landmesser 1995), although the studies in
Drosophilaand gasshopper thagave rise to the laeled-
pathway hypothesis shwed tha, after dlation of specif
ic axon tacts, p#hfinding was impaied, because selec
tive fasciculéion was no longr possike (Goodman et
al. 1984; Genningloh and Goodman 1992).

Pathfinding in the developing spinal cod

Although the etinotectal system aditionaly has been
the center of arga deal of &ention, the commissat
axons in the spinal cdrale curently one of the best un
derstood systemsof pahfinding & the molecular beel.
Currently, they represent the oml model system dr
which both long-ange and shdrrange guidance cues
have been identiéd. Using a thee-dimensional colgen
gel mérix system (oiginally used ly Ebendal andal
cobson 1977), 8ssiefLavigne and collegues demon
strated a tiemodtractive efect of 1oor-plate explants on
commissual axons. fie puification of netin-1, a po-
tein pioduced and seeted ly the foor plae was based
on its tophic efect. Its topic efect was shan in vitro
when &pressed in COS cells @aneq et al. 1994). Fur

polysialic acid component of NCAM and its impact on themore, the function of nein as a guidance molecule

NgCAM-medided fasciculdion for correctly soting
motoneuon fibers in the plaus egion. Older in wo
studies vere aimed ainvestigating the ple of NCAM in
the derelopment of the etino-tectal system fanos et
al. 1984; Siler and Rutishauser 1984)hd& shaved
tha the injection of anti-NCAM Bb fragments into the
eye resulted in ptnfinding erors of retinal ganglion cell
axons. he obsered efects vere sugiested to bettib-
uteble to either an integrence with iber/fiber inteac
tions or the bsence of per contacts bewen the eti-
nal axons and the neagpithelial endéet. In both stud
ies, the authar contuded tha the efect of NCAM was
a eneal interference with poper cell/cell contactsath-
er than the péurbaion of a specit guidance cuedf
retinal axon ptofinding.

A specifc cue br the inteaction of navly formed ax
ons has been idenigfl in the gldfish retina (Melmetter
et al. 1991). Since aydfish gow throughout most of
their life, their visual system has to guda Therefore,
new retinal ganglion cells a constanyl added in the pe
riphery of the etina. Axons of edt nev genestion of
retinal ganglion cells &sciculde with eab other on their
way to the optic tectum. E587, agtein homolgous to

was also suppted by the anafsis of netin-deficient
mice (Seafini et al. 1996; Skares et al. 1995). In these
mice, only very few commissual axons eaded the
floor plae, as seen Yo immunohistotiemical staining
with a TAG-1 antibog (Segfini et al. 1996) andyovi-
sualizing commissat axons with a lipophilic gk (E.T
Stoe&li and M. TessierLavigne, unpuliished). Futher
more, these mice lded seeral commissues in the
brain, sut as the cquus callosum and the hippocampal
commissue, whereas othes, sut as the antér com
missue, were seerely defective. However, some com
missues were not afected & all: both the postér and
the hderular commisswgs were present in netn-defi-
cient mice (Seafini et al. 1996). Integstingl, the pah-
finding of trochlear neuons was lagely nomal in ne
trin-deficient mice although a kkemoepellent efect of
netin-1 on tiochlear motor axons &s shwn in vitro
(Colamamo and EssierLavigne 1995), sugesting tha
additional long-enge cues a involved in the guidance
of these axons.

CAMs of the Ig supedmily have been impliceed as
shot-range guidance cues in thdinding based on their
compl interaction patem found in vito. It has been
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sugpested thapreferences ér some CAM/CAM inteac
tions over othes would allov a gowth cone to mak
pahfinding choices. hese peferences could be moeu
lated by the inteaction of CAMs in the plane of the
growth cone memlame (cis-inteaction). Evidence dr
the impotance of cis-intexctions dr axon gowth was
found in cultues of sensgr neuons (Stoekli et al.
1996; Budstaller et al. 1996). In théogsence of axonin-
1/NgCAM intelactions in the plane ofrgwth cone
membanes, axon outgwth on both NgCAM and axen
in-1 substata was bocked The cis-inteaction of axon
in-1 and NgCAM is notequired on a laminin substr
tum, where neuite growth is mediged by integrin recep-
tors. Connected with the cis-ingation of axonin-1 and
NgCAM was their subsétum-degendent edistibution
from the gical to the substtum-facing memhane of
the gowth cone This redistibution was bund wheneer
axonin-1 and NgCAM wre involved in the pomotion
of axon gowth, i.e, on axonin-1, NgCAM, or mied ax
onin-1/NgCAM substta, hut not on laminin. Te redis
tribution of axonin-1 to the substum-facing membane
of growth cones gpwing on NgCAM was ind@endent
of a tans-inteaction with the substtum and thesfore
is probably induced ly a cis-inteaction with NgCAM in
the plane of the gwth cone memlame (see also a&r
view by P Sondeegger, this issue).

Evidence 6r a moduléory role on CAM/CAM inter
actions vas also édund br the soluke form of axonin-1

duce péhfinding erors. However, the inteaction of
growth cone axonin-1 with NrCAM xpressed ¥ the
floor plae was shwn to be impaant for the poper
guidance of commissal axons aass the midlineThe
petturbaion of both axonin-1 and NrCAM intactions
with function-Bocking antibodies or the injection of sol
uble axonin-1 induced phfinding erors in vio
(Fig. 1). The injection of solule axonin-1 had the most
dramdic effect on commissat pahfinding (Hg. 1b).
This result is consistent with the idea ttsmlubde axon
in-1 sdurates binding sitesor membane-bound CAMs.
Since solule axonin-1 can inteefre with binding par
ners of all CAMs tha are cgable of binding axonin-1,
the efect of solule axonin-1 is ma pionounced than
the efect of anti-axonin-1 antibodiesi¢f 1d). For in-
stance it is possite for solulle axonin-1 to intedre
with the inteaction betveen foor-plate NrCAM and a
binding patner on commissat growth cones other than
axonin-1 ly sdurating all NrCAM-binding sites. Mese
results vere consistent with obseations made eder in
cultures of DRG gplants vhere solulle axonin-1 vas
found to induce a da$ciculded gowth pdtem (see
above).

Two different models ér commissual axon p#hfind-
ing were pioposed thiawere consistent with theesults of
the in vivo stud/ and obserations made in other species
(Bemhadt et al. 1992; Cl&ke et al. 1991; Balenta and
Dodd 1991). he two models difer in their gplandion

(Stoedli et al. 1991). Axonin-1 is a uniqgue member of of why commissual axons ignae the guidance cues-di

the Ig supedmily of CAMs, since it occw predomi

nantly as a solule molecule It was oiginally identified

as an axonall seceted potein in cultues of embyonic

chicken DRG newns (Stoekli et al. 1989, 1991). If pu
rified solutke axonin-1 vas adled to the cultw medium
of intact DRG a&plants, thg no longer formed fascides
on a collgen subs@tum, tut rather extended single neu
rites (Stoekli et al. 1991). Tus, soluke axonin-1
caused a desciculéion of neuites ty saurating bind

ing sites br membane-bound axonin-1. In didion, sot

uble axonin-1 could also intexfe with inteactions of
other CAMs on the neitic surface Therefore, solube

axonin-1 might modulta the adhesé stength between
growth cones and a epeisting fascide, sud tha

growth cones could le@, tum avay, and join a n& fas

cicle on their vay to their taget.

Taken taether these pieces ofvielence pompted a
study to test the molvement of Ig supeamily CAMs in
growth cone guidance inwb. By using the commissair
neuons of the emlyonic chicken spinal cat as a model
system, diferent wles br axonin-1, NrCAM, and
NgCAM in axonal pthfinding were identifed (Stoekli
and Landmesser 1995)h@ injection of function-lock-
ing antibodies or pified solulle axonin-1 into the cen
tral canal of the emponic chicken spinal cat in ovo
was used to parrb CAM/CAM interactions. e esult
ing efects on commissal axons vere anayzed by in-
jection of lipophilic ges into tans\erse bratome see
tions or whole-mount pepartions of the spinal cak
Whereas axonin-1 and NgCAM intactions vere shavn
to be impotant for the fisciculdion of commissual ax
ons, the pdurbaion of NgCAM inteactions did not in

recting them into the lonydinal axis bedre the have
crossed the midlinebut follow the instuctions gven Ly
the same guidance cues afterytheve reahed the con
tralaeral boder of the loor plae (Fg. 2). Because of the
symmety of the spinal cat, these cues arpobably the
same on both sides of thiedr plae. Model | postulées
tha the 1oor plae is a moe dtractive substatum for the
commissual axons than the adjacent spinalcctissue
Therefore, axons enter theldor plae when thg reah
the \entral boder of the loor plae. Reating the conta
lateral boder of the loor plae, the gowth cones hee to
choose betwen gowing stright onto a lessaforable
substetum or making a tur in orer to leg maximal
contact with thelbor plae surbice Model Il is based on
obsevations made in viw éout the substtum-depen
dent edistibution of CAMs on the gwth cone suice
(see aove and Stoddi et al. 1996). Accating to this
model, the gowth cones wuld hare to hang the disti
bution of their surdice molecules in der to be Hle to
read and intgret the guidance cues dating them into
the longtudinal axis. e distibution of surbce mole
cules apropriate for reading the guidance cuesouid
only be acquied ly contact with thelbor-plate surbice
Therefore, a gowth cone vould ignoe the guidance cue
on the ipsilteral side of thelbor plae ut readily follow
the instuctions on the cordtaeral side Both these mod
els hae in common thacontact with thelbor plae is
crucial for the corect guidance of the commisalr
growth cone Consequengl the mebanism of gowth
cone guidancetahe foor plae was adressed in an in
vitro stud/ (Stoe&li et al. 1997). A tw-dimensional co-
culture system of commissalr neuons and lbor-plate



Fig. 1la—f The peturbaion of axonin-1 and NrCAM intexctions
induces pthfinding erors of commissial axons in wo. Solulte
axonin-1 p) or function-tlocking antibodies gainst NrfCAM ()
or axonin-1 ¢) were repededly injected into the cerdi canal of
embryonic diicken spinal cals in oo throughout the time of
commissual axon gowth. The embyos were sacificed d stage
25 to 25 1/2, and commissraxons vere visualizd in whole-
mount peparations ty injection of Dil into the aga of the com
missual cell bodies @r details, see Stoklt and Landmesser
1995). In contol embyos @), all the commissal axons anssed
the midline and tured into the longudinal axis along the corar
lateral boder of the foor plae. The injection of solule axonin-1

explants vas deeloped to stug the behsior of growth
cones uponlbor-plate contact. Of paicular inteest was
the behwior of growth cones in the psence andosence
of antibodies intedring with axonin-1 and NrCAM in
teractions. e obseration tha commissual axons com
mitted pahfinding erors when axonin-1 and NrCAM in
teractions vere peturbed could be intpreted as adilure
of the gowth cone to mak gpropriate contact with the
floor plae. As a consequengcéhey would tun into the
longitudinal axis pemaurely along the ipsilgeral boder
of the foor plae. This idea vas indeed supptad by the
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(b), anti-NrCAM antibodies ), anti-axonin-1 antibodiesd], a
mixture of both anti-axonin-1 and anti-NrCAM antibodid} ©r
solulde axonin-1 tgether with anti-NrCAM ¢) induced p#hfind-
ing erors of the commissat axons. Instead of assing the mid
line, some axons taed into the lonigudinal axis pemaurely
along the ipsilteral floor-plate boder. The efect of solule axor
in-1 (b) was moe pionounced than the fefct of anti-axonin-1
(d), or anti-NrCAM () alone or in combin&on (f). The efects
seen after injection of solld axonin-1 tgether with anti-
NrCAM antibodies ) were compaable to the efect caused o
solube axonin-1 alone (see also Stkk@nd Landmesser 1995).
Arrowheads Ipsilaeral floor-plate boder. Magnification 210«

obsevations made in co-culter expeiiments. Wheras
the pesence of anti-axonin-1 and anti-NrCAM antibod
ies did not de@ase the leemodtractive efect of foor-
plate eplants, it pevented commissat axons fom en
teling the foor-plate eplants. Syprisingly, the meba
nisms ly which anti-axonin-1 and anti-NrCAM antibed
ies hindeed commisswal axons fom enteing the foor-
plate explants difered In a time l@se stug, the pesence
of anti-axonin-1 esulted in a collgsse of commissai
growth cones uponldor-plate contact, \weras the s
ence of anti-NrCAM pvented commissal gowth
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Model |

Model Il

//

Fig. 2. Two different models dr commissual axon péhfinding
are consistent with theesults fom the in wo studies.Model |
proposes thiathe foor plae is a moe dtractive substatum for
commissual axons than the adjacent spinalcctissue Therefore,
commissual axons athe \entral boder of the spinal car readily
enter thelbor plae. Reabing the conlaeral boder, they would
have to svitch to a less dvorable substatum when gowing
straight, or as seen in cordl embwyos, theg have to tun into the
longitudinal axis along the corgtfateral boder of the foor plae
to kegp maximal contact with the merfavorable floor-plate sur
face A pause athe foor-plate boder ma make them susgstible
to the guidance cues duting them ostrally into the longtudinal
axis.Model Il is based on obsestions made in vitw with sensoy
neuons tha shaved subs@tum-speciic distibution of axonin-1
and NgCAM on the g@wth cone sudce Similaly, commissual
growth cones couldltang the distibution of their surdce mole
cules, thegby becoming susqaible to the guidance cue(s) dat
ing them into the lonigudinal axis. Since the spinal abis sym
metiical, the guidance cue(sdrf the longtudinal axis ae pioba
bly the same on both sides of theofr plae. However, commissu
ral axons do notaspond to these cues on the igsilal side of the
floor plae tut only after thg have ciossed the midlineThis could
be eplained ly a rrarangement of the susice molecules on the
growth cone Growth cones wuld nalect the guidance cue(s) on
the ipsilderal boder, because the mmgement of their sudce
molecules wuld not allav them to ead the cues. On the caaatr
lateral side of the Ibor plae, they would hare rearanged their
surface molecules as asult of their contact with thddor plae,
enaling them to espond to the lonwdinal guidance cur:s

cones fom enteing the foor plae without inducing their
collapse In oder to eplain this discgpang, the ais-
tence of &least one atitional binding paner for axon
in-1 was sugested in aefined model 6r commissual
axon p#hfinding (FHg. 3). Accoding to this model, the
behaior of growth cones athe foor plae is detemined
by a balance beteen positie and ngative signals. Edt
growth cone intgrates all the signals dieed from inter
actions of its sugce molecules with moleculespessed
by the foor plae, the adjacent spinal abtissue or other
axons. Based on the outcome of this “compaitd, the

T @B
+ |z
==

axonin-1 axonin-1 CIA-R.
control M
NrCAM X CIA
+ + -
axonin-1 axonin-1 CIAR.
anti-axonin-1 @ QQ M
[ ™
NICAM X CIA
0 0 -
axonin-1 axonin-1 CIA-R.
antfi-NrCAM

()

B

NICAM X CIA
0 + -

Fig. 3. Pathfinding of commissial axons aass the midline is de
termined ly a balance betaen positie and ngative signals. fie
behaior of commissual growth cones is theesult of the intgra-
tion of all the signals dered from inteactions of gowth cone
molecules with moleculescxpressed ¥ the foor plae. The model
predicts positie influences (+) conibuted ty axonin-1/NrCAM
interactions and P interactions of axonin-1 with a notey identt
fied molecule of theldor plae (x). These inteactions mask a ige
ative collgse-inducing actity (CIA) of the foor plae. In control
embros, commisswal axons eadily enter the Ibor plae, since
the resulting signal igositive. In the pesence ofanti-axonin-1
antibodies, both intactions conibuting positve signals &
eliminaed; theefore, the gowth cone &pressing a eceptor for
the collgpse-inducing actity of the foor plae (CIA-R) collapses
upon foor-plate contact. In the psence ofinti-NrCAM, only in-
teractions betwenaxonin-land NrCAM are eliminaed wheras
the inteaction betveenaxonin-land moleculex is still possilbe.
Since this inteaction contibutes apositive signal, theCIA of the
floor plae is still maskd Thus, obseration with time Igpse video
microscopy shaving a collgse of commissai growth cones in
the pesence ofinti-axonin-1but notanti-NrCAM antibodies can
be eplained (br details, see Stokit et al. 1997). Although the
presence o&nti-NrCAMdid not induce the colfzse of commissu
ral growth cones, the were still prevented fom enteing the foor
plate, consistent with a newttbalance prdicted ly this mode:



growth cone either enterthe foor plae and oosses the
midline or it a/oids the foor plae and tuns along the ip
silateral floor-plate boder On the assumption tha
growth cones interet the cues pwided ly the foor
plate differently or respond to a diérent subset of mole
cules apressed ¥ the foor plae, this model system can
also &plain pdhfinding of neuonal populéions other
than the commissal neupns. for instanceaxons wuld
project ipsilderally, because their ingeation of the sig
nals would pevent them fom enteing the foor plate.
Likewise, pahfinding erors committed { nomally con
tralaterally projecting commissal axons in the gsence
of anti-axonin-1 or anti-NrCAM antibodies can be- e
plained ly a shift in the balancedm positve to moe
negative signals. In the psence of anti-axonin-1 anti
bodies, both intexctions conibuting positve signals a
eliminaed The behwsior of the gowth cones is deter
mined ly the negative signal emariang from the col
lapse-inducing actity of the foor plae, resulting in a
collapse of the gowth cone uponlbor-plate contact. In
contrast, in the msence of anti-NrCAM, owplthe axon
in-1/NrCAM interaction is eliminged whereas the inter
action of axonin-1 with aet unidentifed molecule(s) of
the foor plae still contibutes a positie signal masking
the ngative influence of the coll@se-inducing actity of
the floor plae. In this casea neutal balance mvents
growth cones fom enteing the foor-plate explants with
out inducing their collpse

A balance beteen positte and ngative signals di
recting the behaor of growth cones tathe midline has
also been obseed in Drosophila(Se@er et al. 1993).
Two mutants, roundéout (obo) and commissugless
(comm) were found in which the balance as shifted
sud tha either no axons ossed the midlingcomm)or
additional, nomally ipsilaterally projecting axons
crossed the midlinérobg, Tear et al. 1993, 1996). Simi
larly, the behaior of the Q1 gowth cone in gasshopper
suggested thaa neative repelling actvity was associa
ed with the midline (Mgrs and Bastiani 1993). Q1
growth cones wercame this epulsive cue ly contacting
the contalaeral Q1 gowth cone Therefore, although
the act details and the moleculesaived difer, the
behaior of the commisswal axons athe entral midline
of the CNS seems to be detened ty a balance be
tween positie and ngative signals in both estebrates
and irvertebrates.
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