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Diversity and Pattern in the 
Developing Spinal Cord 

Yasuto Tanabe and Thomas M. Jessell 

The generation of distinct neuronal cell types in appropriate numbers and at precise 
positions underlies the assembly of neural circuits that encode animal behavior. Despite 
the complexity of the vertebrate central nervous system, advances have been made in 
defining the principles that control the diversification and patterning of its component 
cells. A combination of molecular genetic, biochemical, and embryological assays has 
begun to reveal the identity and mechanism of action of molecules that induce and 
pattern neural tissue and the role of transcription factors in establishing generic and 
specific neuronal fates. Some of these advances are discussed here, focusing on the 
spinal cord as a model system for analyzing the molecular control of central nervous 
system development in vertebrates. 

A l l neural functions—from simple sensory 
responses and motor commands to elabo
rate cognitive behaviors—depend on the 
assembly of neuronal circuits, a process ini
tiated during embryonic development. An 
early and fundamental step in this process is 
the generation of distinct classes of neurons 
at precise locations within a primitive neu
ral epithelium. Over the past decade, many 
of the mechanisms that control the identity 
of specific neural cell types have been de
fined, in large part through the application 
of molecular genetics in invertebrate organ
isms such as Drosophila and Caenorhabditis 
elegans but also through cellular and bio
chemical approaches in vertebrates. Collec
tively, the study of these diverse systems has 
provided considerable insight into the rela
tive contributions of environmental signal
ing and lineage restrictions in neural devel
opment and has revealed the identity of 
many of the extracellular signaling factors 
and intracellular proteins that direct cell 
fate. 

Some of the most intriguing behaviors 
depend on the circuits that are formed dur
ing the development of the vertebrate brain 
and spinal cord, yet our understanding of 
neural development is more fragmentary in 
the vertebrate central nervous system 
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(CNS) than in other systems (I). Here we 
review recent progress in defining how di
verse cell types in the vertebrate CNS are 
generated, focusing largely on the spinal 
cord, because it is the simplest and most 
conserved region of the vertebrate CNS 
(Fig. 1A). In addition, physiological and 
anatomical analyses of neuronal circuitry in 
the spinal cord have provided, from the 
time of Sherrington, a solid cellular frame
work for interpreting the neural bases of 
sensory and motor functions (2). Although 
the functions encoded in spinal cord cir
cuitry are limited by comparison to those of 
many other brain structures, studies on the 
development of spinal neurons may reveal 
general strategies used to establish neuronal 
diversity and circuitry in more complex re
gions of the CNS. 

We examine the steps involved in the 
generation of distinct neural cell types 
through the use of somewhat artificial sub
divisions of what is evidently an integrated 
developmental program. 

Induction of the Neural Plate 

The development of the spinal cord, as in 
other regions of the CNS, is initiated by the 
induction of the neural plate. The classical 
grafting experiments of Spemann and 
Mangold in amphibian embryos (3) estab
lished that the formation of neural tissue 
depends on signals provided by prospective 

axial mesodermal cells in the organizer re
gion. Until recently the identity and mech
anism of action of these endogenous neural 
inducing factors have remained obscure. 
Studies of neural induction in Xenopus em
bryos now suggest that in one major path
way of neural induction, factors antagonize 
the signals mediated by the transforming 
growth factor—p (TGFp)-like protein, bone 
morphogenic protein4 (BMP4), which re
presses neural and promotes epidermal cell 
fate (4) (Fig. 2). 

BMP signaling and neural induction. The 
possibility that neural induction might re
sult from the inactivation of a signaling 
pathway that represses neural fate emerged 
from the observation that dissociation of 
blastula-stage ectoderm into single cells, 
presumably preventing intercellular signal
ing, was sufficient to elicit the formation of 
neural tissue (5). Members of the TGFp 
family were suggested to mediate this re
pressive signal on the basis of experiments 
designed initially to test whether the 
TGFp-like protein activin was required for 
the induction of mesoderm (6). Injection of 
transcripts that encoded a dominant nega
tive form of an activin receptor blocked 
mesodermal differentiation. But ectodermal 
cells expressing this receptor isoform unex
pectedly differentiated into neural tissue, 
suggesting that the blockade of activin re
ceptor signal transduction is sufficient to 
trigger neural induction. Two lines of evi
dence indicate that BMP4 rather than ac
tivin itself is likely to be the endogenous 
TGFp-like protein that interacts with this 
receptor and represses neural differentia
tion. First, BMP4 is widely expressed in the 
early ectoderm and its expression is extin
guished from neural plate cells during neu
ral induction (7). Second, BMP4 but not 
activin can prevent the expression of neural 
markers and promote epidermal differentia
tion in dissociated ectodermal cells (8). Or
ganizer-derived signals might therefore in
duce neural tissue by means of endogenous 
proteins that block signaling mediated by 
BMP proteins. 

Support for this idea has come from the 
demonstration that three candidate neural 
inducers expressed by organizer tissue can 
act in this manner (Fig. 2, B and C). The 
endogenous activin-binding protein fol-
listatin is expressed by organizer cells, and 
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injection of follistatin elicits neural differ- 
entiation (9). Follistatin can also bind to 
BMPs, albeit with lower affinity than to 
activin (lo), and thus its neural inducing 
activity is likely to result from inhibition of 
the actions of a BMP rather than of activin. 
A second protein with neural inducing ac- 
tivity, noggin (I 1 ), is also expressed in or- 
ganizer cells (1 2) and binds to BMP4 with 
high affinity (Kd = 19 pM), blocking its 
biological activity (1 3). Finally, chordin, a 
protein identified originally by its expres- 
sion in induced organizer tissue (14) also 
has direct neural inducing activity (15) and 
binds BMP4 (Kd = 320 pM) (16). Striking- 
ly, although follistatin, noggin, and chordin 
can each antagonize the action of BMPs, 
they appear to be unrelated structurally. 

Additional neural inducers. The neural 
tissue induced by follistatin, noggin, and 
chordin is anterior in character, as defined 
by molecular markers expressed normally 
in the forebrain (9. 1 1. 14. 17). A distinct . ,  , - ,  , 

signaling pathway may therefore be re- 
quired for induction of posterior neural 
tissue. One class of candidate posterior 
neural inducers are secreted proteins of 

A Developmental stages 

Neural plate Neural fold 

the fibroblast growth factor (FGF) family. 
FGFs can induce neural tissue with char- 
acteristics of the spinal cord under condi- 
tions in which the repressive action of 
BMP signaling is reduced or eliminated 
(1 7, 18) (Fig. 2A). Moreover, neural tissue 
characteristic of intermediate levels of the 
neuraxis, the midbrain, and hindbrain, 
can be induced by exposure of ectoderm to 
both noggin and FGF (1 7). The early re- 
gional identity of the neural plate along its 
antero~osterior axis mav therefore be es- 
tablishkd in part by thh coordinated ac- 
tions of inhibitors of BMP signaling and 
FGFs. 

A second class of molecules that ap- 
pears to be involved in the generation of 
posterior neural tissue is the retinoids. 
Treatment of embryos with retinoic acid 
leads to an anterior-to-posterior transfor- 
mation in the regional character of the 
neural tube and in the identity of specific 
neuronal cell types (19, 20). Retinoids 
also decrease the time required for the 
onset of neuronal differentiation in nog- 
gin-induced neural tissue (21 ). The pres- 
ence of retinoids in posterior regions of 

Sp~nal cord jyQ 5' 
.. a 

Q 

B lnductlve signals 

w,F /& I SHH I I a I?! 
Q 8 

the gastrula embryo (22) may therefore 
account for the early onset of neuronal 
differentiation in the spinal cord and 
hindbrain, and conversely the exclusion of 
retinoids from more anterior regions (22) 
may underlie the delay in neurogenesis at 
forebrain levels. 

The use of targeted gene disruption in 
mice can independently test the require- 
ment for neural-inducing molecules identi- - 
fied through gain-of-function assays in Xeno- 
pus. Mice with mutations in the BMP4 gene 
do not exhibit an obvious expansion in 
neural tissue at the expense of epidermal 
ectoderm (23), as might be predicted from 
studies in Xenopus. This could be explained 
by the presence of other BMPs that func- 
tion in a manner similar to that of BMP4 or 
by the existence of pathways of neural in- 
duction independent of BMP inhibition. In 
addition, follistatin appears not to have an 
essential role in neural induction in the 
mouse. The mouse organizer region, termed 
the node, possesses neural inducing activity 
(24) but does not express follistatin (25). 
Moreover, mice lacking follistatin do not 
exhibit any obvious defect in neural induc- 
tion (26). These findings could again be 
accounted for by the compensatory actions 
of other organizer-derived molecules that 
inhibit BMP signaling. Nevertheless, it is 
also possible that some relevant neural-in- 
ducing factors derive from regions other 
than the node. One hint that there are 
other sources of neural-inducing factors has 
come from studies of mice in which the 
gene encoding hepatocyte nuclear factor 
(HNF) 3$, a transcription factor expressed 
in the node, has been inactivated by target- 
ed recombination. HNF3P mutant mice 
lack overt signs of node differentiation, yet 
give rise to neural tissue with anteroposte- 
rior pattern (27), suggesting that molecules 
with neural inducing activity reside in tis- 
sues other than the node. One ~otential 
source of additional neural inducing factors 
is the endoderm/mesoderm tissue at the an- 
terior end of the gastrula embryo. In Xeno- 
pus, the C e r h  gene is expressed by such 
endomesodermal cells and encodes a secret- 
ed protein that can induce anterior neural 
tissue (28). It remains uncertain, however, 
if the neural inducing activity of C e r h  is 
direct or is mediated by other induced cell 
types. 

Thus. manv candidate inducers of neural 
tissue have been identified both in spinal 
cord and at more anterior levels. To date, 
however, it has not been possible to sepa- 
rate the induction of neural properties from 
the acquisition of anteroposterior regional 
identity. Neural induction and the early 
regional fate of neural cells appear, there- 
fore, to be linked rather than independent 
processes. 
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Tissue grafting assays in chick and Xenopus 
embryos (33, 34), the analysis of mutant 
mouse and zebrafish embryos (27, 35, 36), 
and assays of cell differentiation in neural 
plate cells grown in vitro (37-39) have 
shown that the notochord is the source of 
two inductive signals: A local signal that 
induces floor plate differentiation in mid- 
line neural plate cells and a longer-range 
signal that induces motor neurons. The 
floor plate, once induced, acquires the abil- 
ity to generate both of these short- and 
long-range signals (35,37). Both short- and 

Patterning the Neural Plate Fig. 2. Mechanisms of A Ectoderm 
neural induction in Xeno- 

Two independent signaling systems control PUS embryos. (A) EctO- 

the regional fate of induced neural cells dermal cells Of the ani- 
mal pole of gastrula- Blockade of 

(29). As discussed above, one system con- stage Xenopus embryos BFvlP4 s~gnal~ng 

trols pattern along the anteroposterior axis are sub,ect to tonic s,gna~lng ( -. - 
and has a critical role in establishing the BMp4-m&iat& signal- 
subdivisions of the neural tube that prefig- ing (red arrows), which 
ure the formation of the forebrain, mid- promotes their dierenti- 
brain, hindbrain, and spinal cord (30). The ation into epidetmal ectoderm 

Neural plate (anterior1 Neural plate (posterior) 
mechanisms that control anteroposterior cells. Blockade of BMP4 
patterning in the brain are discussed in signaling elicits the for- B Ect@derm 

another article in this issue (31 ). A second mat'on Of neural 
plate tissue. Exposure of signaling system patterns the neural plate ectoderm to FGFs under 

along its mediolateral axis, later the dorso- conditions in which 
ventral axis of the neural tube. In the fol- BMp4 signaling is re- 

9 Noggin 

lowing sections we discuss the mechanisms duced or eliminated 
by which inductive signals control the di- leads to the generation 
versification of cell types along the dorso- of posterior neural plate I Folhstatn 

ventral axis of the neural tube, focusing on tissue. (B) A potential Axial mesoderm (organizer) 
the caudal region of the neural tube that rr~echanism of action of 
gives rise to the spinal cord. similar pat- anterior neural inducers derived from prospective axial mesoderm (the organizer region). Chordin, 

terning events occur at more rostral regions noggin, and follistatin are each secreted by organizer cells and induce neural tissue by blocking 
BMP4-mediated signaling between ectodermal cells. RI and RII, BMP receptor subunits. (C) Both that give rise to the midbrain' noggin and chordin bind to BMP4. Follistatin can bind to BMP7 and possibly also to other BMPs. 

and diencephalic regions of the forebrain 
(32). 

At early stages in the development of long-range inductive activities are mediated cell types generated in the ventral neural 
the spinal cord, three major classes of cells by Sonic Hedgehog (Shh), a member of a tube? An early step in this process appears 
are generated in the ventral neural tube: family of secreted proteins identified initial- to be the repression of transcription factor 
floor plate cells at the ventral midline, mo- ly by their structural similarity to the Dro- expression in cells at medial positions with- 
tor neurons at a ventrolateral position, and sophila segment polarity gene Hedgehog in the neural plate. When the caudal neural 
ventral interneurons at more dorsal loca- (Hh) (40-43). Shh is synthesized by the plate is formed, cells at all mediolateral 
tions (Fig. 1A). Cells in the dorsal neural notochord and floor plate at the time that positions express the homeodomain-con- 
tube give rise initially to neural crest cells these cell groups exhibit their inductive taining transcription factors, Pax3, Pax7, 
and subsequently to roof plate cells at the activity (41-47) (Fig. 1B). Misexpression of Msxl, and Msx2 (47, 49-52). The expres- 
dorsal midline and to several classes of dor- Shh can induce floor plate differentiation sion of these genes is rapidly repressed in 
sal sensory relay interneurons. The induc- in vivo (41,43), and recombinant Shh can medial neural plate cells by a Shh-mediated 
tive signals that control the identity and induce floor plate cells and motor neurons signal from the notochord (47,49,52) and 
pattern of these cell types come initially in neural plate explants (45,46). Converse- after neural tube closure their expression is 
from two distinct groups of non-neural cells. Iy, antibodies that inhibit Shh signaling in restricted to proliferating cells in the dorsal 
The generation of ventral cell types is con- vitro block the ability of the notochord and neural tube (47, 49, 52) (Fig. 3). The re- 
trolled by signals from the notochord, an floor plate to induce ventral cell types (46, pression of Pax3 and Pax7 expression in 
axial mesodermal cell group that underlies 47) and mice in which the Shh gene has neural plate cells appears to be a prerequi- 
the midline of the neural plate. In contrast, been inactivated fail to generate ventral site for the generation of ventral cell types. 
dorsal cell types are generated in response structures in the CNS (48). Taken togeth- Lateral neural plate cells that have never 
to signals derived from the epidermal ecto- er, these studies show that Shh is necessary been exposed to Shh maintain Pax7 expres- 
derm that flanks the lateral margins of the and sufficient for the induction of ventral sion and rapidly lose competence to gener- 
neural plate (Fig. 1). cell types. ate floor plate cells and motor neurons in 

Patterning actions of Shh. When and how response to Shh (47). Furthermore, misex- 
Diversity and Pattern in the does Shh control the identity and pattern of pression of Pax3 in ventral regions of the 

Ventral Neural Tube 

Fig. 3. Pax gene expression during spinal cord development. During the transformation of the neural 
plate into the neural tube in thechickembryo, the regulated expression of three Paxgenes4ax3, Pax6, 
and Pax7-subdivides the neural tube into distinct domains. Caudal neural plate cells at all mediolateral 
positions initially express Pax3 and Pax7. At neural fold stages, Pax3 and Pax7 expression is repressed 
medially and Pax 6 expression is detected at all mediolateral positions except at the midlines. After 
neural tube closure, Pax3 and Pax7expression is restricted to the dorsal half of the neural tube, whereas 
Pax6 is expressed by more ventral cells. Pax6 is also expressed by cells in the dorsal half of the neural 
tube. N, notochord, F, floor plate. 
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s131na1 coril 111 tralisgelilc mice blocks tloi>r 
plate iiifferentiation (53). T h e  rapi l  time 
c(Jl1rie of rlie repressloll of Pas-3. P i l ~ 7 ,  anil 
hls.t1/2 by Shh (47. 49.  5 2 )  ralses the yos- 
s1l3llity that these genes may I:e illrect rar- 
gets for the ~n t race l l i~ l ,~ r  tra~lsduction 

progenlror cell for motor neurons and cer- processing, the S friqment is co\.alentl~.  
mi~illf~eci h ~ -  rlie ,~ililirii)n of cholesterol to 
~ t s  COOH-terminns.  'ivhlcli results 111 ,In 
increase in hj-drophob~cltj-  that tethers tlie 
protein to the memllrc~ne (65) and resrrlcrs 
~ t s  dlffl~slon. ACllare i l t l~ ,  us a conseililence 
of tl-i~s liPophlllc mi)iiification, the v a t  ma- 
jorit\- of Shh-N s~.nthesi:ed hv the noto- 
cl-iorLi and floor p l ~ t e  remall-is closely asso- 
elated with the surface of n-il~iline cells (45.  
47.  65) .  T h e  Li~ffuii l~le form Shh-N could 
i ler~ve iron1 the ~~-ico~l-iplete transfer of cho- 
lestcrol i1~1rl1-i~ a ~ t o p r o m s ~ n g ,  from the  re?- 
ulated clea\.age of the cholesterol aiiduct, ar  
si~11ply from the release of ;m,~ll  an-it)unts of 
cholesterol-moilifieii Shl-i-S from the pla.- 

tall1 ventral interneurons. It remains LIII- 
clear, h i ) n e ~ e r ,  n.hether tlie fares of all 
ventral mrerneurons are controllei1 solely 
1.1- Shli-meJi,jteil sig-ic2ls. A class of ventral 
in ter~leur i~ns  that exaress the homeoilo- 

el-ents triqgereci 111 1-ieural plate cells 17)- 
Shh .  T h e  Shh s~gna1~1- i~  path~vay I not  
cfimpletely uniierati)oii, Ilut appearsver!; 
simllar to H1-i sig~lal  t rans i l~~ct ion 111 Dl-o- 
sopi~lla (54-57). .As such, Shh-meiilateii sig- 
naline 1s likely to cu lm~na te  in the activa- 

~l-ialn protein En-1, hut not  Isl l ,  1; l l l~ssi~lg 
111 llllce 111 \\ hlch mi)tor n e u r ~ ) n  il~ft'ere~-it~- 
atlon 1x1s been IllockeLl by el~n-i~natio~-i  r)f 
isll gene function (52) .  Thir f i l- idi~~g ~ L I Y -  

pests that,  111 vivo, motor neuron-ilepen- 
dent rlgnals ma!- ct>operate n ~ t h  Shh sip~-ial- 

t ion of x n c  f ~ n g e r  tr,~nscrlytion factor. of 
the G11 fam~lv  (57. 56) .  

ing to speclfj- certaln ~nter~-ieuron h t e s  111 

the 1-entral neural tube. 
U p o n  exposure to S h h ,  c e l l  111 the me- 

ill;il replo11 of the l-ieural plate are converted 
Talcen together. there stuii~es suggest 

that the i i le~- i t i t~  anLl pattern of cell tvpes 
pe~-ierateil in the ventral half of the neural 
tulle 1s controlled 111 larye part 11y Shh sly- 
nalil-ig, throuyh actlo~-is at  multiple concen- 
tratlon threshc3lds. T h e  early actlon of S h h  
ti) m a ~ ~ l t a ~ ~ i  the  colllnetellce of neur ,~l  nlate 

to  a ventra1l:eil state (Jeflneii t~peratiol-ially 
as the represrii~n of Picr3 al-icl P a z i  exyres- 
,slon) c ~ ~ ~ L !  acquire the capacltj- to gl\-e rlse to 
tloor plate cells, m o t ~ ~ r  neurol-is, or ventral 
~n te rne~~r f i~ - i s .  T h e  se l ec t~on  of one of these 

ma memllrane. 
Future stuille,s on  the  role id Shh in 

1-el-itral neural tulle patterl-iil-ip n.111 neeil t o  
invest~gate l-ion. small ilitterences in extra- 
cellular Sllll concentrat~c>~-i qel-ierate Jls- 
tinct ne~lra l  cell types. Def11111lg the il-itra- 
cellular tran,sii~~ction events el~citeil  h\- Shh 

three cell fates ;Ippears to he regulated hy a 
seconii p h < ~ s e  ot Shh slgnal~ng. Cells at  the 
m~illi~-ie of the 1-ieura1 plate ~ p p e a r  to he 
exl?ossd to Shh generated locally hy the  
notochord, n -h~ch  directs floor plate cell 
fate through the  espresslon of t r a n s c r ~ p t ~ o n  
factors of the  n-ll-iyed-helis class, notahlj- 
HNF3P (59) .  ;it later stages, Shh slgnaa1~1-iq 
in aillacent replons of the ventral ~ l e ~ l r a l  
tuhe ciefil-ies ~vhe the r  \~entral~:eii propenl- 
tors give rlse to Illoror neurolls or to 1-sntral 

celli for later \.entral cell type i i ~ f k r e ~ ~ t ~ a -  
~ I O I I  o ~ e r a t e s  at  a concentratloll thresholii 
t\\.o to three times linver than t h ~ t  required 
later for mi>ti>r n e u r ~ ) n  peneration ( 4 7 ,  and 

111 neural cells and the ilo~vnstream taryets 
of the conserveil Shh sigl-ialing pathn-ay n.111 
he esse~ltlal steps 111 resol\-lng thl? iswe. floor plate generat1011 requires tn.o to three 

tinles more Shh (45) .  Thus ,  relatively small 
changes in Shh concentration can ellcit the 
y e n e r a t i o ~ ~  of illst111ct neural cell type& 
StuLlies of me?oder~l-ial pattemlng 111 Sdrio- 
P U S  haye .;l-io\vn .;imllarl\- that L i ~ s t ~ ~ ~ c t  cell 
type.; are penerateil in r eponse  to  tn.o- t c  
threeh>lii iilffere~lces 111 activin co~-ice~-itra- 
t ion (53 ) .  

Diversity and Pattern in the 
Dorsal Neural Tube 

T h e  d ~ f f e r e n t ~ a t ~ o ~  o t  cell type. generateii 
111 the ilor,sal neural tube annears ti) be 

i~-iterneuro~-is. Shh siyna111-iy causes ventral- 
1:ec1 yroqel-iitors to gi1.e rlie to m o t ~ ) r  neu- 
rons, n.hereas the  hlockade of Shll slgnall~-ig 
inll ih~ts motor neuron d~fferentiation anLl 

L k 

i~-iltlated Py a contact-meLi~ateei rignal fron-i 
the  adjacent erliiermal ectoderm ( 5 2 ,  67 ) .  
hleml~erc o t  tl-ie T G F P  family, notably 
BMPs, are likely mei l~ ,~tors  of this ectoiler- 
~ l l a l  slq-ial. In av1a1-i e~l-illryos, BLIP4 anil 
B N P 7  are espresseil 111 the  ey~dermal  ecto- 
cierlll at  early neural plate staqes ,111il can 

If Shh acts a t  multiple co~- ice~- i t ra t~on 
threshi)lLls to  control \-entral cell fates. 

leails ~nsteaii  to the  gene ra t~on  of ventral 
inteme~1rc31-is (47) .  Ventrallzeii yrogenitors 
r equm Shh sigllaling t a  yencrate motor 
1-ieurons (111tll late 111 their f111al progenitor 
cell iil1~slo1-i. This fil-idil-ip has parallels 11-lth 
ituciiei shon.ing that the  lanllnar ldent i t j  of 
cortlcal 1-ieuri3ns ir i le term~ned late in their 
flnal yrogeniti)r i l ~ v ~ s ~ o n  c\-cle (6C). A t  the 
onset of motor neuron ii~ffere~-it lat~on in 

\vh ,~ t  is the  range L>f Shh iliffusion anil t he  
co~-icentratii)~-i 17roflle 111 the  1-entral l- ie~~ral 
tube 111 vlvoi T h e  earl\- notocI-ii)ril-medl- 
ateii repression ot Pax7 111 t he  neural 
1s ohrer\-eLl o\.er a ilistal-ice of 5 to18 cells 
(47 ) .  perhaps the  extent  of Shh J ~ f f ~ l s i o n .  
Morei)ver a praiieil ele\ . ,~tion 11-i t he  ex- 
p ~ s i o n  of Patched mRS;i  1s detecteLl 111 

t he  1-entral neural tube a t  s t a g e  ,it n-hich 

mln-iic the 1n~iuct11-e actl\.lty o t  the  ecto- 
Llerm (52)  (Fie. 1B).  Exposure of neural 
plate cells t o  Bh'lPs elel-ares e s p r e s s ~ i ) ~ ~  of 
the same Pas  and Llss genes that are re- 
yresseii hv Shh s ~ g n a l ~ n g  (517). These genes 
are, however, also expressed hy neural yl,ite 
cells that have not  lieen expi>seil to ecto- 
iierm,~l ,signals al-iil iio not  eenerate neural 

higher 1-ertebrates, the  notochord has l ~ e e n  
Li~splaceLi 1-entrall\ and 1s n o  lonyer close to 
the neur ,~l  tuhe. Thus ,  the Shh reil~llreii to 
ci)~-i\~ert v e n t r a l l ~ e ~ l  ~ r o e e n ~ t o r s  Into motor 

motor ne~1rc3ns heyln to iiifiere~ltlate (54). 
In i luc t~on  of Patci12d 1; a n  ~ n ~ i ~ c , ~ t o r  ~ ) f  
espi)sLlre of cells t o  Heilgellog proteins in 
D ~ o ~ o p h i l a  a d  1-ertel~rates ( 5 4 .  5 5 ) ,  and 1t 
15 11kely therefore that  Shh i l~ f f~~se , s  from 
floor plate cells al-iil estahllshes a co~-ice~-i- 

cre,st cells or ilor,sal 11-iterne~1ronn. Thus ,  the 
e x l ~ ~ s ~ ~ ~ n o f  Pax and Msz genes appears 
insufficient to trlgger the  iiifferentlat~on of 
iiorsal cell tj-pes. Sel~er theless  in the  mouse 
the  Pax3 and Pas7 yenes are requlreii for 

A - 

neurolls 15 Ilkel\ to ilerlve from ths  tloor 
plate. 

It I; ~111clear ~vhe the r  tl-ie generatLon c>f 
IIIO~L)I- neurons or ~ e n t r , d  ~nterneuron; re- 
sults fro111 a s n ~ t c h  111 the  fate of a11 il-idl- 

t r a t ~ o n  graiilent in the  ventral  neural tuhe. 
Theae ituilie? o n  Shh s lg~ la l i~ lg  s~~pyc-irt 
t he  lilea that  t he  patter11~13 of vertebrate 
tlssues can  1.e c o ~ ~ t r o l l e d  hy i l~screte cellu- 
lar res1li31-ises to  Li~fferent cnncentrat~c3ns of 

the approprlatz L l ~ f f e r e ~ - i t ~ a t i L ) ~  c ~ f  neural 
cre,st cells (6S),  > ~ ~ g g e s t ~ n g  thelr ~~-i\.olve- 
ment  111 iior,sal cell ci~i't'erentiatiol-i. O n e  
canillilate for an  i~-itermediate 111 neural 

v~ciual progellltor cell in response to Shh .  
T h e  ~rentral  l-ieural tube c o n t a ~ n s  rn~1lt11~i)- 
tential progenlti)r cell; that  ylve rl,se hoth to 
miltor neurons anil ~ ~ - i t e r n e ~ ~ r o n s  (51) .  

Ll~ffusillle ~ n ~ i u c t l \ . e  factorr. 
T h e  mecha~-iisms that ci)~-itrol the extent 

crest cell i i~fferent ia t~on is a :inc fll-iger 
tra~-i,scril?t~on factor, s l~lp  (691, ~ v h ~ c h  1s ill- 
iluceil ~n prem~grati)r\- 1-ie~lral crest cell. ~n 
respon;e to BhlPs (52) .  S in t~ce~ l se  ollponu- 
cleot~iic al3lat101-i of sl~iq expressloll impair; 
the  m ~ g r a t ~ o n  ot  neural crest cell. from the  
Llorral ne~lra l  tube (69) .  .After ne~lra l  t ~ ~ h e  
clo.ure, s e x r a l  BhlPs-11-icluil~ng BAiP4. 
BAiP5, B!dPT, and Dsil-are expreiseil 11-i 

h'Ioreo1-er, expoaure of neural plate cells 111 

vltrc> ti) a Shh concentration at  the thresl-i- 
old for motor neuron ~ n i l u c t ~ n ~ - i  lea& to the 

i)f Sllh i i ~ f f ~ ~ a i o ~ ~  have heen clarifieJ in 1.lr.o 
1.y hloclle~lllcal studies shon.i~-ig that D1.o- 
sophila al-iil vertel~rate Heiigehog llrote~ns 

ge~- ier ,~t~o~-i  of 1-ieurons that coexpress marli- 
ers ol mi)tor neumn and ~ n t e m e u r o n  lilen- 
tlty ( 4 i ) .  Thls observatiol-i I most earlly 
esplalneii by the  esistence of a commc3n 

are s\-nthesired a,{ larger precursors that  are 
subject to a~~topr i ) teolyt ic  clea\rage to yen- 
crate hlolog~cally actlve S H , - t e r m i ~ ~ a l  ( N )  
frapments (45, 64) .  13llrlng antocatalytlc 



overlapping domains in and around the dor- 
sal midline (52, 70) (Fig. 1) and induce 
subsets of sensorv relav interneurons that 

preciated roles in cell patterning in the 
spinal cord. In addition, chordin, noggin, 
and follistatin are each expressed by the 
notochord or floor plate (9, 12, 14, 77), 
raising the possibility that ventral sources of 
proteins that antagonize BMP signaling 
might also contribute to the patterning of 
the ventral neural tube. 

cord. Motor neurons within a single column 
send their axons to a common peripheral 
target (78). Motor neurons in the medial 
subdivision of the median motor column 
(MMC) project their axons to axial muscles 
that lie close to the vertebral column; mo- 
tor neurons in the lateral subdivision of the 
MMC project their axons to body wall mus- 

are generated at later stages in the develop- 
ment of the dorsal spinal cord (70). 

Common themes of dorsoventral pattern- 
ing. There are both common features and 
significant differences in the principles by 
which cell fate and pattern appear to be 
reeulated in the dorsal and ventral halves of 

cles; and motor neurons in the lateral motor 
column (LMC) innervate muscles in the 
limb (Fig. 4). Motor neurons in the LMC 
are further organized into ~ools. each of 

Diversification of Motor 
Neuron Subtypes 

- 
the neural tube. The strategy of inductive 
transfer of secreted sienaline factors ex- - - 
pressed initially by non-neural tissues (the 
notochord and epidermal ectoderm) to cells 
at the midline of the neural tube (the floor 
plate and roof plate) (Fig. 1B) is used to 
propagate patterning signals within both 
the ventral and dorsal neural tube. Ventral 
patterning is, however, at least in higher 

Hedgehog and BMP proteins have an early 
role in specifying the identity of cell types 
along the dorsoventral axis of the spinal 
cord, but as development proceeds more 
specialized neuronal subtypes are generated. 
Additional signaling steps that appear to be 
independent of the early dorsoventral pat- 
terning signals are involved in the genera- 
tion of neuronal diversitv at later staees in 

u . , 

which innervates a specific muscle in the 
limb (79). In lower vertebrates such as the 
zebrafish, three major subclasses of primary 
motor neuron can be identified by the dis- 
tinct rostrocaudal positions at which they 
are generated within a single segment and 
by their selective projections to different 
axial muscle domains in the periphery (80). 
The columnar subclasses of motor neurons 

vertebrates, regulated by the activities of a 
single Hedgehog protein, Shh, whereas sev- 
eral BMPs are expressed in the epidermal 
ectoderm and dorsal neural tube. How are 
distinct dorsal cell types generated in re- 
sponse to structurally related inductive sig- 
nals? By analogy with the mechanisms of 
Shh-mediated signaling in the ventral neu- 
ral tube, different dorsal cell types may be 
triggered at different BMP concentration 
thresholds. Alternatively, members of the 
TGFP family may possess qualitatively dis- 
tinct inductive activities by virtue of their 
interaction with different BMP receptors 
(71 ). Temporal changes in the response of 
neural plate cells to the same BMP signal 

- 
spinal cord development. Evidence for this 
has emerged most clearly from the analysis 
of the cellular interactions that control the 
differentiation of motor neuron subclasses. 

Motor neurons in the developing spinal 
cord can be subdivided on the basis of the 
position at which their cell bodies are lo- 
cated and also by their axonal projection 
patterns. In higher vertebrates, subclasses of 
motor neurons are organized into longitudi- 
nally oriented columns that occupy distinct 
and, in some cases, discontinuous domains 
along the rostrocaudal axis of the spinal 

in the chick and the primary motor neuron 
subclasses in zebrafish can be distinguished 
by the combinatorial expression of tran- 
scription factors of the LIM homeodomain 
class (81) (Fig. 4). LIM homeodomain pro- 
teins control cell fate decisions in both C. 
ekgans and Drosophila (82, 83), and in ver- 
tebrates they may control the expression of 
molecules that are involved in the euidance - 
of motor axons along different pathways to 
their muscle targets in the periphery. ' 

How might the subtype identities of mo- 
tor neurons be established? Experimental 

could also contribute to the generation of 
distinct dorsal cell mes. f Motor 

neuron 
generation 

, . 
BMPs influence the patterning of many 

tissues in vertebrates and Drosophila. Both 
diffusible BMP gradients (72) and a BMP- 
initiated cascade of signaling molecules 
(73) have been suggested to underlie long- 
range patterning. Differentiation of ventral 
cell types appears to be controlled by Shh 
through both its local and direct long-range 
actions. However. the initial source of 

I 

Is'-' + Axonal 
projections 

LMC, 
BMPs, the epidermal ectoderm, requires 
contact with target cells to induce dorsal 
cell types (52, 70). BMPs may therefore 
control cell pattern in the dorsal neural 
tube only by a local action, achieving long- 
range patterning through the propagated, 
cell-to-cell induction of BMP gene expres- 
sion in responsive neural cells. 

Whether the early dorsoventral pattern- 
ing of the neural tube can be explained 
solely by Hedgehog and BMP activities is 
unclear. Several Wnt genes are expressed in 
restricted domains along the dorsoventral 
axis of the neural tube (74). There is cur- 
rently no evidence that Wnt proteins con- 
tribute to dorsoventral patterning in the 
spinal cord (73 ,  but they do contribute 
more rostrally and in non-neural tissues 
(76) and may therefore have as yet unap- 

Axial 
muscle 

Ventral limb muscle Dorsal 
(also body wall) limb muscle 

Sympathetic 
neuron 

Fig. 4. LIM homeodomain protein expression in motor columns in the chick spinal cord. The temporal 
sequence of expression of UM homeodomain proteins by newly differentiating motor neurons. All 
classes of motor neuron initially express Isll and ls12, soon after their birth. Differential expression of LIM 
homeodomain proteins occurs at around the time of axon extension. The lower diagram shows 
transverse sections through stage 22 to 25 chick embryos at different segmental levels, indicating the 
projection of motor neurons located in different motor columns to their peripheral targets. The medial 
division of the median motor column is shown in blue (MMC,,,); the lateral division of the median motor 
column is shown in red (MMCJ; the medial division of the lateral motor column (LMC) in red (LMC,,,); the 
lateral division of the LMC in green (LMCJ ; and the column of Temi in brown (CT). 
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manipulations in chick and zebrafish em- 
bryos have suggested that motor neuron 
diversification depends on local signals that 
act on neural tube cells over restricted do- 
mains along the rostrocaudal axis of the 
spinal cord. Transplantation of segments of 
the chick neural tube to different rostrocau- 
dal ~ositions results in a transformation in 
the columnar identity of motor neurons and 
in the expression of combinations of LIM 
homeodomain proteins appropriate for their 
new position (84, 85). Similarly, inversion 
of the neural tube at lumbar levels leads to 
a respecification of motor pool identity, as 
defined by changes in the pattern of motor 
axon projections in the periphery (86). 
These neural tube translocations and inver- 
sions also change the expression of Hox 
genes (85, 87), raising the possibility that 
the expression of Hox genes is involved in 
defining motor neuron subtype identity in 
the spinal cord as well as in the hindbrain 
(31). In zebrafish, transplantation of indi- 
vidual primary motor neurons to a different 
intrasegmental position also results in a 
change in motor neuron identity as defined 
both by altered LIM homeodomain protein 
expression and by the respecification of ax- 
onal trajectory (81, 88). 

Taken together, these observations have 

suggested the existence of rostrocaudally re- 
stricted signals that control the subtype 
identity of motor neurons. The signals ap- 
pear to act initially on progenitor cells (79, 
85), although motor neuron subtype iden- 
tity may be modifiable after cells have left 
the cell cycle (80, 81 ). The cellular origin 
and identity of these local signals is not 
known, although a possible source is the 
paraxial mesoderm that flanks the neural 
tube. Thus, inductive signals from the axial 
mesoderm may help to establish the generic 
identitv of motor neurons and sienals from - 
the paraxial mesoderm may define their 
subtype. 

Neurogenesis 

Studies on the contribution of inductive 
signaling to the specification of cell fate in 
the spinal cord have not addressed the 
mechanisms that operate more generally to 
control the differentiation of progenitor 
cells into postmitotic neurons. The molec- 
ular genetic dissection of neurogenesis in 
Drosophila has yielded clues to the mecha- 
nisms that operate in vertebrates. 

In Drosophila, the selection of a single 
neuron from a large population of equiva- 
lent ectodermal cells requires a series of cell 

Fig. 5. Model for the role Neural epithelium n 
of Neurogenin, NeuroD, 
and Notch signaling in 
the determination of 
neuronal fate. The con- 
version of a neural epi- 
thelium consisting exclu- 
sively of pro- 
genitor cells (gray) to one 
in which certain cells 
have adopted a neuronal 
identity (green) is shown. 
The acquisition of neuro- 
nal identity requires the 
action of bHLH proteins 
and Notch signaling. The 
model indicates that 
Neurogenin expression 
in the left hand cell in- 
duces expression of Del- 
ta, which in turn acti- 
vates Notch signaling in 
the right-hand cell, lead- 
ing to the repression of 
Neurogenin expression 
and consequently to a 
decrease in Delta ex- 
pression. By analogy 
with similar signaling Neurogenesis 
events in Drosophila, the 
inhibition of Neurogenin 
exmession mav be me- 
diated by RBP-jk, a ver- 
tebrate homolog of Sup- 

- 
pressor of Hairless [Su(H)] and through HES proteins, vertebrate bHLH proteins of the Hairy/enhancer 
of split [E(spl)] class (1 13, 114). Neurogenin expression above a certain threshold leads to the induction 
of NeuroD, which promotes neuronal differentiation. Modified with permission from (93). 

interactions that progressively restrict cell 
fate (89). The initial steD in this Drocess is . . 
the generation of a proneural region, a small 
cluster of cells that acquires the potential to 
give rise to neural precursors. This process 
involves the induction of expression of a 
group of transcription factors of the basic 
helix-loop-helix (bHLH) class, termed pro- 
neural eenes. the most notable of which are 
membeis of ;he achte-scute complex (89). 
Within each proneural region, however, 
not all cells generate neurons and this se- 
lection process involves a lateral inhibitory 
signal mediated by neurogenic genes (90), 
key amongst which are the cell surface pro- 
teins Delta and Notch (91). Expression of 
Delta is controlled by proneural genes (89, 
91), and the Delta protein encodes a trans- 
membrane ligand that activates Notch, ini- 
tiating intracellular signals that lead to the 
repression of proneural gene expression and, 
as a consequence, to the down-regulation of 
Delta (89, 91 ). Thus, ectodermal cells are 
subject to a local feedback cycle that am- 
plifies an initially minor difference in the 
level of Notch signaling. Cells in which 
Notch signaling is relatively weak give rise 
to neurons, whereas cells in which Notch 
signaling is relatively strong acquire alter- 
nate fates. Notch signaling, however, is a 
general mechanism for imposing differences 
in equivalent cell groups rather than a pro- 
cess dedicated to the selection of neuronal 
identity (92). 

The mechanisms that control neuroaen- - 
esis in vertebrates appear to have been co- 
opted in a remarkably conserved manner 
from those that operate in Drosophila (93) 
(Fig. 5). bHLH proteins expressed in verte- 
brate neural tissue have been identified, 
and many of these share structural features 
with Drosophila proneural proteins (93-95). 
Similarly, vertebrate Notch proteins and 
ligands of the Delta and Serrate class have 
been identified (96-101). Evidence that 
the vertebrate Notch and Delta uroteins 
regulate a core program of neurogenesis in a 
manner similar to that of their Drosophila 
counterparts has emerged in large part from 
the analysis of the primary (early born) 
neurons at caudal levels of the neural plate 
in Xenopus embryos. Overexpression of Del- 
ta or of an activated form of Notch inhibits ~- ~ ~ 

the generation of primary neurons. Con- 
versely, expression of a dominant negative 
form of Delta results in the generation of 
additional primary neurons (99) (Fig. 5). 

In Xenopus, primary neurons are not 
generated uniformly in the neural plate but 
are confined to three longitudinally arrayed 
stripes; the medial stripe corresponds to mo- 
tor neurons, the intermediate to interneu- 
rons, and the lateral to sensory neurons 
(102). Delta expression in the neural plate 
is centered on these three stripes prior to 
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the onset of neuronal differentiation (99). 
After experimental manipulations that sup- 
press Notch signaling, the generation of ad- 
ditional neurons is restricted to these three 
stripes, resulting in an increase in local neu- 
ronal packing density rather than an expan- 
sion in the proportion of the neural plate 
occupied by neurons or the generation of 
ectopic neurons in non-neural ectoderm 
(99). These findines indicate the existence . . - 
of a program of neurogenesis that functions 
at earlier stages to define regions of the 
neural plate within which cells are compe- 
tent to generate neurons. Within these do- 
mains the selection of neuronal fate amears 

L .  

to depend on the state of Notch signaling. 
What genes activate the core program of 

neurogenesis in vertebrates? One vertebrate 
bHLH protein, Neurogenin, is expressed 
prior to Delta in regions of the Xenopus 
neural plate destined to generate primary 
neurons (95). Overexpression of Neuro- 
genin leads to an expansion of the domain 
of ex~ression of Delta and to an increase in 
the number of neurons. Importantly, neu- 
rogenesis is no longer restricted to the orig- 
inal three stripes, and ectopic neurons are 
also detected in non-neural ectoderm (95). 
Neurogenin overexpression also results in 
the induction of a second and later appear- 
ing bHLH protein, NeuroD (94), which can 
also induce ectopic neuronal differentiation 
in non-neural ectoderm. These and other 
results (95) suggest that Neurogenin may be 
an important early activator of neurogenesis 
and more generally that neurogenesis in 
vertebrates, as in Drosophila, involves the 
sequential activation of distinct bHLH fac- 
tors that either determine neuronal fate or 
promote later aspects of neuronal differen- 
tiation (93) (Fig. 5). 

Studies in Drosobhila have also shown 
that in certain neural cells, the Notch- 
mediated control of neuroeenesis is itself " 
subject to regulation by proteins that are 
asymmetrically inherited during the divi- 
sion of the progenitor cell. Notable amongst 
these is the Drosophila protein Numb, which 
confers neuronal identity to cells that in- 
herit the protein by inhibiting the intracel- 
lular transduction of Notch-mediated sig- 
nals (103). Numb-related proteins have 
now been isolated in vertebrates (104). and , -,, 

in the ventricular zone of the mammalian 
cerebral cortex both Numb and Notch pro- 
teins are localized asymmetrically during 
certain progenitor cell divisions (104, 105). 
Analysis of the function of Numb and other 
localized determinants should help to clar- 
ify the extent to which proteins segregated 
during cell division control neuronal iden- 
titv in the vertebrate CNS. 

The emerging evidence for a core pro- 
gram in neurogenesis leaves unresolved the 
issue of how glial cell fates are defined. In 

the developing spinal cord, floor plate and 
roof plate cells can be considered special- 
ized classes of early differentiating glial 
cells. Some of the environmental signals 
that control the differentiation of more 
conventional classes of elial cells-astro- " 
cytes, and oligodendrocytes-have also 
been identified (106. 107) but the cell in- . , 

trinsic factors that specify glial cell type in 
the CNS remain to be defined. In Drosobh- 
ila, nuclear proteins required for glial cell 
differentiation have been identified (108), 
and the isolation of their vertebrate coun- 
terparts could reveal whether elements of 
the biochemical machinerv that controls 
gliogenesis have also been conserved during 
evolution. 

Integration of Neurogenic and 
Patterning Mechanisms 

How might the core program of neurogen- 
esis controlled by bHLH proteins and 
Notch signaling be integrated with Hedge- 
hog- and TGFP-dependent signaling sys- 
tems to generate distinct classes of neurons 
in the spinal cord? One possibility is that 
the neurogenic program controls solely the 
decision of progenitor cells to become neu- 
rons or remain undifferentiated, with the 
establishment of neuronal subtype identity 
depending on the transcription factors con- 
trolled by Hedgehog and TGFP signaling. 
The spatially restricted expression of Pax3, 
Pax6. and Pax7 alone the dorsoventral axis 
could then primariG determine neuronal 
identity in the spinal cord (Fig. 6). 

Arguing against this view is the finding 
in Drosophila that structural differences in 
distinct bHLH proteins do contribute to the 
specification of the subtype identity of neu- 
rons (109). Moreover. in vertebrates three . r ~ ~ 

different bHLH proteins-neurogenin, 
Mash-1, and MathlIAtonal-are expressed 
in complementary, non-overlapping do- 

bHLH Notch 

, ' 
mains of the ventricular zone along the 
dorsoventral axis of the spinal cord (93, 
1 10) (Fig. 6). Similarly, two different Notch 
ligands, Delta and Serratehagged, are also 
expressed in complementary subdomains of 
the ventricular zone (97, 98) (Fig. 6). Dis- 
tinct bHLH proteins and Notch ligands 
could therefore participate, together with 
Pax genes, in the control of neuronal sub- 
type identity in the developing spinal cord. 

The classes of genes that act downstream 
of the neurogenic and patteming programs 
active in progenitor cells to specify neuro- 
nal subtype identity remain unknown. 
Members of manv classes of transcri~tion 
factors are expressed in subsets of neurons 
in the embryonic spinal cord (1 11 ). In par- 
ticular, members of each of the five sub- 
classes of LIM homeodomain s rote ins (82) . . 
are expressed in the developing spinal cord 
and define functional subsets of intemeu- 
rons as well as motor neurons (70,8 1 ) (Fig. 
6). The possibility that LIM homeodomain 
proteins regulate neuronal subtype identity 
in the vertebrate CNS has received prelim- 
inary support from the analysis of Isll, a 
LIM homeodomain protein expressed at an 
early stage in the differentiation of all spinal 
motor neurons. Mice in which Isll function 
has been eliminated by gene targeting fail 
to generate motor neurons (62). However, 
the relation between LIM homeodomain 
proteins and the expression of genes that 
define neuronal connectivity and func- 
tion-those involved in axonal ~athfind- 
ing, synapse formation and neurotransmis- 
sion-remains unknown. In peripheral sym- 
pathetic, neurons, separate classes of tran- 
scription factors have been suggested to 
control neuronal identity and transmitter 
phenotype (93, 112), and it is likely that 
the diverse phenotypic properties of indi- 
vidal neurons in the CNS will also depend 
on the combined actions of multiple tran- 
scription factors. 

Pax LIM horneodomain 

LH2aILH2b 

Serrate L ~ m l  lL1m2 

Fig. 6. Dorsoventral subdivisions of the ventricular zone of the developing spinal cord and early 
neuronal patterning. At the onset of neuronal differentiation, the ventricular zone of the embryonic spinal 
cord is subdivided into dorsoventral domains that express different combinations of bHLH proteins, 
Notch ligands, and Pax proteins. The right-hand diagram shows that subsets of neurons derived from 
different domains of the ventricular zone can be distinguished by the expression of LIM homeodomain 
proteins. Motor neurons (red) express lsIl/ls12, certain dorsal commissural neurons (green) express 
LH2a/LH2b; and dorsal ipsilateral intemeurons (orange) express Isll . The axonal projection patterns of 
the remaining intemeuron classes have not been established. Motor neurons can be further subdivided 
into columnar subsets on the basis of a more complex LIM homeodomain protein code (see Fig. 4). 
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Prospects 

Progress in clarifying the mechanisms that 
control cell diversity and pattern in the 
spinal cord has accelerated appreciably over 
the past few years but there are many unre
solved issues. It is still unclear how neural 
cells sense small differences in the concen
tration of inductive factors and respond with 
the generation of distinct cell types. Simi
larly, the relation between the combinato
rial expression of transcription factors and 
the generation of neuronal subtypes is not 
yet apparent. There has also not been a 
satisfying integration of the patterning 
mechanisms controlled by molecules such as 
Sonic Hedgehog and BMPs with the core 
program of neurogenesis. Nevertheless, the 
molecular genetic methods now being devel
oped in the mouse and zebrafish and the 
ongoing cellular analyses of avian embryos 
offer considerable promise for extending the 
ixisights we now have into the mechanisms 
of neural cell specification in the spinal cord. 

The extent to which the principles that 
emerge from studies of spinal cord develop
ment will prove generally relevant to other 
regions of the CNS also remains uncertain. 
From what is already known, it seems likely 
that similar principles operate in the hind-
brain, midbrain, and even in the dience
phalic region of the forebrain. Within the 
telencephalon, however, regional differen
tiation and neurogenesis occur at a signifi
cantly later stage, when the dimensions of 
the telencephalic neuroepithelium are 
much greater than that of the caudal neural 
tube. At present, the nature and mecha
nism of action of signals that control re
gional pattern and the generation of dis
tinct neuronal subtypes within the embry
onic cerebral cortex is not known. In the 
future, a comparison of the strategies and 
mechanisms used to generate diversity and 
pattern in the spinal cord and cerebral cor
tex might, therefore, provide a more com
plete molecular solution to the problem of 
early neural differentiation. Whether such 
solutions will contribute to a deeper under
standing of the organization and function of 
neural circuits in the CNS may take more 
time to evaluate. 
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sented by cells in the envlronrnent ( 1  ). Stud- 
les in the past t~vo  dec,ldes have proviiled a 
detailed understanding of the cellular lnterac- 
tlons between gro~vth c o n e  anil their sur- 
roundlngs that direct p,lthflndlng, ~vhlch we 

Marc Tessier-Lavigne and Corey S. Goodman surnrnarlze ~n the f~rst \ectlon of this re\ l a \ .  

Our unilerstanillng of the molecubr b~ologi of 

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

T h e  remarkable feats of ~nformat~on-process- 
lng perfi~rmeil by the bra~n are deter~nlned to 
a large extent by the lntrlcate network of 
connections bet~veen nerve cells (or neurons). 
The mdgnituile of the task involved In ~vlring 
the nervclus sybtem is staggering. In adult hu- 
mans, each of over a trllllon neurons makes 
connectlons w t h ,  on average, over a thou- 
sand target cells, In an lntrlcate circu~t whose 
precise pattern is essential for the proper func- 

tloning of the nervous system. How can thls 
pattern be generated during ernbryogenes~s 
~vlth the necessary precision and rellabllity? 

Neuronal connectlons forrn during ernbq- 
onlc ilevelopment when each d~fferent~atlng 
neuron sends out an axon, tipped at its lead- 
lng edge by the growth cone, which migrates 
through the e~nbryonlc env~ronment to ~ t s  
synaptlc targets, laylng do~vn the extending 
axon in its wake (Flg. 1). Observations of 
ileveloplng axonal proiectlons In vlvo have 

axon guldance i5, however, much more frag- 
mentary. fvlolecules irnpl~cated a g~rldance 
cues or as receptors for these cues are lntro- 
duced In the second section. fvlany of these 
molecules have only recently been ldent~fied, 
and lt seems 11kely that aildlt~onal gulilance 
cues and receptors relnaln to be iliscovereil. 
Moreover, in   no st c,lses the preclse guiilance 
functions of candidate l~gand-receptor systerns 
In vivo are poorly understood. In the thlrd 
sectlon we discuss spec~f~c guidance dec~s~ons 
In which the roles played by some of these 
rnolecules are beginning to be deflned. '4s will 
becorne apparent, desp~te the many gaps In 
our knowledge the plcture that 15 stxtlng to 
ernerge is that pathf~ndlng is Jirected by the 
coordinate actlon of rn~~ltlple guidance forces 
that are rneillateil by mechan~st~cally anil evo- 
lut~onarlly conserveil ligand-receptor systerns. 
A cons~derable body of evlilence 5upports 
these conclusions (2).  

> ,  

M. T ~ ~ ~ ~ ~ ~ . L ~ ~ ~ ~ ~ ~  in the D~~~~~~~~ of A ~ ~ ~ ~ ~ ~ ,  revealed that axons extend to the vlclnity of Cellular Interactions 
Howard Hughes Medcal Institute Unversity of California, their appropriate target reglons in a highly That Guide Axons 

Francisco, 94143, USA. C. Is In the stereotypeil anil d~rected manner, ~naklng very 
Department of Molecular and Cell Biology, Howard 
Hughes Medical Inst l tute,  University of Callfornla, Berke few errors of navlgatlon. They do so apparent- The appearance that axons glve of unerring 

ley. CA 94720. USA. 1y by detecting molecular guidance cues pre- navlgatlon to t h e ~ r  targets 1s all the more 
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