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The accessibility and simplicity of the zebrafish embryo have allowed 
researchers to make a detailed characterization of pathfinding by 
identifiable growth cones. The growth cones follow precise cell-specific 

pathways to their targets. Analyses of pathfinding in mutant and 
experimentally manipulated wild type embryos have shown that growth 

cones accomplish this by interacting with specific cellular cues in their 
environment, many of which are likely to be redundant. 
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The zebrafish embryo is quickly being established as an 
excellent vertebrate embryo for studying the processes of 
development with a combination of genetic, molecular, 
and cellular techniques. One problem that is being fruit- 
fully addressed is how growth cones navigate through the 
embryos to lind their targets. The clarity and simplicity of 
the early embryo, combined with the availability of muta- 
tions and the ability to ablate and transplant specific cells, 
have been particularly useful in elucidating the mecha- 
nisms that direct growth cones along their pathways. This 
review focuses on the recent analyses of pathfinding by 
growth cones in the central nervous system of early ze- 
bralish embryos, but also includes recent, relevant studies 
in other vertebrate and invertebrate embryos. Aspects of 
pathfinding by zebra&h motor neurons are discussed in 
another review (M Westerfield, this issue, pp 28-30). 

Pathfinding is precise and cell-specific 

The central nervous system of the early zebrafish embryo 
contains a simple scaffold of axonal tracts that are pio- 
neered by the growth cones of speciiic classes of neu- 
rons in the spinal cord [1,2,3*] and small clusters of 
neurons in the brain [+,9,6]. These early growth cones 
follow precise and cell-specific pathways to establish this 
scaffold of tracts. In some cases, for instance for some 
classes of spinal intemeurons, pioneer growth cones in- 
teract with a specific set of cells that act as intermediate 
targets (see below). In other cases, such as the epiphysial 
neurons in the zebralish brain and Rohon-Beard neurons 
in the medaka Jish spinal cord, pioneer growth cones 
extend along the endfeet of neuroepithelial cells found 
on the superficial surface of the central nervous system, 

and do not appear to encounter any organized set of 
channels or other cellular features that could potentially 
guide them [6,7]. This opens up the possibility that spa- 
tially restricted subsets of the endfeet of neuroepithelial 
cells may express molecules which promote or direct 
axonal outgrowth di!Terentially. In fact, the endfeet of 
neuroepithelial cells may serve as part of an ensemble 
of redundant pathfinding cues for some follower growth 
cones in the zebrafish brain (see below). 
Growth cones that are projected later in development 
also follow stereotyped cell-specific routes within the 
early scaffold of axons in the zebrafish embryo [4*]. 
The stereotyped pattern of axonal outgrowth seen in ze- 
brafish embryos is similar to that found in the embryos 
of a wide variety of animals including insects [8] and 
mammals [9’]. 

Extrinsic cues guide growth cones 
Spinal cord 
The detailed description of pathlinding by identified 
growth cones in the zebrafish embryo has indicated sites 
where growth cones may potentially select their correct 
pathway from a number of other pathways, and has 
helped to determine potential sources of guidance infor- 
mation. In the spinal cord, one such site is the floor plate. 
The floor plate has been identified as a site where growth 
cones make very precise turns in the rat spinal cord [lo*] 
as well as in other animals [11,12]. This site has also 
been identified as the area where the axons of rat com- 
missural neurons switch from expressing one axonal ad- 
hesion molecule to another [ 131. In the zebrafish spinal 
cord, the growth cones of two classes of intemeurons 
(CoPA and VeLD) exhibit cell-specific turns near the ven- 
tral midline of the cord in the floor plate region (Fig. la> 
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[3*]. Both the CoPA and VeLD neurons initially project 
growth cones toward the ventral midline, but once near 
the midline their growth cones diverge. The VeLD growth 
cone turns posteriorly without crossing the midline to 
pioneer a ventrolateral longitudinal tract, while the CoPA 
growth cone crosses the midline and turns anteriorly, 
eventually ascending in a dorsolateral longitudinal tract. 
Not only is the floor plate the site of the turns made by 
the growth cones, but it also emits a chemotropic signal 
which attracts the growth cones of commissural neurons 
in both mammals [14] and chicks [15*] (see the review 
by M Tessier-Iavigne, this issue, pp 6&65). In light of 
these findings, it has been proposed that the floor plate 
serves as an intermediate target which provides multiple 
cell-specific guidance cues in the zebrafish spinal cord. 
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Fig. 1. (a) A schematic diagram showing the relationship of the 
CoPA and VeLD axons to the floor plate (FP) in a sideview of 
the early zebrafish spinal cord. Dashed lines indicate axons which 
have crossed the ventral midline. Anterior is to the left. fb) Four 
examples of the axonal trajectories of CoPA neurons in cyc-l em- 
bryos and in wildtype embryos following laser ablation of the 
midline floor plate cells. CoPA growth cones followed either nor- 
mal or aberrant pathways. 

This hypothesis has recently been tested by examination 
of pathfinding by the VeLD and CoPA growth cones in the 
absence of a morphologically and antigenically distinct 
subset of floor plate cells, the midline floor plate cells 
(RR Bernhardt and JY Kuwada: Sot Neurosci Abstr 1990, 
16309; JY Kuwada and K Hat@ Sot Neurosci Abstr 1990, 
I6:309). These cells form a single row which straddles 
the ventral midline. The midline floor plate cells were 
specifically eliminated either by laser ablation prior to ax- 
onal outgrowth or by the cyc 2 mutation. The cyc- 2 (bZG) 
mutation results in a pleiotropic recessive phenotype that 
is 92% penetrant [16**]. In the mutant cord the pheno- 
type appears to be limited to the deletion of the midline 
floor plate cells, which never appear to develop. In both 
mutant and laser ablated embryos, the absence of the 
midline floor plate cells did not prevent outgrowth to- 
wards the ventral midline by the VeLD and CoPA growth 
cones. Once near the midline, however, some growth 
cones followed aberrant pathways while others followed 
correct pathways (Fig. lb). For example, CoPA growth 
cones followed aberrant pathways in 57 % of cases in 
cyc-l embryos, compared to 1% in wildtype embryos. 
The range of aberrant pathways taken by the CoPA and 

Vem growth cones were similar in both cyc-2 embryos 
and embryos after laser ablation of the midline floor plate 
cells. For example, CoPA growth cones followed an ip- 
silateral ascending pathway, a ventral ascending pathway, 
and a descending pathway, in both cyc-1 and laser-ab- 
lated embryos as opposed to the normal contralateral 
ascending pathway. These effects on growth cones were 
cell-specific, other classes of spinal neurons were not af- 
fected. The findings demonstrate that the midline floor 
plate cells are not necessary for outgrowth by growth 
cones towards the ventral midline, but are necessaty for 
normal error-free pathlinding at the midline. Thus, the 
midline floor plate cells appear to function as interme- 
diate targets that provide multiple cell-specific guidance 
cues. 
The floor plate cells may also serve as an intermediate 
target for reticulospinal axons in the zebrafish hindbrain. 
Many reticulospinal neurons project an axon along a tract 
which is located just lateral to the floor plate region [ 171. 
These axons are also disarrayed in the hindbrain of cyc- 
I and floor plate ablated embryos (K Hatta et al: Sot 
Neurosci Abstr 1990, 16:310). 
The llip side of the experiments in the spinal cord is 
that a significant number of both CoPA and VeLD growth 
cones followed their normal pathways despite the ab- 
sence of the midline floor plate cells. The floor plate 
region usually consists of three neuroepithelial cells in 
cross-section, one on either side of the midline cell [3*] 
(see [16-l for an alternative interpretation). Thus, the 
variable behavior of growth cones in the absence of the 
midline cell may be due to a quantitative decrease in a 
cue normally provided by the entire floor plate region. 
This, however, appears not to be the case. First, ablation 
of one of the cells lateral to the midline floor plate cells 
induces no errors by CoPA growth cones (RR Bernhardt, 
N Nguyen and JY Kuwada, unpublished data). Second, 
ablation of all the floor plate cells (the midline and lat- 
eral cells) in wildtype embryos, and neuroepithelial cells 
near the ventral midline in cyc-l embryos, did not pre- 
vent CoPA growth cones from extending to the midline 
along their normal route. Once at the midline their error 
rate was not significantly higher than that seen in unma- 
nipulated cyc-I embtyos (RR Bernhardt and JY Kuwada, 
unpublished data). 
The variable trajectories followed in the absence of the 
midline floor plate cells may indicate that a second source 
of pathfinding cues exist near the ventral midline. Two 
likely candidates are the basal lamina under the floor 
plate and the notochord. CoPA growth cones cross the 
midline by extending between the ventral surface of the 
floor plate cells and the basal lamina. The notochord 
is located just ventral to the spinal cord and contacts 
the cord during the entire period growth cones are ap- 
proaching and crossing the midline [ 3*]. If guidance cues 
are deposited on the basal lamina, then the source of the 
secreted cue could either be the floor plate cells or the 
notochord. Of the two cell types, the notochord is more 
likely to be a source as in cyc- I embryos the midline floor 
plate cells never appear to develop [16**]. 
If the notochord is another source of pathfinding cues, 
then elimination of the notochord would be expected 
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to induce errors in pathfinding, and elimination of both 
the notochord and floor plate would perhaps induce 
a higher rate of errors than would the elimination of 
the floor plate or notochord alone. In fact, disruption 
of the normal pattern of axons does occur in Xenopus 
and mouse embryos when the notochord and floor plate 
are missing [18,19]. Ultraviolet irradiation of the vege- 
tal poles of Xenopus embryos prior to the first cleavage 
produces embryos which lack both the notochord and 
floor plate. Likewise, in the cat&l regions of the neuraxis 
of embryos a&ted with the Danforth’s short tail (Sd, 
mutation, the spinal cord is missing both the notochord 
and floor plate. In both cases some spinal axons are dis- 
arrayed, but it is not presently possible to ascribe these 
defects to either the missing floor plate or the notochord, 
or both, as they were both absent. 

In the anterior region of the neuraxis of the Sd embryos 
the spinal cords are sometimes missing the notochord 
but not the floor plate. In these embryos the pattern of 
commissural axons in cross sections of rostral regions 
of the spinal cord appear identical to those taken from 
sibling wildtype embryos. This demonstrates that the ini- 
tial circumferential portions of commissural axons to the 
floor plate were not obviously perturbed. The trajectories 
of these axons once at the floor plate, however, are dif- 
ficult to discern from cross sections of spinal cords. For 
example, mistakes such as turning ipsilaterally rather than 
contralaterally, or posteriorly rather than anteriorly, in the 
floor plate region by some but not all axons would be 
diIEcult to detect. As both the floor plate and notochord 
are absent in cases in which pathfinding errors are ap- 
parent, and as it is unclear whether some commissural 
axons have abnormal trajectories in the absence of the 
notochord alone, the notochord’s role in the guidance of 
growth cones in the floor plate region remains an open 
question. 

Brain 
The growth cones of specific clusters of brain neurons 
also follow precise cluster-specific pathways in the early 
zebra&h brain. Pathfinding within the early scaffold of 
tracts by the growth cones of one cluster, the nucleus 
of the posterior commissure (nucPC), located near the 
forebrain/midbrain border, has recently been analyzed 
experimentally [20**]. The midbrain contains two bilat- 
erally paired longitudinal tracts, the tract of the postop- 
tic commissure (TPOC) and the medial longitudinal fas 
ciculus (MLF), connected by the posterior commissure 
(PC). NucPC growth cones extend ventrally along the 
PC to the anterior tegmentum where the PC intersects 
the TPOC and MLF. At this intersection nucPC growth 
cones, in principle, could turn anteriorly or posteriorly 
onto either the TPOC or the MLF, but they virtually always 
turn posteriorly to fasciculate with the TPOC axons in the 
dorsolateral tegmentum and follow these axons into the 
hindbrain (Fig. 2a). 

The turning behavior of the nucPC growth cones could 
occur because they selectively fasciculate with the TPOC 
axons, respond to longitudinal pathhnding cues indepen- 
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Fig. 2. (a) The pathway taken by the nucleus of the posterior com- 
missure (nucPC) growth cones along the early scaffold of tracts 
in the brain. Only the portion of the scaffold in the diencephalon 
and midbrain is depicted. DVDT, dorsoventral diencephalic tract. 
MLF, medial longitudinal fasciculus. TPOC, tract of the posterior 
commissure. (b)-Three examples of the pathways taken by the 
nucPC growth cones in the absence of the TPOC. NucPC growth 
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cones follow either normal or aberrant pathways. For m&e de- 
tails see text. 

dent of the TPOC axons in the dorsolateral tegmentum, 
or are prevented from entering incorrect pathways. These 
alternatives have been tested by surgically preventing the 
TPOC axons, which are projected by a cluster of neu- 
rons in the forebrain, from entering the midbrain. Fol- 
lowing this manipulation, nucPC growth cones followed 
either their normal longitudinal pathway in the dorsolat- 
eral tegmentum (61%) or inappropriate pathways (39 %> 
(Fig. 2b). Growth cones following their normal pathway 
extended along the endfeet of neuroepithelial cells lo- 
cated in the dorsolateral tegmentum (AE3 Chitnis et al: 
Sot Neurosci A&r 1991, 17:40). Nearly all the growth 
cones following aberrant pathways followed other tracts, 
and growth cones from cells within a single nucPC of- 
ten followed both normal and aberrant pathways. These 
results support the following conclusions. First, selec- 
tive fasciculation is important for guiding nucPC growth 
cones, as in the absence of the TPOC axons a signifi- 
cant proportion of nucPC growth cones make mistakes. 
Second, inhibition of nucPC growth cones along other 
tracts is not likely to be a dominant factor during nor- 
mal pathfinding as nucPC growth cones can follow other 
tracts in experimental embryos. Third, nucPC growth 
cones are not obligated to follow each other as they of- 
ten take divergent pathways in the absence of the TPOC. 
Fourth, pathhnding cues associated with the dorsolateral 
tegmentum independent of the TPOC axons, perhaps 
located along a longitudinal strip of neuroepithelial end- 
feet, also appear to play an important role in guiding 
nucPC growth cones as many can follow normal path- 
ways despite the absence of the TPOC axons. Multiple 
redundant cues therefore appear to act to guide growth 
cones in the brain as well as in the spinal cord of ze- 
brafish embryos. 
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Multiple redundant mechanisms of growth 
cone guidance 

Multiple redundant cues that guide growth cones at a 
choice site may involve one or more molecules expressed 
by more than one cell or group of cells, or a number of 
molecules on a single cell or group of cells. Such multiple 
cues may occur in a variety of animals as the elimina- 
tion of putative patiding cues can result in growth 
cones following both normal and abnormal pathways in 
several different species. First, in the grasshopper cen- 
tral nervous system the G growth cones turn correctly, 
but extend much less than normal or fail to make their 
correct turn, following ablation of the axons which they 
normally turn onto [21]. Second, blocking the action of 
the fasciclin 2 adhesion molecule in the grasshopper cen- 
tral nervous system, by application of a specific antibody, 
caused growth cones that normally express fasciclin 2 
to either extend much less along an apparently normal 
pathway or extend along abnormal pathways [ 221. Third, 
mutations in several unc genes in the nematode lead 
to an increased number of pathfinding errors made by 
identified neurons; but the same neurons can also have 
normal trajectories [23-l. Fourth, genetic suppression of 
putative guidepost cells in the Dro.qbilu wing does not 
prevent normal pathlinding by wing neurons, but may 
increase errors in pathfinding by these cells [ 241. 

The existence of multiple redundant cues is also con- 
sistent with a decrease in axonal outgrowth following 
the elimination of pathfinding cues. In vitro, the growth 
cones of chick ciliary ganglion cells extend less along 
axons following the application of antibodies against sev- 
eral adhesion molecules normally found on the axons, 
but extension was not completely eliminated [ 251. In 
viva, follower growth cones extend along apparently nor- 
mal pathways, but the amount they extend decreases af- 
ter ablation of the appropriate pioneer axons in the em- 
bryonic spinal cord of the Japanese medaka fish, and the 
central nervous system of grasshopper embryos [7,21]. 
Axons are similarly affected following antibody block of 
axonal glycoproteins in the grasshopper central nervous 
system 1221. 

Multiple cues have been directly demonstrated at the 
molecular level in two ways. First, the in vitro applica- 
tion of specific antibodies against adhesion molecules, 
j31 -integti or n-cadherin, to chick ciliary neurons grown 
on glia decreases, but does not prevent, neurite out- 
growth. Blocking both molecules simultaneously, how- 
ever, does prevent neurite outgrowth [26]. Second, 
Drosophila embryos defective in the fal or abl gene 
loci, which encode putative adhesion and signal trans- 
duction molecules, respectively, exhibit little disruption 
in axonal outgrowth. Extensive pathfinding errors are 
obselved, however, in double mutants defective in both 
genes [ 27**]. 

Although some growth cones appear to rely on the simul- 
taneous action of several guidance cues, not all growth 
cones necessarily require multiple cellular cues. For ex- 
ample, some follower growth cones follow incorrect 
pathways, or do not extend at all after ablation of other 

pioneer axons in the grasshopper central nervous system 
[X$291. 

Perspective 

Experimental analyses of pathfinding by growth cones, 
including those of the zebrafish embryo, clearly demon- 
strate that growth cones actively select appropriate path- 
ways, and suggest that multiple redundant cues may be 
operative in insuring normal error-free pamding by 
these growth cones. Future investigations should iden- 
tify the sources of putative redundant cues and help us 
understand how multiple redundant cues may interact 
with growth cones. This is especially promising in the 
simple and well characterized spinal cord of the zebrafish 
embryo. 
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