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T h e  s p i n a l  cord o f  e a r l y  z e b r a f i s h  e m b r y o s  c o n t a i n s  a 
s m a l l  n u m b e r  o f  n e u r o n s  per  h e m i s e g m e n t .  T h e  e a r l i e s t  
n e u r o n s  are  i d e n t i f i a b l e  as  i n d i v i d u a l  n e u r o n s  or s m a l l  
g r o u p s  o f  h o m o g e n e o u s  n e u r o n s  a nd  project  g r o w t h  
c o n e s  tha t  f o l l o w  s t e r e o t y p e d ,  c e l l - s p e c i f i c  p a t h w a y s  to  
t h e i r  targe t s .  T h e s e  g r o w t h  c o n e s  a p p e a r  to  b y p a s s  
s o m e  a x o n s  but  f o l l o w  o t h e r s  d u r i n g  p a t h f i n d i n g ,  sug -  
g e s t i n g  tha t  t h e y  c a n  d i s t i n g u i s h  a m o n g  t h e  d i f f eren t  
a x o n s  t h e y  n o r m a l l y  e n c o u n t e r .  F u r t h e r m o r e ,  i den t i -  
f ied g r o w t h  c o n e s  e x h i b i t  c e l l - s p e c i f i c  b e h a v i o r s  in  ap- 
p a r e n t  c o n t a c t  w i t h  the  f loor p l a t e  ce l l s ,  w h i c h  are  
f o u n d  at the  v e n t r a l  m i d l i n e  o f  t h e  e a r l y  cord.  T h e s e  
o b s e r v a t i o n s  s u g g e s t  the  t e s t a b l e  h y p o t h e s i s  tha t  th e  
f loor p la t e  m a y  m e d i a t e  m u l t i p l e ,  c e l l - s p e c i f i c  a c t i o n s  
on  i d e n t i f i e d  g r o w t h  c o n e s  in  the  z e b r a f i s h  cord.  One  
h y p o t h e s i z e d  a c t i o n  is  i n h i b i t i o n  o f  spec i f i c  g r o w t h  
c o n e s  to p r e v e n t  t h e m  f r o m  c r o s s i n g  the  v e n t r a l  
m i d l i n e .  © 1 9 9 0  A c a d e m i c  Press ,  Inc. 

INTRODUCTION 

The behavior of individual growth cones during devel- 
opment has been delineated in a number of different ner- 
vous systems. These studies suggest that  a number of 
different mechanisms guide growth cones including both 
attractive or positive (1, 3, 5, 8, 12, 17, 19) and inhibitory 
(6, 7, 14, 15, 18, 20, 21) interactions of growth cones with 
environmental cues. The most thorough investigations 
have utilized the relatively simple nervous system of the 
grasshopper embryo (1, 5). A detailed analysis of path- 
finding by identified growth cones in these embryos al- 
lowed for the identification of cells and structures which 
could potentially influence them. 

Detailed analyses of pathfinding are not limited to in- 
sect nervous systems, but can be accomplished in some 
vertebrate embryos. Recent investigations of pathfind- 
ing by the growth cones of identified motor neurons (4, 
13) and identified spinal neurons (2, 8, 10, 11) demon- 
strated that  the embryonic spinal cord of fish embryos 
is an attractive system for such detailed analyses. These 
studies have demonstrated the importance of cell-cell 
interactions for pathfinding by some neurons within the 
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embryonic cord and identified a set of nonneuronal cells 
(floor plate cells) which potentially mediates both cell- 
specific attractive and inhibitory actions on identified 
spinal growth cones. 

ORGANIZATION OF THE SPINAL CORDS 
OF EARLY FISH EMBRYOS 

The spinal cords of fish embryos are simple enough to 
allow for a relatively complete and detailed characteriza- 
tion especially during the earliest periods of develop- 
ment. Since the early fish embryo is transparent and 
thin (approximately 50 to 100 ttm thick in the main 
trunk), the spinal neurons which are 5 to 15 #m in diam- 
eter are easily visualized in the living embryo with a 
compound microscope outfitted with differential inter- 
ference contrast optics. These neurons can be labeled 
retrogradely by application of horseradish peroxidase 
(HRP) or lipophilic dyes (diI and diO) into a spinal tract, 
labeled orthogradely with lipophilic dyes applied to their 
cell bodies, impaled under visual control with microelec- 
trodes, and filled with HRP or Lucifer yellow (LY), and 
labeled with monoclonal antibodies which recognize em- 
bryonic neurons. These techniques allowed us to iden- 
tify many of the neurons in the early cord and label em- 
bryonic neurons from the time they initially projected 
growth cones. Embryonic spinal neurons were identified 
on the basis of their unique locations, sizes, and mor- 
phologies. 

The early (18-20 h) cord of zebrafish embryos consists 
of neuroepithelial cells, floor plate cellS, and approxi- 
mately 18 neurons per hemisegment (2). By this time 8 
to 11 of these early neurons have projected growth cones 
and fall into six classes of identified neurons. These are 
3 primary motor neurons (13), approximately 3 mecha- 
nosensory Rohon-Beard (RB) neurons, I primary com- 
missural interneuron (CoPA), 0-2 secondary commis- 
sural interneurons (CoSA), 0-1 dorsal longitudinal 
interneuron (DoLA), and 1 ventral longitudinal inter- 
neuron (VeLD (2)) (Figs. 1 and 2). Additionally, there 
are approximately 20 floor plate cells, which make up the 
ventral floor of the cord, in each segment (10). 

The RB neurons are the dorsal-most neurons in the 
embryonic cord and have a long ascending and descend- 
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FIG.  1. A schematic summarizing the neuronal classes and major 
axonal tracts in the spinal cords of 18- to 20-h zebrafish embryos. The 
location along the dorsal/ventral  axis and the relative size of cell bod- 
ies are as shown. See text for the distribution and soma position along 
the anterior/posterior axis and most  of the abbreviations. In this and 
all other figures, unless otherwise noted, anterior is left, dorsal is up, 
the segment  borders are indicated by diagonal lines, arrows at the ends 
of axons indicate tha t  the axons extend further, and contralateral ax- 
ons and somata are indicated by dashed lines. RoP, MiP, and CaP are 
the primary motor neurons and FP denotes the row of floor plate cells. 

ing axon in a dorsal longitudinal fasciculus (DLF) as well 
as a peripheral  axon which arises from the central  axon 
to innervate the skin. The  two classes of early commis-  
sural in terneurons  (CoPA and CoSA) are located in the 
dorsal cord and both  have a single axon which courses 
ventral ly and ascends in the contralateral  DLF.  CoPA 
and CoSA differ in a number  of  characteristics: there is 
usually a single CoPA and up to five CoSAs in each 
hemisegment  in the larval cord; the CoPA soma is larger 
than  the CoSA soma; CoPA neurons project  growth 
cones several hours before CoSA neurons;  CoPA neu- 
rons are tr ipolar and possess distinctive longitudinal 
dendrites; CoPA axons are long and te rminate  in the re- 
gion of the d iencephalon/mesencephalon  border, while 
CoSA axons are considerably shorter; CoPA but  not  
CoSA neurons are labeled by the ant i -CON1 monoclonal  
ant ibody prior to 28 h (9). The  DoLA neurons are rela- 
tively rare, located in the dorsal cord, and have an ipsi- 
lateral, ascending longitudinal axon in the DLF.  The  
VeLD neurons  are located in the ventral  cord and have 
an ipsilateral, descending longitudinal axon in the ven- 
tral  longitudinal fasciculus (VLF). 

DEVELOPMENT OF IDENTIFIED SPINAL NEURONS 

Each  of the early spinal neurons projects the appropri-  
ate number  of growth cones which extend along precise, 
cell-specific pa thways  to reach their  te rmina t ion  sites in 
the CNS (11). These neurons do not  project axons into 
every available pa thway  followed by retract ion of the in- 
appropriate  axons. The  specificity of early outgrowth is 
strikingly demons t ra ted  by the growth cones of two of 
the early neurons tha t  exhibit  cell-specific behaviors in 
the vicinity of the ventral  midline (10). The  CoPA neu- 
ron projects a single growth cone from the ventral  pole of 
the cell body at 16-17 h of development  (Fig. 3A). After 
emerging from the soma, the growth cone extends ven- 

trally along the superficial surface of the cord between 
the endfeet of neuroepithelial  cells and the lateral cel! 
bodies of neurons to reach the ventral  midline by 18-19 
h. After crossing the ventral  midline the CoPA growth 
cone turns  anterior  and follows a diagonal pa thway  to 
the DLF.  W h e n  the growth cone reaches the D L F  it 
turns  onto it and ascends. The  VeLD neuron like the 
CoPA neuron projects a single growth cone from the 
ventral  pole of its cell body (Fig. 3B). This  growth cone 
extends toward the ventral  midline but  does not  cross 
the midline; ra ther  it turns  posterior  and descends in 
the VLF. 

IDENTIFIED GROWTH CONES BYPASS SOME AXONS 
AND APPEAR TO FOLLOW OTHERS 

Since the early cord of zebrafish embryos consists of a 
small number  of cell types, the early spinal growth cones 

FIG. 2. Lateral view of identified spinal neurons in 20-h embryos 
labeled by intracellular LY injections. In each case adjacent neuroepi- 
thelial cells were inadvertently labeled. We verified that the neuroepi- 
thelial cells were not actually part of the cell by backfilling neurons 
with diI and by applying MAbs which label embryonic neurons. (A) 
LY-filled CoPA neuron. This is a photomontage which displays the 
soma and the contralateral growth cone and axon in focus simulta- 
neously. Arrow denotes the point where the axon crosses the ventral 
midline; triangles, ventral border of the cord; N, notochord. (B) LY- 
labeled VeLD neuron. Arrow denotes the VeLD soma which is ventral 
to the line of neuroepithelial cells the electrode passed through in or- 
der to impale the VeLD soma. Scale for A, 100 #m; for B, 200 #m. 



PATHFINDING BY IDENTIFIED GROWTH CONES 31 

A 

" , J_  ................... :-L 
17 18 19 21 

25 

B - -  , , ~  

16  17  19  

23 

FIG. 3. Development of CoPA and VeLD neurons. Camera lucida 
drawings of LY-filled neurons at various stages in development seen 
in lateral views. The hour of development is indicated by numbers 
under each drawing. (A) CoPA neuron. In this and all subsequent fig- 
ures the axon contralateral to the cell body is dashed. Contralateral 
growth cones are not dashed. Scale, 50 #m. (B) VeLD neurons. Note 
that the growth cone is initially projected from the ventral pole of the 
soma. Scale, 50 #m. 

DLF,  al though other growth cones do (see above), but  do 
ascend in the contralateral  DLF.  Similarly some CoSA 
growth cones bypass the CoPA longitudinal axons on the 
ipsilateral side, but  tu rn  onto the DLF  containing CoPA 
axons on the contralateral  side. These commissural  
growth cones, therefore, respond differently to longitu- 
dinal pa thways  depending on whether  they have crossed 
the ventral  midline or not. Finally, analysis of the local 
envi ronment  of identified growth cones rules out tha t  
nonspecific constra ints  such as mechanical  barriers are 
responsible for directionali ty of axon outgrowth. 

THE FLOOR PLATE CELLS ARE THE SITE OF 
CELL-SPECIFIC BEHAVIORS BY IDENTIFIED 

GROWTH CONES 

As described above, the region of the ventral  midline is 
part icularly interesting since it is the site of cell-specific 
behaviors by the CoPA and VeLD growth cones. This  
region consists of a row of floor plate cells approximately 
three cells wide (10) (Fig. 5). These cells are presumably  
nonneuronal ,  extend no processes, and differ f rom the 
other  neuroepithelial  cells in shape. Additionally, the 
middle row of floor plate cells is antigenically different 

encounter  a small set of identified neuronal  somata  and 
axons (10). For example, the D L F  will run across the 
ventral  por t ion of CoPA cell bodies in older embryos 
and, therefore, the CoPA growth cones could potential ly 
extend longitudinally ra ther  t han  ventrally. There  are 
no barriers to longitudinal growth in this region at the 
t ime CoPA growth cones are initially projected since the 
growth cones of the other  two classes of early dorsal neu- 
rons, the RB and DoLA neurons,  freely extend longitu- 
dinally at  this t ime (Fig. 4A). Likewise, in the ventral  
cord the CoPA growth cone bypasses the longitudinal 
axons of both  ipsilateral (Fig. 4B) and contralateral  
VeLD neurons. On the other  hand,  identified growth 
cones appear to follow the longitudinal axons of homolo- 
gous neurons.  This  can be seen from LY fills of neighbor- 
ing CoPA neurons (Fig. 4C), neighboring VeLD neurons 
(Fig. 4D), and neighboring DoLA neurons. Labeling of 
CoPA axons and growth cones with the ant i -CON1 anti- 
body and VeLD axons and growth cones with discrete 
applications of diI into the VLF corroborated the LY in- 
jections. 

These observations suggest tha t  identified growth 
cones bypass some axons but  follow others and, there- 
fore, they can distinguish among the different axons 
they encounter.  In this regard the behavior  of commis-  
sural growth cones is especially intriguing. CoPA growth 
cones do not  extend longitudinally in the ipsilateral 
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FIG. 4. Identified growth cones bypass the pathways of other 
identified growth cones but extend in apparent contact with the axons 
of the same neuronal class. Camera lucida drawings of LY-filled neu- 
rons. (A) RB (arrows) axons and growth cones are nearby a CoPA 
neuron (arrowhead) just projecting a growth cone at 17 h. (B) Two 
CoPA growth cones have extended by the longitudinal axon of a 
nearby VeLD neuron (arrow) in a 19-h embryo. Scale for A and B, 50 
#m. (C) Three CoPA neurons from a 23-h embryo. Arrowhead, growth 
cone; scale, 50 ttm. (D) Four VeLD neurons from a 24-h embryo; scale, 
50 #m. 
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haviors at  the floor plate. CoSA growth cones behave 
similarly to CoPA growth cones and CoB growth cones 
bifurcate soon af ter  crossing the  ventra l  midline. 

These  observat ions suggest tha t  the floor plate may  
have multiple, cell-specific effects on identified spinal 
growth cones in the zebrafish embryo.  More  specifically 
our work has generated several interesting, testable 
hypotheses.  (i) Floor  plate cells a t t rac t  some growth 
cones (CoPA, CoSA, CoB, and VeLD) to ex tend  toward 
the ventra l  midline but  not  others  (RB and DoLA). (ii) 
Floor  plate cells induce the CoPA, CoSA, and CoB 
growth cones to cross and make cell-specific turns.  (iii) 
Floor  plate cells inhibi t  the VeLD growth cone from 
crossing the midline and instead induce it to tu rn  poste- 
rior. (iv) In terac t ions  with the floor plate cells may  be 
necessary for commissural  growth cones to tu rn  onto  the 
appropria te  longitudinal  pathway.  These  hypotheses  
can be tes ted  by (i) laser ablat ion of floor plate cells, (ii) 
t r ansp lan ta t ion  of floor plate cells to ectopic sites, and 
(iii) examina t ion  of Cyclops mutan t s  in which the floor 
plate fails to develop (Charles Kimmel,  personal  com- 
municat ion) .  

THE ROLE OF FLOOR PLATE CELLS FOR 
GUIDANCE OF SPINAL GROWTH CONES 

FIG. 5. Floor plate cells are identified cells which make up the 
ventral floor of the early cord. (A) DIC micrograph of the middle row 
of floor plate cells (arrows) seen in a sideview from a live 17-h embryo. 
Anterior is to the left and dorsal is up; N, notochord; scale, 50 #m. (B) 
EM micrograph of the floor plate cells (asterisks) in cross section from 
a 20-h embryo. Arrows point to two axonal profiles, which may repre- 
sent VeLD axons, in contact with the lateral floor plate cells. C, central 
canal; N, notochord; scale, 5 ttm. 

f rom other  neuroepi thel ia l  cells (Charles Kimmel ,  per- 
sonal communicat ion) .  T h e  floor plate cells are among 
the  earliest cells to become distinguishable in the cord 
and  are evident  several hours  pr ior  to the first spinal 
growth cones. 

Identif ied growth cones exhibi t  cell-specific behaviors  
in the immediate  vicini ty of the floor plate cells. CoPA 
growth cones ex tend  between the  floor plate cells and 
the basal lamina to cross the vent ra l  midline. While  in 
apparen t  contac t  with the floor plate cells CoPA growth 
cones tu rn  anter ior  (Figs. 6A and 6B). In contrast ,  VeLD 
growth cones ex tend  to the floor plate cells but  do not  
cross the midline. Ins tead they  tu rn  poster ior  and ex tend  
caudally along the  floor plate cells in the ipsilateral,  ven- 
t ra l  cord (Figs. 6C and 6D). In addit ion to the CoPA and 
VeLD growth cones, the  growth cones of CoSA neurons  
and  CoB neurons  (commissural  neurons  with axons 
which bifurcate  and ex tend  bo th  rostral ly and caudally 
on the  contra la tera l  side) also exhibit  cell-specific be- 

The  floor plate plays a critical role in axonogenesis in 
the rat  cord by a t t rac t ing  the growth cones of commis- 
sural neurons  (3, 17). In the zebrafish embryo the floor 
plate cells are among the earliest  cells t ha t  can be identi-  
fied in the spinal cord and may have multiple, cell-spe- 
cific actions on identified growth cones. Among the  pos- 
sible act ions of the floor plate is inhibi t ion of the ven- 
t ral ly directed VeLD growth cone to p revent  it f rom 
crossing the vent ra l  midline. The  floor plate may  also 
potent ia l ly  keep other  growth cones from crossing the 
midline. For  example,  in the second day of embryogen-  
esis the circumferent ia l  classes of spinal neurons  de- 
velop. Circumferent ia l  neurons  have axons tha t  initially 
run  ventra l ly  toward  the floor plate bu t  tu rn  anter ior  or 
poster ior  in the  ipsilateral vent ra l  cord and never  cross 
the vent ra l  midline (11). Although at  present  we know 
little about  the relat ionship between the floor plate and 
c i rcumferent ia l  growth cones, it is possible tha t  circum- 
ferential  growth cones may also be inhibi ted from cross- 
ing the midline by the floor plate cells. These  observa- 
t ions coupled with the fact t ha t  commissural  growth 
cones readily cross the midline suggest t ha t  the hypothe-  
sized inhibi tory  actions of the floor plate are specific in 
zebrafish embryos.  Like at t ract ive or positive interac-  
t ions between growth cones and envi ronmenta l  cues (5, 
8, 12, 19) and inhibi tory in teract ions  between growth 
cones and axons in vitro (6, 7, 21), inhibi tory actions on 
growth cones may also be specific in vivo. 
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FIG.  6. The CoPA and VeLD growth cones both are initially ventrally directed and exhibit cell-specific behaviors in apparent contact with 
the floor plate. (A) Fluorescence micrograph of a lateral view of a LY-filled CoPA neuron with a growth cone just past the ventral midline 
from a 19-h embryo. This is a photomontage which displays the soma and the contralateral growth cone, which are at different focal planes, 
simultaneously. Arrow, point where the axon crosses the ventral midline; dashed line, dorsal border of the cord; ventral border of the cord is 
the faint line just ventral to the growth cone. (B) CoPA growth cones extend under the floor plate cells and turns anterior. Horizontal section 
showing that  a LY/anti-LY-labeled CoPA growth cone (arrow) has turned anterior just past the lateral row of floor plate nuclei (open triangles) 
in an 18-h embryo. The CoPA axon can be seen crossing the floor of the cord in the middle of the micrograph. A gap between the axon and the 
growth cone appears because the portion of the axon just proximal to the growth cone was located in an adjacent section. On the left this section 
passed through the underlying notochord (N). Axial muscles are on either side of the cord. Arrowheads, middle floor plate cells and ventral 
midline; dashed lines, lateral borders of the ventral cord; scale for A, 50 ttm; scale for B, 25 ttm. (C) Fluorescence photograph of a lateral view of 
a LY-filled VeLD growth cone which has just turned posterior at the ventral floor of the cord in a 16-h embryo. Arrowhead, leading edge of the 
growth cone; arrow, proximal part of the growth cone; dashed lines, dorsal and ventral outline of the cord. (D) VeLD growth cone extends to 
the floor plate cells and turns and extends posteriorly along the floor plate cells. Cross section showing the LY/anti-LY-labeled VeLD growth 
cone (arrow) extending posteriorly along the lateral floor plate cells (arrowheads denote their nuclei) in a 17-h embryo. The nucleus of a middle 
floor plate cell was not in this section. There is a lightly labeled unidentified neuron dorsal to the VeLD growth cone. Dashed lines, lateral 
borders of the cord; N, notochord; scale for C, 50 ttm; scale for D, 25 #m. 
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