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SUMMARY 

Neurons of the nucleus of the posterior commissure (nuc 
PC),  an identifiable cluster of neurons in the embryonic 
zebrafish brain, project growth cones ventrally along the 
posterior commissure to the anterior tegmentum where 
the PC intersects two longitudinal tracts, the tract of the 
postoptic commissure (TPOC) and the medial longitu- 
dinal fasciculus (MLF). Once at  the intersection, nuc 
PC growth cones turn posteriorly onto the TPOC in the 
dorsal tegmentum and follow it to the hindbrain. Previ- 
ously we showed that in the absence of the TPOC, nuc 
P C  growth cones often extended along aberrant path- 
ways suggesting that fasciculation, that is, contact with 
TPOC axons is an important factor in guiding growth 
cones along their normal pathway. However, a signifi- 
cant number of nuc P C  growth cones also followed their 
normal pathway suggesting that cues associated with the 
dorsolateral tegmentum, independent of the TPOC, can 

also guide nuc PC growth cones. We have now confirmed 
using electron microscopy that nuc PC growth cones fa- 
sciculate with axons in the TPOC. In the absence of the 
TPOC, the nuc P C  growth cones that extend along their 
normal pathway do so in contact with dorsolateral neuro- 
epithelial cells. This suggests that cues associated with 
these cells can also guide the nuc PC growth cones. Fur- 
thermore, in the absence of the TPOC axons, these 
growth cones now inappropriately turn onto axons that 
normally intersect the TPOC near the border of the mid- 
brain and hindbrain, that is, a t  a second intersection of 
tracts. This suggests that fasciculation with TPOC axons 
may also guide nuc P C  growth cones in this second region 
of the brain. 0 1992 John Wiley & Sons, Inc. 
Keywords: axonal guidance, growth cone, zebrafish, nu- 
cleus of the posterior commissure, axonogenesis. 

INTRODUCTION 

Generally, growth cones find their targets by follow- 
ing precise, cell-specific pathways. They accom- 
plish this in a variety of species by interacting with 
a number of different elements in their environ- 
ment (Goodman et al., 1984; Landmesser, 1986; 
Dodd and Jessell, 1988). Recent investigations 
demonstrated that this is likely the case in the brain 
of early zebrafish embryos as well (Chitnis and Ku- 
wada, 199 1 ). These experiments took advantage of 
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the simplicity of the early zebrafish brain: it con- 
tains a simple scaffold of axon tracts (Chitnis and 
Kuwada, 1990; Wilson, Ross, Parrett, and Easter, 
1990). In the midbrain, the scaffold consists of a 
bilateral pair of longitudinal tracts, the tract of the 
postoptic commissure (TPOC) and the medial 
longitudinal fasciculus (MLF), connected by the 
posterior commissure (PC) (Fig. 1 ). The TPOC 
originates from neurons in the forebrain and ex- 
tends through the dorsolateral tegmentum to the 
hindbrain where it becomes continous with the 
dorsal longitudinal fasciculus (DLF). The MLF, 
which is ventromedial to the TPOC, originates 
from neurons in the floor of the anterior midbrain 
and extends caudally to the spinal cord. The PC is a 
dorsal commissure located at the junction of the 
forebrain and midbrain. 

The nucleus of the posterior commissure (nuc 
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PC) is located in the dorsolateral brain just poste- 
rior to the PC. Neurons in the nuc PC project 
growth cones that extend along a stereotyped trajec- 
tory within the early brain scaffold (Chitnis and 
Kuwada, 1990). They first extend ventrally along 
the PC to an intersection in the anterior tegmen- 
tum where the PC intersects the two longitudinal 
tracts. At this intersection they turn to extend cau- 
dally along the TPOC axons to the hindbrain. 
When the TPOC was surgically prevented from en- 
tering the midbrain, nuc PC growth cones ex- 
tended to the intersection but then often followed 
aberrant pathways (Chitnis and Kuwada, 199 1 ) . 
However, a significant number of nuc PC growth 
cones also followed an apparently normal longitu- 
dinal pathway in the dorsolateral tegmentum de- 
spite the absence of the TPOC. These findings sug- 
gested that fasciculation with the TPOC axons nor- 
mally participates in guiding nuc PC growth cones 
at this intersection, but that other cues in the dorso- 
lateral tegmentum may also be capable of guiding 
nuc PC growth cones. 

We have used electron microscopy (EM) to de- 
termine the substrates for nuc PC growth cones. 
( 1 ) Do the nuc PC growth cones normally fascicu- 
late, that is, extend in contact with TPOC axons? 
( 2 )  When nuc PC growth cones follow an appar- 
ently normal pathway in the absence of the TPOC, 
what do they extend upon in the dorsolateral teg- 
mentum? We also tested the role the TPOC plays 
in guiding the nuc PC growth cones beyond the 
tegmental intersection by examining those growth 
cones that followed their normal pathway through 
the midbrain despite the elimination of the TPOC. 
Our findings confirm that nuc PC growth cones 
normally fasciculate with TPOC axons and iden- 
tify the endfeet of neuroepithelial cells in the dorso- 
lateral tegmentum as a possible source of addi- 
tional guidance cues. Furthermore, we find that 
the TPOC participates in guiding nuc PC growth 
cones at a second intersection of tracts located near 
the midbrain/ hindbrain border. 

METHODS 

Animals 

Zebrafish embryos were collected from a laboratory 
breeding colony and maintained according to the proce- 
dures described in Myers, Eisen, and Westerfield ( 1986). 
They were maintained at 28.5"C and staged according to 
time postfertilization (PF).  

Figure 1 Schematic of a 28-h-old embryo showing a 
part of the early axon scaffold in a side view of the fore- 
brain (F),  midbrain (M) ,  and hindbrain (H) .  Theante- 
nor tegmental intersection of tracts is near the forebrain/ 
midbrain border and the anterior hindbrain intersection 
is near the midbrain/hindbrain border (dashed line). 
Open circles represent clusters of neurons that establish 
the axon scaffold; L and V denote, respectively, the lat- 
eral and ventral clusters of posterior commissure neu- 
rons that pioneer the PC. An arrow indicates the cluster 
of cells found in the anterior hindbrain that intersect the 
longitudinal tracts. TC, tegmental commissure; E, eye; 
other abbreviations as per text. The pair of scissors marks 
the approximate site of the cut made to prevent the 
TPOC axons from extending beyond the diencephalon 
(see text). Arrows labeled I and 2 indicate the relative 
positions and planes of section of the electron micro- 
graphs shown in Figure 2 ( A )  and (B) ,  respectively. In 
this and all other figures, unless specified, anterior is to 
the left and dorsal is up. For clarity, tracts in the fore- 
brain other than the TPOC are not shown. 

Labeling and Electron Microscopic 
Examination of Growth Cones 

Normal or manipulated embryos at 26-28 h PF were 
dechorionated, dissected to squeeze out some yolk from 
their yolk sacs, pinned on their side in a Sylgard-lined 
embryo holder, and fixed for 4-12 h in  4% paraformal- 
dehyde and 0.1% glutaraldehyde in 0.1 M phosphate 
buffer ( pH 7.4). They were then washed, and placed on a 
fixed-stage Zeiss compound microscope outfitted with 
differential interference contrast (DIC) and epifluore- 
scence optics. Nuc PC growth cones were labeled ortho- 
gradely by pressure injection of small amounts of a 
0.25% solution of 1, l  '-dioctadecyl-3.3,3',3'-tetramethy- 
lindocarbocyanine perchlorate (dil), in N,N-dimethyl- 
formamide (Honig and Hume, 1986) from a microelec- 
trode into the nuc PC. This cluster can be identified with 
DIC optics as a group of three to four cells with relatively 
large cell bodies lateral to the dorsal midline and poste- 
rior to the PC. The PC at 28 h can be recognized as a 
refractile band at the junction of the forebrain and mid- 
brain. Dil was allowed to spread for 4-12 h, and the 
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labeled neurons were marked with a brown reaction 
product by following the photooxidation procedure with 
diaminobenzidine (DAB) and epifluorescent illumina- 
tion (Maranto, 1982). The brown photooxidation prod- 
uct is electron dense and can be clearly distinguished in 
electron micrographs. After photooxidation the trajec- 
tones taken by the labeled nuc PC growth cones were 
recorded, and the embryos were processed for EM (Ku- 
wada, Bernhardt, and Chitnis, 1990). Coronal or hori- 
zontal sections were made to examine the growth cones 
as they were extending ventrally along the PC to the in- 
tersection and at the anterior tegmental intersection. Co- 
ronal sections were made to examine growth cones as 
they extended longitudinally through the tegmentum. 

Double Labeling of nuc PC Growth Cones 
and the Axon Scaffold 

Embryos were prepared as described above for dil label- 
ing but no glutaraldehyde was used in the fixative. Nuc 
PC growth cones were labeled with dil and photooxi- 
dized with DAB. Axons were then labeled with the acety- 
lated a-tubulin antibody (Piperno and Fuller, 1985) us- 
ing the whole-mount labeling procedure previously de- 
scribed (Chitnis and Kuwada, 199 1 ). In this procedure 
anti-tubulin-labeled axons were violet/blue, whereas the 
dil-labeled growth cones and axons were brown. 

Elimination of the TPOC 

The TPOC axons were prevented from growing into the 
midbrain by stabilizing embryos ( 16- 17 h or 19-20 h) in 
a drop of 2%-3% methyl cellulose in embryo-rearing so- 
lution (Kirchen and West, 1976) and cutting the poste- 
nor portion of the forebrain with a pair of fine scissors. 
Care was taken not to damage the yolk sack during the 
cut. Embryos were incubated in sterile, Earles Balanced 
Salt Solution with an antibiotic/antimycotic cocktail 
(Sigma) or Hank's solution to 27-28 h PF. 

Analyses of Growth Cone Behavior at the 
Midbrain/Hindbrain Border 

The behavior of the nuc PC growth cones at the anterior 
hindbrain intersection of tracts was analyzed by compar- 
ing camera lucida drawings of nuc PC growth cones from 
30 normal embryos with those from 13 embryos in 
which the TPOC had been prevented from entering the 
midbrain. The number of nuc PC growth cones that were 
oriented within 45" to the vertical axis was compared in 
the two sets of embryos. The vertical axis was defined as 
the line denoting the plane of the boundary between the 
midbrain and hindbrain. This plane could be visualized 
with Nomarski optics in the whole mounts and was 
drawn as a reference for each embryo examined using 
camera lucida. A line was drawn between the distal tip 
(not including filopodia) and base of the growth cone to 

define the axis of the growth cone. The angle between the 
vertical axis and the axis of the growth cone was mea- 
sured. The growth cones were put in two categories: ( l ) 
dorsal: those whose axis made an angle 145" to the verti- 
cal axis; and ( 2 )  longitudinal: those whose axis was at an 
angle >45" to the vertical. 

RESULTS 

Nuc PC Growth Cones Fasciculate First 
with PC Axons and then with TPOC Axons 

Nuc PC growth cones follow a specific pathway 
within the early scaffold of brain tracts by first ex- 
tending ventrally along the PC, then turning onto 
the TPOC to extend posteriorly through the dorso- 
lateral tegmentum to the hindbrain (Fig. 1 ) (Chit- 
nis and Kuwada, 1990). In order to see if nuc PC 
growth cones do this by fasciculating with PC 
axons then with TPOC axons, we examined them 
with electron microscopy at various points along 
their pathway in normal embryos. The growth 
cones were marked with a DAB reaction product 
by labeling them with dil followed by photooxida- 
tion. As nuc PC growth cones ( n  = 3 ,  from two 
embryos) extended ventrally along the PC toward 
the TPOC, they fasciculated with axons located in 
the region where the PC is normally found and, 
therefore, were presumed to be PC axons [Fig. 
2( A)]. These axons were recognized in horizontal 
sections as a cluster of small round profiles, some 
of which contained microtubules. All the growth 
cones made extensive contacts with the axons and 
also contacted other unidentified processes which 
are likely to be the endfeet of neuroepithelial cells, 
other growth cones, or glia processes. Because the 
labeled nuc PC growth cone may have been pre- 
ceded by other nuc PC axons, the labeled growth 
cones could contact earlier nuc PC axons and/or 
the axons of the lateral and ventral PC cluster of 
neurons that establish the PC. Because labeled 
growth cones contacted nearly all the axonal pro- 
files, it is likely that they extend ventrally, at least 
partly, in contact with the axons of the lateral and 
ventral PC clusters. 

Once in the tegmentum nuc PC growth cones ( n  
= 3 ,  from two embryos) extended posteriorly by 
fasciculating with axons in the TPOC [Fig. 2( B)  3 .  
The TPOC breaks up into several parallel bundles 
prior to the tegmentum (Chitnis and Kuwada, 
1990). As before (Chitnis and Kuwada, 1991), 
these bundles could be easily distinguished in their 
expected location in the dorsolateral tegmentum 
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Figure 2 nuc PC growth cones normally fasciculate with pioneer axons, but in the absence of 
the pioneer axons they extend on the endfeet of neuroepithelial cells. Electron micrographs of 
photooxidized, dil-labeled nuc PC growth cones. ( A )  Horizontal section showing a nuc PC 
growth cone extending ventrally in contact with unlabeled axons (arrowheads) in the PC and 
unidentified oblong profiles (see text). The location and orientation of the section is indicated 
by arrow 1 in Figure I .  The superficial basal lamina is denoted by the arrows in all sections. (B)  
Coronal section showing parts of a nuc PC growth cone (arrowhead) extending posteriorly in 
contact with unlabeled TPOC axons in a normal embryo. Two TPOC bundles (open arrows) 
can be seen. The location and orientation ofthe section is indicated by arrow 2 in Figure 1. ( C )  
A coronal section showing parts of a nuc PC growth cone in a region corresponding to that seen 
in (B) in an embryo in which the TPOC axons were prevented from growing into the midbrain. 
The growth cone is in contact with processes that are likely to be the endfeet of neuroepithelial 

. _  _ cells. Dorsal is up in (B) and (C) .  Scale bar 1 pm for ( A ) ;  5 pm for ( B )  and ( C )  

55-75 pm away from the ventral midline. The 
other longitudinal tract in the tegmentum, the 
MLF, could be seen in these sections as a large, 
tightly fasciculated tract of axons approximately 35 
pm from the midline (not shown). All three nuc 
PC growth cones fasciculated with the most dorsal 
TPOC bundle, but examination of other nuc PC 
growth cones at the light level showed that this was 
not always the case (see below). Electron micro- 
scopic examination of nuc PC growth cones dem- 
onstrated that they made extensive contacts with 
axons in the TPOC bundles and surrounded end- 
feet of neuroepithelial cells, but rarely contacted 
the basal lamina. Similarly, the pioneering growth 
cones of epiphysial neurons in the zebrafish fore- 
brain (Wilson and Easter, 1991) and Rohon- 
Beard neurons in the spinal cord of the Japanese 
Medaka fish (Kuwada, 1986) extend upon the 
endfeet of neuroepithelial cells with little contact of 
the basal lamina. Axons in the TPOC include both 
nuc PC axons and the axons of the diencephalic 
TPOC neurons that establish the TPOC. Because 

the majority of axons in the TPOC in the midbrain 
belong to the diencephalic neurons, it seems likely 
that nuc PC growth cones extend longitudinally in 
contact with some TPOC axons. 

The turning behavior of nuc PC growth cones at 
the intersection in the anterior tegmentum was ex- 
amined in more detail by labeling the growth cones 
( n  = 23) with dil followed by photooxidation and 
labeling all axon tracts including the TPOC bun- 
dles and the MLF with an antibody against acety- 
lated a-tubulin in 13 embryos. These procedures 
marked the nuc PC growth cone axons brown and 
the other axons violet / blue. As shown previously, 
nuc PC growth cones extend along the PC toward 
the tegmental intersection ( n = 4). At the intersec- 
tion the growth cones switch from the PC ( n  = 5)  
to a TPOC bundle ( n  = 7),  which they followed 
posteriorly ( n  = 7 ) . The nuc PC growth cones and 
associated filopodia did not contact the MLF nor 
did they apparently show any preference for a par- 
ticular TPOC bundle since they followed any of the 
bundles (Fig. 3 ) .  Occasionally, two nuc PC growth 



Axonal Guidance in the Zebrafish Brain 849 

feet. As in normal embryos, the growth cones 
rarely contacted the basal lamina. h 

Figure 3 nuc PC growth cones need not follow each 
other. A camera lucida drawing showing three dil-la- 
beled nuc PC growth cones turning onto TPOC bundles 
at the anterior tegmental intersection seen in a sideview. 
The PC, TPOC bundles, and MLF were labeled with a 
monoclonal antibody ( MAb) against acetylated a-tubu- 
lin. Closed arrows indicate TPOC axon bundles and the 
open arrow indicates the MLF. Some axons switch from 
the TPOC to the MLF as they extend posteriorly. Two 
nuc PC growth cones extend on two separate TPOC bun- 
dles. None of the growth cones contacted the MLF. Scale 
bar = 25 pm. 

cones were observed extending on two separate 
TPOC bundles. 

In the Absence of the TPOC, nuc PC 
Growth Cones Can Extend on 
Neuroepithelial Cells 

Some nuc PC growth cones had been previously 
shown to follow an apparently normal pathway 
through the dorsolateral tegmentum despite the 
absence of the TPOC (Chitnis and Kuwada, 
199 1 ). We examined such nuc PC growth cones 
from three embryos with electron microscopy to 
confirm the removal of the TPOC axons and to 
identify upon what the growth cones were extend- 
ing [ Fig. 2( C)] . In all three embryos examined, the 
TPOC bundles were absent from the region of the 
dorsolateral tegmentum where the bundles are 
normally located (between 55 and 75 pm lateral to 
the ventral midline). The labeled growth cones ex- 
tended longitudinally in contact with the soma of 
spindle-shaped cells that contact the lumenal basal 
lamina and numerous profiles found near the su- 
perficial basal lamina. The spindle-shaped cells are 
likely to be neuroepithelial cells from the dorsolat- 
era1 tegmentum, and the profiles may be their end- 

Nuc PC Growth Cones Turn 
Predominantly in a Posterior Direction in 
the Anterior Tegmentum in the Absence 
of the TPOC 

The elimination of the TPOC from the anterior 
tegmental intersection induced many nuc PC 
growth cones to turn onto inappropriate pathways 
after reaching the anterior tegmentum (Chitnis 
and Kuwada, 1991 ). Of the 23 growth cones that 
followed aberrant pathways, 13 turned posteriorly 
and followed the MLF; three turned posteriorly 
and followed inappropriate pathways independent 
of other axons; five turned anteriorly and extended 
to the dorsoventral diencephalic tract (DVDT), a 
tract that normally intersects the TPOC in the dien- 
cephalon, and then extended dorsally along the 
DVDT; and two made a 180" turn and extended 
back dorsally along the PC. Of these axons, 70% 
turned posteriorly in the intersection. Overall, in- 
cluding the 36 growth cones that followed an appar- 
ently normal pathway despite the elimination of 
the TPOC, 88% turned posteriorly. This suggests 
that directionality cues independent of the TPOC 
are available to direct nuc PC growth cones in the 
intersection. 

Nuc PC Growth Cones Occasionally Turn 
in a Dorsal Direction at an Intersection of 
Tracts Near the Midbrain/Hindbrain 
Boundary 

Nuc PC growth cones normally extended along the 
TPOC axons into the hindbrain between 24 and 28 
h PF [Fig. 4( A), 5(C),  6(A)]. Just posterior to the 
boundary between the midbrain and hindbrain, 
the nuc PC growth cones occasionally turned dor- 
sal. Apparently this turn was transient or these 
axons were later eliminated since at 3 1 h PF none 
of 16 nuc PC axons from seven normal embryos 
extended dorsally at this site [Fig. 4(B)]. At this 
site the acetylated a-tubulin antibody labeled ven- 
trally extending axons that intersected the TPOC 
and MLF [ n = 3 1 ; Fig. 5 (A)]. The earliest of these 
axons were projected from a group of neurons in 
the rostra1 end of the hindbrain and intersected the 
longitudinal tracts by 18-20 h PF. These axons of 
the anterior hindbrain neurons eventually ex- 
tended both anteriorly and posteriorly along the 
TPOC and MLF as well as across the ventral mid- 
line (not shown). Therefore, this anterior hind- 
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Figure 4 nuc PC growth cones occasionally and transiently turn dorsal near the midbrain 
(M)/hindbrain ( H )  border. Camera lucida drawings of dil-labeled nuc PC growth cones. ( A )  
One of the four labeled growth cones (small arrowheads) turned dorsally at 27 h PF. Open and 
closed arrowheads denote the location of the TPOC and MLF, respectively. (B)  All four 
labeled growth cones in another embryo extend longitudinally with little deviation past the 
midbrainfhindbrain border at 31 h PF. Scale bar = 50 pm. 

brain intersection was present from 6 to 10 h prior 
to the time nuc PC growth cones reached this site 
and could, in principle, be the substrate for the oc- 
casional growth cone that turns dorsally at this site. 
Concordantly, labeling nuc PC growth cones with 
dil and other axons with the acetylated a-tubulin 
antibody ( n  = 22) showed that the nuc PC growth 
cones that extend dorsally do so by following these 
hindbrain axons [Fig. 5 (C)] . 

More Nuc PC Growth Cones Turn 
Dorsally at the Hindbrain Intersection in 
the Absence of the TPOC 

In order to assess the role of the TPOC axons for 
pathfinding by the nuc PC growth cones through 
the anterior hindbrain intersection, the TPOC 
axons, which are projected by neurons in the fore- 
brain, were surgically prevented from extending 
into the midbrain. Previously we found that this 
manipulation induced a significant proportion of 
nuc PC growth cones to follow aberrant pathways 
in the anterior tegmental intersection, but 6 1% of 
the growth cones still followed an apparently nor- 
mal longitudinal pathway through the dorsolateral 
tegmentum (Chitnis and Kuwada, 199 1 ). These 
latter growth cones enter the anterior hindbrain in- 
tersection, but were much more likely to turn dor- 
sally than would the control growth cones (Fig. 6 ,  
7 ) . A comparison of the angles made by nuc PC 
growth cones with the plane perpendicular to the 
longitudinal axis both in the presence and absence 
of the TPOC showed that growth cones signifi- 
cantly turned dorsally more often in the absence of 
the TPOC (Wilcoxon rank sum test: control n 

= 35, experimental n = 18, T = 35 1, p < 0.01 ) .  
Furthermore, the growth cones that turned dor- 
sally extended farther in the dorsal direction in the 
absence of the TPOC than in the presence of the 
TPOC (Wilcoxon rank sum test: control n = 9, 
experimental n = 13, T = 74, p < 0.025 ). Corrobo- 
rating these findings were four nuc PC axons that 
looped at the anterior hindbrain intersection fol- 
lowing the elimination of the TPOC (Fig. 8 ). Such 
loops were never seen in unmanipulated embryos. 
Similar loops were also seen in nuc PC axons at the 
intersection in the anterior tegmentum following 
elimination of the TPOC (Chitnis and Kuwada, 
1991). 

DISCUSSION 

Growth Cone Guidance at the Anterior 
Tegmental intersection 

The behavior of nuc PC growth cones at the inter- 
section in the anterior tegmentum following the 
elimination of the TPOC suggested that ( 1 ) selec- 
tive fasciculation with TPOC axons by nuc PC 
growth cones normally participates in guiding 
these growth cones and ( 2 )  cues in the dorsolateral 
tegmentum independent of the TPOC axons may 
also help guide these growth cones (Chitnis and 
Kuwada, 199 1 ). Our analysis of pathfinding 
through this intersection corroborates and extends 
this hypothesis. First, our ultrastructural examina- 
tion of nuc PC growth cones confirms that they 
normally fasciculate with the PC axons then with 
TPOC axons. This is consistent with a role for se- 
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lective fasciculation. Additionally, nuc PC growth 
cones that follow their normal pathway despite the 
absence of the TPOC do so by extending on what 
are likely the surfaces of neuroepithelial cells found 
in the dorsolateral tegmentum with little contact 
with the basal lamina. Consequently neuroepithe- 
lial cells in the dorsolateral tegmentum are a poten- 
tial source of guidance cues. The endfeet of neuro- 
epithelial cells likely provide guidance cues to 
growth cones in a variety of organisms since 
growth cones in the amphibian spinal cord (Nord- 
lander and Singer, 1978; Singer, Nordlander, and 
Egar, 1979; Nordlander and Singer, 1982), chick 
optic stalk (Silver and Rutishauser, 1984) and spi- 
nal cord (Holley, 1987; Yaginuma, Homma, 
Kunzi, and Oppenheim, 199 1 ), mouse optic nerve 
(Silver, 1984), zebrafish brain (Wilson and Easter, 
199 1 ), and the Japanese medaka fish spinal cord 
(Kuwada, 1986) also extend in contact with neuro- 
epithelial endfeet. In the chick optic stalk the neuro- 
nal cell adhesion molecule, N-CAM, found on neu- 
roepithelial endfeet may be involved in guiding op- 
tic growth cones (Silver and Rutishauser, 1984). If 
the endfeet in the dorsolateral tegmentum do pro- 
vide guidance cues to the nuc PC growth cones, 
then it is possible that the same cues that guide the 
pioneer TPOC growth cones through the tegmen- 
tum may also be capable of guiding follower nuc 
PC growth cones. Such a proposition may also ap- 
ply to other embryos, for example, elimination of 
pioneer neurons in the grasshopper limb did not 
prevent one set of follower growth cones from fol- 
lowing their normal pathway (Keshishian and 
Bentley, 1983). 

Second, in our fixed embryos, nuc PC growth 
cones appeared to turn onto the TPOC axons with- 
out making extensive contact with the MLF. This 

Figure 5 nuc PC growth cones encounter an intersec- 
tion of tracts in the anterior hindbrain. (A) Acetylated 
a-tubulin labeling of axons reveals axons of anterior 
hindbrain neurons (bracket) that extend ventrally to in- 
tersect the TPOC (open arrow) and MLF (closed arrow) 
axons at 22 h PF. The border between the midbrain (M)  
and hindbrain (H)  is denoted by triangles. The labeled 
cells, which are out of the focal plane of this micrograph 
and partially obscure the hindbrain neurons, are trigemi- 

nal ganglion cells that are located under the epidermis in 
this region. ( B )  Camera lucida drawing of the dil-labeled 
growth cones of the anterior hindbrain cells at 26 h PF. 
Asterisk denotes the site of dil injection; dashed line de- 
notes the midbrain/ hindbrain border. (C)  Micrograph 
showing a photooxidized, dil-labeled nuc PC growth 
cone (closed arrow) turning dorsally onto an acetylated 
a-tubulin-labeled hindbrain axon (open arrow) in a 27- 
h-old embryo. The other dil-labeled nuc PC growth 
cones (closed arrowheads) have extended on the TPOC 
axons beyond the anterior hindbrain intersection with- 
out turning. Out of the focal plane are trigeminal gan- 
glion cells that partially obscure the growth cones in the 
hindbrain. A midbrain neuron that was backlabeled with 
dil can be also seen out of the focal plane. Scale bar = 25 
km (A, C); and 50 pm ( B ) .  
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Figure 6 nuc PC growth cones turn dorsal more often 
at the anterior hindbrain intersection following the elimi- 
nation of the TPOC. Camera lucida drawings of dil-la- 
beled nuc PC growth cones at the anterior hindbrain 
intersection (arrow) in the presence ( A )  and absence ( B )  
of the TPOC. The asterisk indicates cases in which two 
growth cones were labeled. The growth cones were ori- 
ented so that the plane of the midbrain/ hindbrain 
boundary corresponded with the vertical axis. Scale bar 
= 25 pm. 
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Figure 7 The distribution of the orientations of nuc PC 
growth cones at the anterior hindbrain intersection. The 
abscissa represents the angle made by the nuc PC growth 
cones with the plane of the midbrain/ hindbrain bound- 
ary. Dorsally oriented growth cones were clustered 
around O", whereas longitudinally oriented growth cones 
clustered around 90". The growth cones oriented be- 
tween - l o  and -20" had turned dorsally and slightly 
anteriorly. The ordinate represents the frequency with 
which growth cones from 30 control and 13 manipulated 
embryos were found at any particular orientation. 

tend on the MLF in the absence of the TPOC, it 
seems unlikely that active inhibition plays a major 
role in preventing the growth cones from extending 
on the MLF. 

L3 
B 

suggests that either the guidance cues associated 
with the TPOC and/ or dorsolateral tegmentum 
are strong enough to make the growth cone change 
its trajectory before it has extended ventrally 
enough to contact the MLF, or something in the 
intersection actively prevents contact with the 
MLF. Since nuc PC growth cones sometimes ex- 

Figure 8 A micrograph ( A )  and camera lucida drawing 
(B)  of a dil-labeled nuc PC axon that looped (open 
arrow) at the anterior hindbrain intersection following 
the elimination of the TPOC. The growth cone (closed 
arrow) of this axon had extended into the hindbrain 
( H ) .  Triangles denote the midbrain (M)/hindbrain 
border. In the lower left portion of the panel are melano- 
cytes that are out of the focal plane. Scale bar = 25 pm. 
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Third, each nuc PC growth cone may be capable 
of independently choosing an appropriate pathway 
at the tegmental intersection. Previously it was 
demonstrated that in the absence of the TPOC, nuc 
PC growth cones often followed different pathways 
in the same embryo (Chitnis and Kuwada, 199 I ) . 
Concordantly, we found that occasionally two nuc 
PC growth cones that had reached the intersection 
at approximately the same time turned onto sepa- 
rate TPOC bundles. Both findings suggest that nuc 
PC growth cones need not obligatorially follow 
each other. 

Fourth, cues that guide the nuc PC growth cones 
must provide two kinds of information: ( 1 ) infor- 
mation that allows nuc PC growth cones to select 
the appropriate pathway; and (2)  information that 
allows nuc PC growth cones to extend in the 
correct direction along the selected pathway. Our 
studies have shown that cues associated with the 
TPOC and perhaps with the endfeet of dorsal neu- 
roepithelial cells help nuc PC growth cones to se- 
lect their normal dorsolateral path in the tegmen- 
tum. However, since nearly all nuc PC growth 
cones extend caudally in the absence of the TPOC, 
adequate directional cues independent of the 
TPOC are likely to be available in the tegmental 
intersection. 

Growth Cone Guidance at the Anterior 
Hindbrain Intersection 
The analysis of nuc PC growth cones in the absence 
of the TPOC suggests that TPOC axons help guide 
them at the anterior hindbrain as well as in the 
anterior tegmental intersection. First, following the 
elimination of the TPOC, growth cones increased 
the frequency with which they turned dorsally onto 
the anterior hindbrain axons. The growth cones 
that did turn aberrantly extended dorsally for a 
longer distance than did the occasional growth 
cone that turned dorsally in normal embryos. Sec- 
ond, occasionally, nuc PC axons looped in the ante- 
rior hindbrain intersection in the absence of the 
TPOC. The loop likely resulted when nuc PC 
growth cones extended dorsally for some distance 
but then corrected their trajectory to extend cau- 
dally. Similar loops were observed in the anterior 
tegmental intersection following the elimination of 
the TPOC (Chitnis and Kuwada, 1991). Axon 
loops and hairpin turns that presumably represent 
similar course corrections have also been observed 
following experimental manipulation in several 
other embryos, for example, sensory and motor 
axons in chicks (Tosney, 1988) and Mauthner 
axons in amphibian embryos (Stefanelli, I95 1 ) . 

Our results suggest that the anterior hindbrain 
intersection represents a second region of uncer- 
tainty for nuc PC growth cones and that fascicula- 
tion with the TPOC axons normally helps the 
growth cones pass through this region without 
error. However, as in the anterior tegmental inter- 
section, the role played by the TPOC axons is not 
obligatory: a significant proportion of nuc PC 
growth cones extends through the hindbrain inter- 
section without error despite the absence of the 
TPOC axons. This suggests that multiple sources of 
guidance cues may normally insure that nuc PC 
growth cones follow their correct pathway through 
this intersection. Similarly, multiple guidance cues 
may also direct nuc PC growth cones at the ante- 
rior tegmental intersection (Chitnis and Kuwada, 
199 1 ) and spinal growth cones near the ventral 
midline in the spinal cord (Bernhardt, Nguyen, 
and Kuwada, 1992) in the zebrafish embryo. 

Multiple, redundant guidance cues for growth 
cones are likely to be employed by a variety of 
other embryos. Redundant adhesion systems have 
been directly demonstrated for chick growth cones 
in vifru by both antibody block experiments (To- 
maselli, Neugebauer, Bixby, Lilien, and Reichardt, 
1988) and genetic manipulation of putative path- 
finding molecules in Drusophila embryos (Elkins, 
Zinn, McAllister, Hoffman, and Goodman, 
1990). Furthermore, elimination of putative guid- 
ance cues leads growth cones to follow both nor- 
mal and aberrant pathways in Drumphila (Schu- 
biger and Palka, 1985 ), grasshoppers (Raper, Bas- 
tiani, and Goodman, 1984; Harrelson and 
Goodman, 1988), and nematodes (Hedgecock, 
Culotti, and Hall, 1990) as it does in the zebrafish. 
Further analyses of growth cone guidance, espe- 
cially in simple, manipulative embryos, such as 
those of zebrafish, should be useful in identifying 
multiple sources of guidance cues. 
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