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Summary

The early zebrafish brain contains a simple axon scaffold
of longitudinal tracts connected by commissures. Neu-
rons in the nucleus of the posterior commissure (nuc PC)
project growth cones along a specific route in this axonal
scaffold, raising the possibility that specific axons in the
early scaffold guide nuc PC growth cones. We tested this
possibility by analyzing the behavior of nuc PC growth
cones in embryos in which a portion of the scaffold,
normally traversed by nuc PC growth cones, was surgi-
cally prevented from forming. Under these conditions
nuc PC growth cones extended along both normal and
aberrant pathways. This suggests that specific axons do
provide guidance cues, since their removal leads to er-
rors. However, these cues are not obligatory, since some
growth cones still followed normal pathways.

Introduction

Neurons make appropriate connections in the em-
bryo by extending growth cones along defined path-
ways to reach their targets. Various cues have been
shown to guide growth cones along these pathways.
The cues may affect all growth cones or may be spe-
cific for a subset of growth cones. They may be me-
chanical or chemical in nature, located on neuronal
or nonneuronal substrates in the pathway, contact
mediated or secreted by a distant source, and oper-
ate by either promoting or inhibiting growth cone
extension along a particular route (Goodman et al.,
1984; Dodd and Jessell, 1988; Lumsden, 1988; Raper
et al., 1988). For the most part, these mechanisms of
growth cone guidance have been elucidated in vitro
or in embryos with experimentally accessible nervous
systems, but not in the more complex vertebrate
brain. Recently it was demonstrated that the brain of
the early zebrafish embryo has a surprisingly simple
organization (Chitnis and Kuwada, 1990; Wilson et al.,
1990). It contains a small number of identifiable clus-
ters of neurons, whose growth cones can be followed
as they navigate within a well-defined region of the
forebrain and midbrain.

At 28 hr postfertilization (PF), the zebrafish brain
contains a simple scaffold of axonal tracts made up of
longitudinal tracts and commissures (Figure 1). The
midbrain contains two longitudinal tracts; the dorso-
lateral tract of the postoptic commissure (TPOC), and
the ventromedial medial longitudinal fasciculus (MLF).

The TPOC originates from neurons in the anterior
diencephalon and breaks up into 2-4 parallel bundles
in the anterior tegmentum. The MLF originates from
neurons in the nucleus of the MLF, located in the
anterior tegmentum and remains a tightly fasciculated
tract throughoutits extent. The two longitudinal tracts
on the two sides of the brain are connected by the
posterior commissure (PC). The PC is located at the
junction of the forebrain and midbrain (Figure 1).
The PC crosses the dorsal midline connecting the two
sides of the anterior tegmentum. The axons of the
TPOC, the MLF, and the ventral tegmental commis-
sure (TC) also course through the anterior tegmen-
tum. Additionally, the dorsoventral diencephalic tract
(DVDT) intersects the TPOC in the posterior dien-
cephalon approximately 60 um anterior to the PC.
Within this axonal scaffold, the neurons of the nu-
cleus of the posterior commissure {(nuc PC) project
growth cones that extend along a stereotyped route
(Chitnis and Kuwada, 1990). Early in development the
nuc PC consists of 3-4 neurons and is located lateral
to the dorsal midline and just posterior to the PC.
We have investigated mechanisms that guide these
growth cones by analyzing their outgrowth following
alteration of the environment they normally traverse.

Results and Discussion

Pathfinding by Nuc PC Growth Cones
The growth cones of the nuc PC neurons project ven-
trally along the PC to reach the intersection of the
TPOC, MLF, and TC in the anterior tegmentum by 22-
24 hr PF (n = 9). Presumably, the growth cones of the
nuc PC neurons could grow along any one of these
tracts, but they always exit the PC by turning posteri-
orly along the TPOC toward the hindbrain without
sending collaterals along the other tracts (n = 14; Fig-
ure 2). It is unlikely that this behavior is due to nuc PC
growth cones nonspecifically fasciculating with the
first axons they encounter. If this were the case, the
nuc PC growth cones would be expected to continue
to extend ventrally on the PC rather than turn onto
the TPOC, since they are already following the PC.
The stereotyped extension of the nuc PC growth
cones along the TPOC could be accounted for by vari-
ous alternative hypotheses. Each hypothesis makes a
different prediction about the behavior of the nuc PC
growth cones if prevented from having access to the
TPOC axons. According to one hypothesis, the growth
cones may be capable of growing on the other tracts
at the intersection, but cues associated with the TPOC
axons may specifically promote the extension of nuc
PC growth cones, resulting in growth along this path-
way. This hypothesis predicts that in the absence of
the TPOC axons, the nuc PC growth cones would
grow aberrantly along other axonal tracts at the inter-
section. In an alternative hypothesis, the TPOC path-
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Figure 1. Schematic of the Early Axonal Scaffold Showing the
Intersection of Tracts in the Anterior Tegmentum

Open circles represent clusters of neurons that establish the
axonal scaffold. L and V, the lateral and ventral clusters of neu-
rons that contribute to the formation of the posterior commis-
sure (PC). TPOC, tract of the postoptic commissure; DVDT,
dorsoventral diencephalic tract; MLF, medial longitudinal fascic-
ulus; TC, tegmental commissure; nucPC, nucleus of the poste-
rior commissure. In this and all other figures unless noted other-
wise, anterior is to the left and dorsal is up.

way may be taken by default. Physical barriers may
prevent nuc PC growth cones from having access to
the other pathways, or cues associated with the other
tracts may inhibit the growth of nuc PC growth cones.
This hypothesis predicts that in the absence of the
TPOC axons, the nuc PC growth cones would not
grow along the other axonal tracts at the intersection.
A third possibility is that cues in the tegmentum along
the pathway of the TPOC, independent of the TPOC

axons themselves, may guide the nuc PC growth
cones. This hypothesis predicts that in the absence
of the TPOC axons, the nuc PC growth cones would
continue to follow their stereotyped pathway. We
have tested these hypotheses by analyzing the behav-
ior of the nuc PC growth cones in embryos in which
the growth cones do not have access to the TPOC
axons.

Nuc PC Growth Cones Follow Both Aberrant and
Normal Pathways after Elimination of the TPOC

The TPOC axons are projected early in development
by neurons in the diencephalon, and the earliest ones
normally reach the intersection at 20 hr PF (Chitnis
and Kuwada, 1990). These axons can be eliminated
from the tegmentum by making a transverse cut
through the posterior diencephalon at 16-20 hr PF,
before most of the TPOC axons have reached the mid-
brain. Electron micrographs of embryos operated in
this manner between 19 and 20 hr PF and assayed
8 hr later showed no obvious axonal bundles in the
region of the tegmentum where TPOC bundles are
usually seen (n = 2; Figure 3). Furthermore, the effec-
tiveness of the manipulation was tested by labeling
axons with an antibody against acetylated tubulin
(Piperno and Fuller, 1985; Chitnis and Kuwada, 1990;
Figure 4A). With the exception of the TPOC, the scaf-
fold of tracts, labeled with the acetylated tubulin anti-
body, was normal following this manipulation (Fig-
ures 4A and 4B). Additionally, we confirmed that
neurons located near the intersection in the tegmen-

Figure 2. Nuc PC Growth Cones Follow PC Axons into the Intersection and TPOC Axons Out of the Intersection

(A) Micrograph showing 2 nuc PC growth cones (arrowheads), 1 extending ventrally on the PC and the other extending posteriorly on
one of the TPOC axon bundles at 24 hr PF. Asterisk, Dil application site; closed arrowheads, TPOC axons; open arrow, MLF. The nuc
PC was inadvertently pulled anteriorly by the Dil electrode. In this embryo, the nuc PC growth cones were labeled brown and the other
axons were labeled blue-violet (see Experimental Procedures). (B) Camera ludica drawing of the preparation shown in (A).

Bar, 25 pm.



Figure 3. Elimination of the TPOC Axonal Bundles from the Tegmentum

Electron micrographs of transverse sections through the tegmentum at 28 hr PF. Top is lateral and the bottom medial. (A) A normal
embryo showing the MLF (smaller brackets) and TPOC (larger brackets). Some of the TPOC bundles are denoted by arrows, and some
circumferential axons (white arrowhead) probably belonging to the tegmental commissural neurons are seen in this section. (B) An
embryo in which a transverse cut was made in the caudal forebrain between 19 and 20 hr PF. The MLF is present, but the TPOC axonal
bundles are not. In this section no circumferential axons are evident, but they were present in other sections from this experimental
embryo.

Bars, 3 um.
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Figure 4. Development of Axonal Tracts following Elimination of TPOC Axons from the Tegmentum

(A) Acetylated tubulin antibody was used to label an embryo 8 hr after the forebrain was cut (arrow). The axonal scaffold developed
normally with the exception that TPOC axons did not grow into the tegmentum, nor did the nuc PC axons project along their normal

pathway, since no axons were seen in the dorsolateral tegmentum.

(B) Midbrain of an embryo 8 hr following the forebrain cut. No TPOC axons invaded the tegmentum, but axons that appeared to be
from the PC were seen in the dorsolateral tegmentum (arrow). Axons were labeled by a diaminobenzidine reaction product {A) or a
fluorescent marker (B) following application of the acetylated tubulin antibody.

(O) The lateral cluster of PC neurons (L) projected axons into the PC, as it normally does during the 8 hr following the forebrain cut.
The lateral cluster was labeled by injection of Dil (asterisk) into the cluster followed by photooxidation. In 4/8 embryos the Dil
retrogradely labeled a nuc PC neuron as well. In each of these embryos, an axon was seen following either the normai path of a nuc
PC neuron or an aberrant path, as shown here (arrow). It is possible that these axons belonged to the back-labeled cell.

Bars, 20 pm.

tum were normal. Three clusters of neurons, the ven-
tral PC cluster, the lateral PC cluster, and the nuc PC,
project axons into the PC (Chitnis and Kuwada, 1990;
Figure 1). The neurons of the ventral and lateral PC
clusters have axons that run dorsally and cross the
dorsal midline in the PC; the cell bodies of the lateral
cluster are located close to the intersection of tracts
in the anterior tegmentum. Application of Dil to the
cell bodies of the lateral cluster showed that these
neurons had axons that projected normally in the PC
following the manipulation (n = 8; Figure 4C).

The TPOC failed to invade the tegmentum, as
judged by labeling axons with the antibody to acet-
ylated tubulin in 71 manipulated embryos. Of these,
26 embryos had no longitudinal axons in the dorsolat-
eral tegmentum, the normal location of the TPOC,
and the longitudinal portions of the nuc PC axons.

In the remaining 45 embryos longitudinal axons did
occupy the dorsolateral tegmentum. These axons
were not TPOC axons, since no axons were seen to
cross the region that had been cut, and could have
been nuc PC axons. However, their identity could not
be unambiguously determined, since the acetylated
tubulin antibody labels many if not all axons. There-
fore, the nuc PC axons were aberrant in at least 37%
of embryos and may have been normal in as many as
63% of embryos in the absence of the TPOC.

To identify the pathways taken by nuc PC growth
cones in the absence of the TPOC, 64 nuc PC neurons
were labeled with Dil or Lucifer yellow in an additional
39 embryos manipulated at 19-20 hr PF. Subsequently,
the axonal tracts in these embryos were labeled with
the acetylated tubulin antibody (Figure 5). In 16 of
these embryos the manipulation failed to prevent the
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Figure 5. Nuc PC Growth Cones Follow Both Normal and Aberrant Pathways in the Absence of TPOC Axons

Nuc PC growth cones were labeled with Dil or Lucifer yellow, and other axons were labeled with the acetylated tubulin antibody. In
each case shown, TPOC axons failed to invade the tegmentum.

(A) Nuc PC growth cone labeled with Lucifer yellow (arrow) following an apparently normal, dorsolateral pathway in the tegmentum
in the absence of TPOC axons. The MLF labeled with the acetylated tubulin antibody and a TRITC-coupled secondary antibody can
be seen ventral to the growth cone.

(B) A nuc PC growth cone labeled with Dil (open arrow) extended aberrantly up the DVDT (arrowhead). Pigment cells are seen to the
right of the PC. Other nuc PC growth cones made a hairpin turn and grew aberrantly back up the PC (closed arrow). In this preparation,
Dil-labeled axons were photooxidized and other axons were subsequently labeled with the acetylated tubulin antibody followed by
a fluorescently labeled secondary antibody.

(C) Three nuc PC growth cones and axons labeled with Dil (1, 2, 3). All three axons ran along the dorsolateral tegmentum for some
distance, but near the midbrain-hindbrain junction (dashed line), axons 1 and 2 merged aberrantly with the MLF for a short distance.
Growth cones 2 and 3 were located in the dorsolateral midbrain-hindbrain, but growth cone 1 was ventromedial. In this preparation
Dil-fabeled cells were photooxidized and marked with the diaminobenzidine reaction product; other axons (including the MLF) were

labeled with the acetylated tubulin antibody and visualized with the chloronaphtol reaction product.

Bars, 20 um.

TPOC from extending into the midbrain; these em-
bryos served as controls. In these control embryos 25/
27 labeled nuc PC growth cones extended along their
stereotyped dorsolateral pathway along the TPOC ax-
ons (data not shown). The manipulation did success-
fully prevent the TPOC axons from extending into the
tegmentum in the other 23 embryos. In these em-
bryos, nuc PC neurons (n = 37) had axons that ran
normally to the anterior tegmentum, but 17 of the
neurons had growth cones that followed aberrant
pathways once at the anterior tegmentum. Of these,
15 growth cones followed inappropriate axonal tracts
(MLF, DVDT, and the PC) and 2 took pathways appar-
ently devoid of other axons. Furthermore, 20/37 la-
beled growth cones extended along a dorsolateral
longitudinal tegmental pathway, which corresponds
to their normal route.

Our earlier study indicated that normally the earli-
est TPOC axon reaches the level of the anterior-most
neurons in the nuc MLF (the location of the intersec-
tion) by 20 hr PF (Chitnis and Kuwada, 1990). Since the
manipulations were performed at 19-20 hr PF, it is
possible that in some embryos the earliest TPOC ax-
ons had already reached the intersection at the time
of the manipulations. Therefore, we cannot rule out
the possibility that in those cases, cells and/or struc-
tures in the intersection were somehow modified by
the TPOC growth cones to become effective cues for
the nuc PC growth cones, or that the remnants of the

TPOC axons and growth cones persisted for 2-5 hr to
guide nuc PC growth cones. Pathfinding by the nuc
PC growth cones would be normal in such embryos
and abnormal in other embryos in which the TPOC
growth cones never reached the anterior tegmentum.
To test this possibility, the same manipulation was
performed in 13 embryos at 16-17 hr PF and the em-
bryos were allowed to develop for 11-12 hr. Nuc PC
neurons were then assayed by intracellular injection
of Lucifer yellow or orthograde labeling with Dil fol-
lowed by labeling of all tracts with the acetylated tu-
bulin antibody. The maturity of the tracts of 16-17 hr
embryos was determined by labeling embryos from
the same clutch used for the manipulations with the
acetylated tubulin antibody. In every case the growth
cones of the TPOC neurons were at least 40 um ante-
rior to the intersection in these 16-17 hr embryos
{n = 11; Figure 6A), in accordance with earlier results
(Chitnis and Kuwada, 1990). As with the previous ex-
periment, the TPOC failed to invade the tegmentum
following a transverse cut through the diencephalon
at 16-17 hr PF and nuc PC growth cones followed
variable pathways, including their normal one (Fig-
ures 6B and 6C); 6/22 growth cones followed aberrant
pathways, and 16/22 growth cones followed the nor-
mal longitudinal pathway in the dorsal tegmentum.
These results suggest that it is not necessary for TPOC
growth cones to ever reach the anterior tegmentumiin
order for nuc PC growth cones to follow their normal
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Figure6. TPOC Growth Cones Need Not Ever Reach the Anterior
Tegmentum for Nuc PC Growth Cones to Foliow Their Normal
Pathway

Cameral lucida drawings of side views of the brain with dorsal
up and anterior to the left.

(A) A 17 hr embryo showing that the TPOC axons had not reached
the anterior tegmentum. The axons in this embryo were labeled
with an antibody to acetylated tubulin. Two clusters of neurons
are shown. On the left are TPOC neurons; on the right, the
neurons of the nucleus of the MLF. The PC has not yet formed,
but its future position is denoted by the arrow.

(B) Trajectories taken by 3 nuc PC growth cones in an embryo
manipulated between 16 and 17 hr PF and assayed 11 hr later.
One growth cone has taken its usual path in the dorsolateral
tegmentum toward the midbrain-hindbrain border; a second
growth cone has extended normally for a short distance and then
aberrantly turned dorsal; a third growth cone has just made its
correct turn in the anterior tegmentum. Nuc PC growth cones
were labeled with Dil, and the other axons were labeled with the
acetylated tubulin antibody. Dashed lines indicate the position
of the MLF; dotted lines, the normal position of the missing
TPOC; E, eye.

(C) A nuc PC growth cone aberrantly following the MLF in an-
other experimental embryo. The axon looped (arrowhead) in the
tract intersection of the anterior tegmentum.

Bar, 25 pum.

pathway. Nuc PC neurons with aberrant trajectories
had growth cones that apparently turned anterior at
the tegmental intersection, extended along the MLF,
or turned dorsal into the tectum after following their
normal pathway in the dorsolateral tegmentum.

It is unlikely that the variable results of the manip-
ulation on outgrowth by nuc PC axons are due to
variability in the effectiveness of the manipulation to
prevent TPOC axons from entering the tegmentum.
There were no TPOC axons labeled by the acetylated
tubulin antibody in the tegmentum following the ma-
nipulation, and a number of reasons indicate that this
antibody is a reliable marker of axons in the zebrafish
embryo. First, we had shown earlier that this antibody
reliably labels all the axonal tracts in the early brain
(Chitnis and Kuwada, 1990). Second, the antibody may
label all axons within a tract, since at a particular stage
electron micrographs of another tract, the DVDT (S.
Wilson, personal communication), showed the same
number of axons as in embryos with DVDT axons
labeled by the acetylated tubulin antibody (Chitnis
and Kuwada, 1990). Third, double labeling of the CoPA
neuron, an identified class of commissural neuron in
the spinal cord (Bernhardt et al., 1990), by intraceliular
injection of Lucifer yellow and application of the ace-
tylated tubulin antibody showed that the neuron was
labeled with the antibody up to the base of its growth
cone at least as early as 1-2 hr after initial outgrowth
from the cell body (n = 4;°data not shown).

It is also not likely that variable, nonspecific effects
of the manipulation can account for the aberrant path-
ways taken by all the nuc PC growth cones. First, the
pattern of axons in the midbrain is normal with the
exception that the TPOC axons are missing in the teg-
mentum. Second, the lateral cluster of PC neurons
located near the intersection projected axons nor-
mally into the PC. This suggests that, with the excep-
tion of the TPOC, the region of the intersection was
normal. Third, variability between embryos induced
by the manipulations cannot account for the variable
effects on the nuc PC growth cones. In 23 cases in
which at least 2 nuc PC growth cones were labeled,
all labeled growth cones followed normal pathways
in 9 cases, all growth cones followed abnormal path-
ways in 4 cases, and growth cones followed both nor-
mal and abnormal pathways in 10 cases. The fact that
nuc PC growth cones could follow different pathways
from the same intersection in the same embryo also
suggests that nuc PC growth cones need not follow
each other.

It is possible that some, although not all, of the
aberrant trajectories of nuc PC neurons are nonspe-
cific outcomes attributable to damage, since the pro-
portion of aberrant nuc PC trajectories was lower
when the diencephalon was cut at 16-17 hr compared
with 19-20 hr PF. The additional 3 hr foilowing the
manipulation at the earlier time may have allowed the
embryo to recover from such damage.



Gar;)wth Cone Guidance in the Zebrafish Brain
2

Multiple Mechanism of Growth Cone Guidance

Our results allow us to make a number of inferences
about the nature of the cues that may be guiding the
nuc PC growth cones. First, in the absence of the
TPOC axons, a large proportion of the nuc PC growth
cones make pathfinding errors in the anterior tegmen-
tum. This signifies that cues associated with the TPOC
axons normally play an important role in ensuring
nearly error-free pathfinding by these growth cones.
Second, the majority of nuc PC growth cones ex-
tended along an apparently normal, dorsolateral lon-
gitudinal pathway despite the absence of the TPOC
axons. This suggests that cues found along this path-
way in the tegmentum, independent of the TPOC ax-
ons themselves, may be capable of guiding the nuc
PC growth cones. It is possible that these cues are
the same ones that originally guide the TPOC growth
cones. Previously, local cues associated with the dien-
cephalon were shown to be important for guiding
retinal axons in the amphibian embryo: retinal axons
altered their trajectories when they encountered a ro-
tated diencephalon graft (Harris, 1989). Our results are
concordant with this observation and further suggest
that both axonal and neuroepithelial cues may guide
any given growth cone. Third, since most of the
growth cones that extended along aberrant paths fol-
lowed other axonal tracts, it is unlikely that physical
barriers or inhibitory cues associated with these tracts
normally prevent nuc PC growth cones from follow-
ing these tracts.

Our findings are reminiscent of neuronal pheno-
types in the cyc-7 and unc mutants of, respectively,
zebrafish and nematodes. cyc-T embryos are missing
the floor plate cells, a specialized set of nonneuronal
cells located at the ventral midline of the CNS (Hatta
et al., 1991). Presumably as a consequence of this, a
specific subset of spinal growth cones follow aberrant
as well as apparently normal pathways at the ventral
midline (Kuwada and Hatta, 1990, Soc. Neurosci., ab-
stract). Likewise, mutations in the unc-5, unc-6, or
unc-40 genes also lead to a higher incidence of path-
finding errors by identified neurons, but again the
same identified neurons often have normal trajecto-
ries in mutant nematodes (Hedgecock et al., 1990).
One difference between our results and those in the
nematode is that uniquely identified neurons varied
in the nematode, whereas in our experiments neu-
rons in a brain nucleus varied. Since we currently do
not know whether all the nuc PC neurons are identi-
cal, we cannot rule out the possibility that nuc PC
neurons may be heterogeneous and that this may con-
tribute to the variability in our results. However, since
the behavior of the nuc PC growth cones is equivalent
at the tegmental intersection (Chitnis and Kuwada,
1990), each nuc PC neuron would have to be utilizing
adifferent setof guidance mechanisms at the intersec-
tion in order for heterogeneity among nuc PC neu-
rons to account for our results.

Variable effects of manipulations on identified
growth cones has also been reported in the grasshop-
per embryo. For example, application of antibodies
against fasciclin I, an adhesion molecule found on a
subset of axons in the CNS of embryonic grasshop-
pers (Bastiani et al., 1987; Grenningloh et al., unpub-
lished data), caused the growth cones of a fasciclin 11-
positive neuron either to extend along the correct
pathway, albeit not as far as normal, or to bifurcate
and extend a second growth cone along an aberrant
pathway (Harrelson and Goodman, 1988).

Furthermore, in vitro and in vivo studies have dem-
onstrated that multiple adhesion molecule systems
may be active simultaneously during axonal out-
growth. In vitro studies on axonal outgrowth of chick
ciliary ganglion neurons showed that simultaneous
perturbation of two adhesion molecule systems (B1-
integrin and N-cadherin), by the application of anti-
bodies to both classes of molecules, virtually elimi-
nated neurite outgrowth; whereas antibodies to either
class of molecules alone decreased outgrowth but did
not eliminate it (Tomaselli et al., 1988). Neither a null
mutation in the fas-7 gene nor a mutation in the ab/
gene results in gross morphological defects in the
CNS of Drosophila embryos, but double mutants
show clear defects in axonal outgrowth (Elkins et al.,
1990).

In light of these findings, one interpretation of our
results is that multiple mechanisms of growth cone
guidance operate simultaneously to guide nuc PC
growth cones in the brain. Elimination of the TPOC
axons removes only one set of guidance cues. In the
absence of the TPOC axons, nuc PC growth cones can
still grow along their stereotyped pathway using other
available cues in the tegmentum, but the probability
of their choosing aberrant pathways is increased.
Error-free navigation in the CNS may normally be
brought about by the simultaneous operation of mul-
tiple guidance mechanisms, each of which is incapa-
ble of preventing errors on its own.

Experimental Procedures

Animals

Zebrafish embryos were collected from a laboratory breeding
colony and maintained according to the procedures described
in Myers et al. (1986).

Dil Labeling

Embryos were dissected to remove their yolk sacs, pinned in a
Sylgard-lined embryo holder, fixed for 4-12 hr in 4% paraformal-
dehyde in 0.1 M phosphate buffer (pH 7.4), washed, and placed
on a fixed-stage Zeiss compound microscope outfitted with
differential interference contrast optics and epifluorescence.
Growth cones were labeled orthogradely by pressure injection
of small amounts of a 0.25% solution of Dil (1,1-dioctadecyl-
3,3,3,3-tetramethylindocarbocyanine perchlorate) in N,N-dimeth-
ylformamide (Honig and Hume, 1986) from a broken off micro-
electrode into the nuc PC or PC lateral cluster. Dil was allowed
to spread for 4-12 hr, and the labeled neurons were marked
with a brown reaction product by following the photooxidation
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procedure with diaminobenzidine and epifluorescence illumi-
nation (Maranto, 1982; Kuwada et al., 1990).

Lucifer Yellow Injections

Embryos were prepared as described above for Dil labeling and
fixed for 6-8 min in 8% paraformaldehyde and 1% DMSO in
0.1 M phosphate buffer. Nuc PC somata were visualized with
differential interference contrast optics, impaled with microelec-
trodes filied with 10% Lucifer yellow in distilled water, and filled
with dye by injecting hyperpolarizing currents (0.1-0.5 nA for 10-
120 s). Labeled neurons were viewed with epifluorescence and
photographed and/or drawn with the aid of a camera lucida. In
some cases Lucifer yellow-labeled neurons were also marked
via the photooxidation procedure.

Labeling of Axons with the Acelylated Tubulin Antibody

Axons were labeled with the acetylated tubulin antibody (kindly
provided by G. Piperno; Piperno and Fuller, 1985) using the
whole-mount labeling procedure described by Patel et al. (1989).
In many cases the axons of embryos with nuc PC growth cones
labeled with Dil followed by photooxidation using diaminoben-
zidine as achromagen were subsequently labeled by application
of the acetylated tubulin antibody using chloronaphtol as a chro-
mogen (0.3% stock in methyl alcohol, diluted 1 to 5 with phos-
phate buffer), which gave a blue-violet reaction product. In
some embryos a blue diaminobenzidine reaction product was
produced by using a heavy metal intensification technigue (Ad-
ams, 1981). In these embryos the nuc PC growth cones were
brown, whereas all other axons were blue-violet. Similarly, the
axons of some of the embryos in which nuc PC growth cones
were labeled with Lucifer yellow were subsequently labeled with
the acetylated tubulin antibody followed by a rhodamine-
conjugated secondary antibody.

Elimination of the TPOC

Embryos (16-17 hr and 19-20 hr PF) were stabilized in 2%-3%
methyl cellulose in embryo-rearing solution (Kirchen and West,
1976), and the posterior portion of the forebrain was cut with
fine scissors to prevent TPOC axons from projecting into the
tegmentum. Care was taken not to damage the yolk sack during
the cut. Operated embryos were washed with and incubated in
sterile Earle’s balanced salt solution with an antibiotic/antimy-
cotic cocktail (Sigma), in Hank’s saline, or in fish Ringer’s solution
without glucose (Westerfield et al., 1986) for 8 hr.

Electron Microscopy

Embryos were processed for electron microscopy by fixing in 3%
glutaraldehyde, 2% paraformaldehyde, 1% acrolein, 1% DMSO
in 0.1 M phosphate buffer for 1 hr; washed; postfixed in 2%
osmium tetroxide in phosphate buffer for 1 hr; washed in 50 mM
sodium maleate buffer (pH 5.9); stained with 2% uranyl acetate
in maleate buffer for 1-2 hr; washed in maleate buffer; dehy-
drated in an ethanol and propylene oxide series; embedded in
plastic; and thin sectioned.
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