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We analyzed the pattern and development of the earliest 
tracts and followed pathfinding by the growth cones of an 
identified cluster of neurons in the brain of zebrafish em- 
bryos. Neurons were labeled with an antibody which labels 
many embryonic neurons, a lipophilic axonal tracer dye, and 
intracellular dye injections. The embryonic brain is extremely 
simple, and at 28 hr of development, the forebrain and mid- 
brain consist of 8 main axonal tracts which are arranged as 
a set of longitudinal tracts connected by commissures. Each 
tract is established by identified clusters of approximately 
2-12 neurons found in discrete regions of the brain. Many 
identified clusters of neurons project axons in a defined 
direction appropriate for the cluster and have axons with 
stereotyped trajectories, suggesting that their growth cones 
follow cell-specific routes. This was confirmed with intra- 
cellular dye injections for neurons of the nucleus of the pos- 
terior commissure. The growth cones of these neurons arrive 
at a site in the anterior tegmentum where 4 tracts meet. At 
this site, they could, in principle, turn in a number of direc- 
tions but always extend posteriorly into one of the tracts. 
The pattern of pathfinding by these growth cones suggests 
the testable hypothesis that the growth cones of identified 
clusters of neurons establish the simple set of early tracts 
by selecting cluster-specific pathways at such intersections 
in order to reach their targets in the brain. 

Pathfinding by growth cones has been analyzed in a number of 
different regions within the nervous system in a variety of an- 
imals (reviewed in Cowan et al., 1984; Goodman et al., 1984; 
Palka, 1986; Dodd and Jessell, 1988; Patterson, 1988). From 
these studies a number of different mechanisms which guide 
growth cones and/or affect the final trajectories of axons have 
been identified. These include permissive interactions, specific 
interactions, and inhibitory interactions between growth cones 
and environmental cues; long distance cues; and the projection 
and elimination of exuberant axons. An understanding of why 
one mechanism is adopted over another may involve knowing 
the differences in conditions under which different mechanisms 
are operative. In this regard, the analysis ofpathfinding by growth 
cones in the vertebrate brain may be instructive as well as chal- 
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lenging since it consists of so many different neurons which 
develop in a highly complex spatial and temporal pattern. Thus, 
the growth cones of brain neurons must encounter a myriad of 
conditions as they navigate through the developing brain. 

One strategy to investigate pathfinding in the vertebrate brain 
is to analyze the brains of relatively simple vertebrates. This 
approach was taken in the early 20th century by investigators 
such as Coghill (1926, 1930) and Herrick (1937, 1938) and 
recently by Roberts et al. (1987) and Easter and Taylor (1989) 
to study the development of the amphibian brain. These in- 
vestigators found that the early vertebrate brain is surprisingly 
simple, being composed of a relatively small number of axonal 
tracts found in a stereotyped pattern not unlike the simple, 
orthogonal pattern of tracts found in nematode larvae (Albert- 
son and Thomson, 1976; White et al., 1976) and insect embryos 
(Thomas et al., 1984). However, in these studies it was difftcult 
to characterize the neurons which established the early tracts, 
and pathfinding by growth cones within these early tracts was 
not determined. Consequently, there is little characterization of 
pathfinding by growth cones which takes into account the path- 
ways which are potentially available to them in the vertebrate 
brain. Such a description of pathfinding by a particular set of 
growth cones would indicate the precision of axonogenesis by 
identifying which pathways are bypassed and which are followed 
as they navigate through the vertebrate brain to their termi- 
nation sites. 

One characteristic shared by a variety of neurons in the mam- 
malian brain is the projection ofexuberant axons which are later 
eliminated to establish the mature trajectories of these neurons 
(Cowan et al., 1984). For example, pyramidal cells in the rat 
occipital cortex project collateral axons to the superior col- 
liculus, pontine nuclei, and spinal cord during embryogenesis. 
The corticospinal projection is lost during the first 2 weeks 
following birth while the other collaterals are retained (Stanheld 
et al., 1982; Stanfield and O’Leary, 1985). This contrasts with 
axonogenesis by neurons in the CNS of insect embryos (Good- 
man et al., 1984) and spinal neurons in chick and fish embryos 
(Eisen et al., 1986, 1989; Kuwada, 1986; Landmesser, 1988; 
J. Y. Kuwada, R. R. Bernhardt, and N. Nguyen, unpublished 
observations). These neurons project growth cones which follow 
stereotyped pathways to reach their targets and during embryo- 
genesis do not extend exuberant axons to inappropriate sites. 

We have investigated the pattern of early axonal tracts and 
pathfinding by identified clusters of neurons in the brain of 
zebrafish embryos in order to address 2 issues. (1) Is there a 
simple, orthogonal array of axonal tracts in the brains of early 
zebrafish embryos as exists in the early CNS of nematodes, 
insects, and amphibians? What is the identity of the neurons 
which establish the earliest brain tracts? (2) How do the growth 
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Figure 1. Simple pattern of embryonic brain tracts from 28 hr whole-mounted zebrafish labeled with a monoclonal antibody to acetylated tubulin. 
A, Side view of the brain. Eyes were dissected away. Material ventral to the brain are yolk granules. Unless otherwise stated, in all figures anterior 
is left and dorsal is up; T, D, M, and R are telencephalon, diencephalon, mesencephalon, and rhombencephalon, respectively; tt, telencephalic tract; 
dvt, diencephalic dorsoventral tract; pc, posterior commissure; tpoc, tract of the postoptic commissure; mlJ: medial longitudinal fasciculus. B, 
Dorsal view. AC, anterior commissure; pot, postoptic commissure. Scale bar (in B) for A and B, 40 pm. C, Higher-power view of the dorsal portion 
of the brain. Arrowheads point to neurons which project dvt axons. D. Rostra1 end of the brain. Neurons which project POC and TPOC axons are 
bracketed. E, eye. Scale bar (in D) for C and D, 20 pm. 

cones of these early neurons extend to their termination sites? 
Do they bypass some tracts but follow others? Do they, like 
some mammalian neurons, project exuberant axons which are 
later eliminated? When faced with a number of different routes 
at pathway intersections, do growth cones select cell-specific 
pathways? Here we describe the organization and development 
of the early brain tracts and the neurons which project axons 
into these tracts. 

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

Antibody labeling. Embryos were labeled with a monoclonal antibody 
against acetylated tubulin (Pipemo and Fuller, 1985) as whole-mounts 
by following the procedures for whole-mount labeling described in Pate1 
et al. (1989). Lucifer yellow (LY)-injected neurons were in some cases 

marked with HRP reaction product by application ofa rabbit antiserum 
to LY dye (Taghert et al.. 1982). Followina intracellular iniections. 
embryos-were f&ed in 24% paraformaldehyde and 1% dimeihyl sulf- 
oxide (DMSO) in 75 mM phosphate buffer (pH 7.4) for 30 mitt, washed 
in buffer; immersed in 0.5-l% collagenase (Sigma, Type 1A) in phos- 
phate buffer for 3-5 mitt; washed; and incubated in 1:500 dilution of 
LY antiserum with OS-l% Triton X-100, 0.5-l% BSA, and 0.5-l% 
normal goat serum in phosphate buffer overnight at 5°C. Embryos were 
then washed, incubated in 1:250 dilution of HRP-conjugated goat anti- 
rabbit with 0.5-l% Triton X-100, 0.5-l% BSA, and 0.5-l% normal 
goat serum overnight at 5°C or for 3-5 hr at 33°C; washed, incubated 
in diaminobenzedine (0.5 mg/ml) for 20 min; and reacted by adding 
hydrogen peroxide. In some cases, antibody-labeled embryos were re- 
fixed, dehydrated, embedded in plastic, and sectioned (1 pm semi-thins). 

Electron microscopy. Embryos were processed for electron micros- 
copy (EM) by fixing in 3% glutaraldehyde, 2% paraformaldehyde, 1% 
acrolein, and 1% DMSO in 75 mM phosphate buffer for 1 hr; washed, 
postfixed in 2% osmium tetroxide in phosphate buffer for 2 hr; washed 
in 50 mM sodium maleate buffer (pH 5.9); stained with 2% uranyl acetate 
in maleate buffer for l-2 hr; washed in maleate buffer; dehydrated in 
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Figure 2. Acetylated tubulin antibody labels brain tracts in a 28 hr embryo. A, Sag&al section near the midline of the brain. Occasional labeling 
near the ventricles are cilia. Melanophores in the skin such as the one under the cIosed arrow show up as dark patches. Open arrow, telencephalic 
neurons; asterisk, dvt neurons; closed arrow, region of the tectum which is shown in E, tc, tegmental commissure; all other abbreviations as in 
Figure 1. Scale bar, 40 pm. B, Electron micrograph of the postoptic commissure. In this and the following panels, basal lamina at the edge of the 
brain can be seen in between the arrows. C, Anterior commissure. Scale bar, 1 pm. D, Posterior commissure. E, Dorsal region of the tectum denoted 
by closed arrow in A. Note the melanophore which is often found in this region. Scale bar (in E) for B, D, and E, 2 pm. 
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Figure 3. Identification of the anterior and postoptic commissures, the olfactory nerve, and the nascent olfactory bulb. Micrographs of ventral/ 
dorsal view of the rostra1 brain labeled with the acetylated tubulin antibody from a 32 hr embryo. A, The anterior and postoptic commissures are 
anterior and posterior, respectively, to the optic stalk, which on the left side is denoted by the arrowheads and runs from the eye (E) to the 
diencephalon (D). Anterior, up. B, More dorsal view showing the olfactory nerve (ON running from the nasal placode to the nascent olfactory 
bulb in the telencephalon. Scale bar (in B) for A and B, 40 pm. 

an ethanol and propylene oxide series; embedded in plastic; and thin- 
sectioned. 

DiI labeling. Embryos were dissected to remove their yolk sacs, pinned 
in a Svlaard (Dow Corning)-lined embrvo holder. fixed for 6 min to 8 
hr in -22% paraformaldehyde and 1% DMSO in phosphate buffer, 
washed, and placed on a fixed-stage Zeiss compound microscope fitted 
with differential interference contrast (DIC) optics and epifluorescence. 
Neurons were labeled from their axons by pressure injection (80 psi, 
100 ms pulse) of a small amount of di1, l,l’-dioctadecyl-3,3,3’,3’-tet- 
ramethylindocarbocyanine perchlorate (Molecular Probes, 0.25% in 
NJ-dimethylformamide) (Honig and Hume, 1986), from a microelec- 
trode under visual control in a discrete area of the brain. DiI was allowed 
to spread for l-l 2 hr and the labeled neurons visualized, photographed, 
or drawn with the aid of a camera lucida. In some cases, d&labeled 
neurons were marked with a brown reaction product by following the 
photooxidation procedure with diaminobenzedine and epifluorescent 
illumination (Maranto, 1982). The number ofneurons back-labeled with 
di1 was variable as with many other back-labeling techniques. 

LY injections. Embryos were prepared as described above for di1 
labeling. Neuronal somata were visualized -with DIC optics, impaled 
with microelectrodes filled with 10% LY in distilled water, and filled 
with dye by injecting hyperpolarizing currents (0.1-0.5 nA for 10-120 
set). Labeled neurons were viewed with epifluorescence and photo- 
graphed and /or drawn with the aid of a camera lucida. In come cases, 
LY-labeled neurons were secondarily marked via the photooxidation 
procedure or with the LY antiserum followed by a HRP-labeled sec- 
ondary antibody. 

Results 
Antibody to acetylated tubulin labels the earliest tracts in the 
zebrafih brain 
A method for consistent labeling of neurons in embryonic ner- 
vous systems can be extremely useful for studies of axonogene- 
sis. For example, an antibody against HRP, which appears to 
label all insect embryonic neurons, was used to identify many 
of the early peripheral neurons of insect embryos and to delin- 
eate how their growth cones navigate through the embryo to 
reach their targets (Jan and Jan, 1982; Caudy and Bentley, 1986a, 
b; Blair et al., 1987). Likewise, a monoclonal antibody directed 
against acetylated tubulin (Pipemo and Fuller, 1985) labels many 
of the embryonic axons in the zebrafish brain (see below; Fig. 
1). This antibody labels cilia, ependymal processes, axons, and 

the cell bodies of neurons which have begun axonogenesis. It is 
likely that embryonic axons are labeled to the base of growth 
cones since broad, unlabeled processes can be seen at the distal 
end of labeled axons with DIC optics (data not shown). Labeled 
axons are readily distinguishable from cilia or ependymal pro- 
cesses because the earliest axons are located near the superficial 
surface of the brain (Fig. 2) and neuronal cell bodies are rela- 
tively large and also found superficially in the early brain (Fig. 
1). Cilia are limited to the lumenal side of the brain and long 
ependymal processes run radially from the lumenal surface to 
the outer margin. 

To determine whether the antibody labels many if not all the 
axonal tracts present in the early brain, we first compared the 
pattern of labeling in semi-thin sagittal sections of labeled ze- 
brafish brains (n = 4) with the pattern of axons in corresponding 
EM sections from unlabeled brains (n = 3; Fig. 2). Inspection 
of the entire brain with the electron microscope revealed discrete 
bundles of profiles located in stereotyped positions in the early 
brain. These profiles contained microtubules and were assumed 
to be bundles of axons. All the axon bundles (anterior, postoptic, 
posterior, and tegmental commissures) in the EM sections cor- 
responded to those recognized by the antibody. In other areas, 
such as the dorsal region of the tectum, no antibody labeling 
was seen at 28 hr. In EM sections of the same area no axonal 
profiles were evident (Fig. 2E), although at much later stages 
axons will occupy this region (data not shown). Second, we 
compared the brain tracts labeled following large applications 
of the lipophilic dye, di1 (Honig and Hume, 1986) into various 
regions of the brain with the pattern of tracts labeled by the 
antibody in 28 hr embryos. These di1 applications revealed the 
same set of tracts as the antibody (see below). In no case was 
there a tract labeled by di1 which was not labeled by the anti- 
body. These data suggest that the pattern of tracts revealed by 
the antibody represents all the axonal bundles present in the 
embryonic brain. Our data do not exclude the possibility that 
some axons in a tract, or scattered single axons not in tracts, 
may not be labeled by the antibody. However, the antibody 
labeled all the neuronal cell types of the embryonic zebrafish 
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Figure 4. Intersection of the posterior commissure, .TPOC, and MLF 
in the anterior tegmentum. Parasagittal section of 28 hr brain labeled 
with acetylated tubulin antibody. Scale bar, 40 pm. 

cord which had been identified independently by intracellular 
dye injections and by back-labeling with axonal tracer dyes (R. 
R. Bemhardt, A. B. Chitnis, L. Lindamer, and J. Y. Kuwada, 
unpublished observations). 

Organization of the early brain tracts 
Eight main axonal tracts were labeled with the acetylated tubulin 
antibody in the forebrain and midbrain of 28 hr embryos (n = 
27; Figs. 1, 2). We identified these tracts by comparisons with 
the tracts in adult fishes (Johnston, 19 11; Ariens Kappers et al., 
1936) and with the early brain tracts in amphibia (Coghill, 1926, 
1930; Herrick, 1937, 1938). When the embryonic tracts could 
not be identified unambiguously by these comparisons, they 
were named by their location. The 8 tracts are the anterior 
commissure, telencephalic tract, postoptic commissure, tract of 
the postoptic commissure (TPOC), medial longitudinal fascic- 
ulus (MLF), posterior commissure, ventral tegmental commis- 
sure, and the dorsoventral diencephalic tract. 

The anterior commissure of the zebrafish embryo was iden- 
tified by homology to the anterior commissure in the amphibian 
embryo (Hetick, 1938). It is located at the rostra1 end of the 
brain anterior to the optic stalk in the telencephalon (Fig. 3). 
At this time, the nascent olfactory bulbs have not evaginated 
from the cerebrum but are identifiable as the termination sites 
of the olfactory nerves (Figs. 1, 3). The telencephalic tract con- 
sists of axons which run from the telencephalon to the ventral 
diencephalon, where it connects with the TPOC. We identified 
the postoptic commissure by homology with the amphibian 
embryo (Herrick, 1938). The postoptic commissure is located 
just posterior to the optic stalk (Fig. 3A) and runs between the 
2 sides of the anterior diencephalon (Fig. 1B). The postoptic 
commissure is contiguous with the TPOC, which runs caudally 
through the ventral diencephalon, where it breaks up into sev- 
eral parallel axon bundles (Fig. 1A). These bundles run into the 
anterior tegmentum with the more ventral bundles contiguous 
with the MLF and the more dorsal ones running through the 
dorsal tegmentum and eventually merging into the dorsal lon- 
gitudinal fasciculus (DLF) (see next section). The MLF is a 

Figure 5. Early brain tracts labeled by large applications of di1 in 28 
hr embryos. In each case, camera lucida drawings were made following 
di1 application, photooxidation, and removal of the eyes. A, DiI applied 
to the ventral diencephalon (asterisk) labeled axons in the anterior and 
postoptic commissures (UC andpoc), telencephalic tract (tt), dorsoventral 
diencephalic tract (dvt), and the TPOC. B, DiI applied to the dorsal 
midline anterior to the tectum (asterisk) labeled axons in the posterior 
commissure @c) and TPOC. C, DiI applied to the posterior tegmentum/ 
anterior hindbrain (asterisk) labeled axons in the MLF, TPOC, PC, and 
TT. Scale (in C) for all panels, 100 pm. 
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Figure 6. Sequence of development of the early brain tracts. Camera lucida drawings of brain axons in embryonic brains labeled with acetylated 
tubulin antibody. A, 17 hr. Numerals 1, 2, and 3 denote the telencephalic neurons, postoptic neurons, and neurons of the nut MLF, respectively. 
Eye is denoted by dashes. B, 20 hr. The mesencephalic ventricle is denoted by shorter dashes; bracket denotes parallel bundles of the TPOC. C, 
22 hr. The number 4 denotes the nut PC, open arrow denotes posterior commissure neurons of the lateral cluster in the anterior tegmentum; bracket 
denotes tegmental commissure neurons. D. 28 hr. Eyes were dissected after labeling. Telencephalic neurons have not been drawn in the hatched 
region; arrows, early tectal neurons; bracket, cerebellar neurons. Scale (in D) for all panels, 100 pm. 

conspicuous tract which runs along the medial floor of the brain 
from the anterior tegmentum through the hindbrain and even- 
tually into the spinal cord (Kimmel et al., 1982). 

The dorsoventral diencephalic tract originates from a small 
nucleus of neurons found near the dorsal midline of the dien- 
cephalon (Fig. 1 C). At present, it is unclear whether these neu- 
rons are located in the lateral wall of the epiphysis or are in the 
diencephalon lateral to the epiphysis. This tract runs to the 
TPOC in the ventral diencephalon. The posterior commissure 
crosses the dorsal midline between the epiphysis and the anterior 
border of the tectum and runs ventrally to the floor of the an- 
terior tegmentum, where it runs into the TPOC and MLF. The 
ventral tegmental commissure is found in the floor of the an- 
terior tegmentum. In this portion of the anterior tegmentum, 4 
different tracts (TPOC, posterior commissure, MLF, and ventral 
commissure) converge. Semi-thin parasagittal sections of 28 hr 
brains labeled with the antibody clearly show the convergence 
of the TPOC, posterior commissure, and the MLF in the anterior 
tegmentum (Fig. 4). 

Essentially the same pattern of tracts labeled by the acetylated 
tubulin antibody was also labeled by large applications of diI 
to different regions of the brain in 28 hr embryos. Application 
of di1 to the ventral diencephalon (n = 20) labeled axons in the 
TPOC, postoptic commissure, telencephalic tract, anterior com- 
missure, and the diencephalic dorsoventral tract (Fig. 54). Ap- 
plications to the dorsal midline anterior to the tectum (n = 18) 
labeled axons in the posterior commissure and TPOC (Fig. 5B). 
Finally, di1 applied to the posterior tegmentum/anterior hind- 
brain (n = 24) labeled axons in the TPOC, MLF, posterior 
commissure, and telencephalic tract (Fig. 5C). 

Sequence of development of the early brain tracts 
The development of the early tracts was followed by application 
of the acetylated tubulin antibody. Neurons undergoing axono- 
genesis can be readily traced from axons back to the cell bodies 
in the early brain since there are very few neurons projecting 
axons in the early stages (see below). The first axons are evident 
in the brain at 17 hr of development (n = 23; Fig. 6A). These 
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Figure 7. Sequence of development of the early brain commissures. Camera lucida drawings of embryonic axons labeled with acetylated tubulin 
antibody seen from a dorsal perspective. A, 20 hr. Dorsal somata are filled in black; ventral somata are outlined; anterior, left. B, 24 hr. Hatched 
region contained telencephalic neurons which were not drawn; brackets denote somata at tegmental commissure cells. Scale (in B) for A and B, 
50 urn. 

axons pioneer the TPOC, MLF, and the telencephalic tract. At 
the same time, neurons in the nasal placode have projected 
axons to the olfactory region of the telencephalon to establish 
the olfactory nerve (data not shown). At 20 hr (n = 30) the 
dorsoventral diencephalic tract develops (Figs. 6B, 7A). At 22- 
24 hr (n = 53) the anterior, postoptic, posterior, and ventral 
tegmental commissures have formed (Figs. 6C, 7B). By 28 hr 
(n = 27) tectal and cerebellar neurons have projected axons 
(Fig. 60). As the brain develops the rostral-most end curves 
ventrally and backward so that the optic stalk and the adjacent 
anterior and postoptic commissures are found in a more pos- 
terior position than at earlier stages (Fig. 3). The following de- 
scription of the development of specific brain tracts was based 
on the antibody preparations referred to above. 

Development of the TPOC and MLF 

The TPOC is established by a group of approximately 8 neurons 
which are found in the anterior diencephalon ventral to the 
telencephalon at 17 hr of development (Fig. 6A). These postoptic 
neurons project axons which extend in a caudal direction along 
the outer surface of the ventral diencephalon towards the nu- 
cleus of the MLF (nut MLF) in the anterior tegmentum. At the 
same time, approximately 6 neurons in the nut MLF project 
axons in a caudal direction to pioneer the anterior-most section 
of the MLF. By 20 hr of development, some of the TPOC axons 
have reached the anterior tegmentum (Figs. 6B, 7A). In the 
anterior diencephalon, the TPOC is a single tract but caudally 
the axons of the TPOC diverge and tend to grow in distinct 
parallel bundles. In 23 hr embryos, the ventral bundles can be 
seen to project into the MLF and the more dorsal bundles extend 
in the dorsolateral tegmentum (Fig. 8A). That TPOC neurons 
project axons into the longitudinal tracts in the tegmentum was 
confirmed by intracellular LY injections (n = 3 cells; Fig. 8B) 
and di1 backfills from the posterior tegmentum/anterior hind- 

brain (Fig. 5C) in 26-28 hr embryos. At 28 hr, the anterior 
portion of the TPOC is a thick bundle of axons. By this time 
several neurons in the anterior tectum have axons which run 
ventrally to the tegmentum and turn posteriorly into the TPOC, 
and cerebellar neurons located along the anterior border of the 
cerebellum have axons which run ventrally to join the longi- 
tudinal tracts in the hindbrain (Fig. 60). Sometimes tectal axons 
can be seen to join the dorsal TPOC bundles as early as 23 hr 
(Fig. 8A). In the hindbrain, the dorsal TPOC bundles merge 
into the DLF (data not shown). 

Development of the telencephalic tract 

Approximately 8-l 0 neurons located in the telencephalon pro- 
ject axons which establish the telencephalic tract at 17 hr (Fig. 
6A). The telencephalic axons extend along the outer surface of 
the telencephalon towards the ventral diencephalon to join the 
axons of the TPOC by 20 hr (Fig. 6B). As development pro- 
gresses, additional axons are added to the telencephalic tract so 
that by 28 hr it is a very thick tract (Fig. 6, C, D). The telen- 
cephalic tract appears to be a major pathway connecting the 
telencephalon and the diencephalon and, therefore, may cor- 
respond to the lateral and medial forebrain bundles (Kuhlen- 
beck, 1977). 

Development of the dorsoventral diencephalic tract 

The dorsoventral diencephalic tract is pioneered by l-2 neurons 
in the dorsal diencephalon by 20 hr and as early as 18 hr (Fig. 
6B). These neurons project axons toward the TPOC in the ven- 
tral diencephalon. By 22-24 hr the dorsoventral diencephalic 
axons have reached the TPOC posterior to the telencephalic 
tract (Fig. 6C). These axons traverse approximately 100 km 
along a pathway which is presumably devoid of any preexisting 
axons from the dorsal diencephalon to the TPOC. Unlike the 
other early tracts, the dorsoventral diencephalic tract remains 
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Figure 8. Parallel bundles of the TPOC and the MLF in the posterior diencephalon and anterior tegmentum. A, Micrograph of ventral TPOC 
bundle (open arrow) running into the MLF (closed arrow) and dorsal TPOC bundles (arrowheads) extending into the dorsolateral tegmentum of 23 
hr embryo labeled with acetylated tubulin antibody. Closed triangle, posterior commissure; open triangle, early tectal axon. Scale bar, 20 pm. B, 
Drawing of LY-filled TPOC neuron in a 28 hr embryo. E, eye; T, tectum: C, cerebellum. Scale bar, 40 pm. 

a thin bundle of axons up to 28 hr (Figs. lC, 60). This tract is 
distinct from the habenular commissure. The habenular com- 
missure develops later and is found just rostra1 to the epiphysis 
and the dorsoventral diencephalic tract in the 48 hr embryo 
(data not shown). On rare occasions, the axons in this tract 
separate from each other before reaching the TPOC (Fig. 60). 
In such cases, all the axons eventually reach the TPOC, with 
some axons having trajectories which suggest they had made 
course corrections to reach the TPOC. 

Development of the commissures 
The posterior, anterior, postoptic, and ventral tegmental com- 
missures develop between 20 and 22-24 hr (Figs. 6C, 7B). The 
posterior commissure contains the axons of neurons in the an- 
terior tegmentum (see next section) and the nucleus of the pos- 
terior commissure (nut PC). The nut PC is found in a dorso- 
lateral position between the epiphysis and the anterior border 
of the nascent tectum and at these early stages contains ap- 
proximately 2-3 neurons. These neurons have axons which 
course ventrally toward the anterior tegmentum. 

The anterior and postoptic commissures form and connect 
the anterior regions of the telencephalon and the TPOCs on the 
2 sides of the brain, respectively. Although the origin of the 
postoptic commissural axons is unclear, it is likely that some 
of the neurons in the anterior portion of the ventral diencepha- 
lon with TPOC axons project commissural axons as well since 
some of them are bipolar (data not shown). The ventral teg- 
mental commissure runs from one side of the tegmentum to the 
other and is established by approximately 8 cells in the dor- 
solateral tegmentum. 

Identification of neurons with posterior commissure axons 
Discrete application of di1 to the posterior commissure in 27- 
28 hr embryos (n = 2 1) revealed that the posterior commissure 
consists of axons from 2 nuclei in addition to the dorsolaterally 
located nut PC: a lateral cluster of up to 12 anterior tegmental 
cells found medial to the eye and dorsal to the TPOC, and a 

ventral cluster of up to 12 anterior tegmental neurons found 
just anterior to the nut MLF (Fig. 9). Examination of the back- 
labeled cells from a di1 application lateral to the dorsal midline 
(n = 5) showed that the ventral tegmental clusters of neurons 
have axons which course dorsally along the posterior commis- 
sure and cross the dorsal midline to the contralateral side (Fig. 
10). Intracellular injections of LY into individual ventral teg- 
mental cells (n = 2) confirmed that they project a single axon 
which travels dorsally into the posterior commissure and ter- 
minates in a lateral position on the other side (Fig. 10). In the 
5 cases where tegmental cells contralateral to the di1 injection 
site were examined, only the ventral cluster was labeled. This 
may be due to capriciousness of the labeling method or sepa- 
ration of axons from the lateral and ventral clusters near the 
application site, or it may indicate that the lateral cluster neurons 
do not cross the dorsal midline. DiI injections into the posterior 
commissure also labeled axons which extended anteriorly from 
the anterior tegmentum (Figs. 9, 10). At present the origin of 
these axons is unknown. 

Pathjinding by nut PC growth cones 
Intracellular LY injection of individual cells (n = 3 1) in the nut 
PC at various stages (20-28 hr) of development with LY dem- 
onstrated that nut PC cells project a single growth cone which 
follows a stereotyped pathway (Fig. 11). At 20 hr, nut PC neu- 
rons have projected growth cones approximately 20 Mm ventral 
to the nut PC. By 23-24 hr, the ventrally directed growth cones 
have reached the anterior tegmentum. At this time, these growth 
cones have a complex morphology with numerous filopodia. 
DIC observation of the site of these growth cones showed that 
they are within the anterior tegmental clusters of neurons (see 
below) where the TPOC bundles, MLF, and the ventral teg- 
mental commissure meet (data not shown). Despite the presence 
of several pathways at this site, the growth cones turn posteriorly 
and extend to the posterior region of the tegmentum and even- 
tually into the hindbrain. DiI back-labeling of nut PC neurons 
demonstrated that their axons are found in close association 
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Figure 9. Identification of the lateral and ventral tegmental cluster of neurons which project axons into the posterior commissure in a 28 hr 
embryo by diI labeling. A, Combined transillumination and epifluorescence photograph. Asterisk, site of diI injection which appears much larger 
than it is due to the haloing of the site, which is out of focus. B, Drawing of diI-labeled neurons from A. L, lateral tegmental cluster; V, ventral 
tegmental cluster; arrowheads, growth cones of neurons with axons in the posterior commissure; dotted region, di1 injection site. Scale bar (in B) 
for A and B, 40 pm. C, Fluorescence micrograph of the lateral tegmental cluster (closed triangle). Asterisk, ventral tegmental cluster out of focus; 
arrow, growth cone. D, Pluorescence micrograph of the ventral tegmental cluster (open triangle). Scale bar (in D) for C and D, 20 pm. 

Figure 10. Posterior commissure 
neurons ofthe ventral tegmental cluster 
have a single axon in the posterior com- 
missure. Drawings of dye-filled lateral A 
and ventral cluster tegmental cells with 
posterior commissural axons. A, LY- 
filled ventral cluster neuron from a 28 
hr embryo. Contralateral eye is outlined 
in dashes; axon on the contralateral side 
is dashed. B, DiI-labeled neurons in a 
28 hr embryo. Site of injection is de- 
noted by dashed oval. Neurons of the 
ventral tegmental cluster contralateral 
to injection site are filled in; somata of 
the lateral and ventral clusters ipsilat- 
era1 to injection site are outlined, ipsi- 
lateral axons are dashed. Scale bar, 50 ,.’ - 

.a 
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Figure Il. Nut PC neurons project a single growth cone which follows a stereotyped, cell specific pathway. A, Micrograph of a photooxidized, 
LY-filled nut PC neuron with a single, ventrally directed growth cone from a 20 hr embryo. Arrow, growth cone. B, Fluorescence micrograph of a 
LY-filled nut PC neuron with its growth cone in the anterior tegmentum where the posterior commissure, TPOC, ventral @mental commissure, 
and MLF intersect from a 23-24 hr embryo. Asterisk, out-of-focus cell body of nut PC neuron. Scale bar (in B) for A and B, 20 pm. C, Fluorescence 
micrograph of 2 nut PC growth cones (filIed and open arrows) from 2 nut PC cells extending in close association with each other in a 26 hr embryo. 
Asterisk, location of the 2 nut PC cell bodies. D, Fluorescence micrograph from a 28 hr embryo showing a nut PC cell with a growth cone extending 
dorsally at the posterior boundary of the midbrain and a growth cone extending posteriorly. Arrows, growth cones of filled cell. Scale bar (in D) 
for C and D, 20 pm. E, Schematic diagram showing the approximate locations of the growth cones shown in A-D. 
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Figure It. Longitudinal axons of nut PC neurons are located in a dorsal bundle of the TPOC in the dorsolateral tegmentum. A, Camera lucida 
drawing of the axons in the MLF and TPOC back-labeled by an application of diI into the posterior tegmentum/anterior hindbrain (asterisk). The 
nut PC (open arrow) longitudinal axon can be seen to intermingle with an axon in a dorsal bundle of the TPOC. Scale bar, 25 Mm. In all panels, 
diI labeling was followed by photooxidation in 28 hr embryos. B, Micrograph of a nut PC neuron (closed arrow) back-filled by application of diI 
to the dorsolateral hindbrain (asterisk). This application also labeled the DLF (open arrow) and the trigeminal ganglion cells (Q, which are out of 
the focal plane and project into the DLF. The dark cells in the lower right are melanophores. C, Micrograph of the nut MLF (arrow) labeled by a 
ventromedial application of di1 into the hindbrain (asterisk). Scale bar (in c) for B and C, 50 pm. 

with each other (n = 3; data not shown). In 4 of 5 cases, intra- 
cellular fills of pairs of nut PC neurons showed that this likely 
occurs because the growth cones of nut PC neurons extend in 
close association with the axons of other nut PC neurons (Fig. 
llc). 

Labeling axons with the acetylated tubulin antibody indicated 
that the longitudinal axons of the nut PC cells follow preexisting 
longitudinal tracts (Fig. 8). The identity of the longitudinal tracts 
(dorsal bundles of the TPOC or the MLF) was determined by 
di1 labeling of the TPOC and the MLF in 28 hr embryos (n = 
4). In these embryos, the nut PC axons were found extending 

longitudinally in a dorsal bundle of the TPOC (Fig. 12A). In 
concordance with this, di1 application to the dorsolateral hind- 
brain, the location of the dorsal bundles of the TPOC, labeled 
TPOC neurons in the diencephalon and nut PC neurons (n = 
13). Figure 12B shows a case in which a single nut PC neuron 
and the DLF and trigeminal ganglion neurons which project 
into the DLF (Kimmel et al., 1985) were labeled. This was 
expected since the dorsal bundles of the TPOC merge into the 
DLF in the hindbrain. Finally, ventromedial applications of di1 
into the hindbrain labeled the nut MLF but not the nut PC 
neurons (n = 11; Fig. 12C). 
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Figure’13. Nut MLF and ventral teg- 
mental commissural neurons have ax- 
ons with stereotyped trajectories. 
Drawings of LY-fill& brain neurons. A, 
Side view of a nut MLF neuron in a 28 
hr embryo. Arrow indicates that the axon 
extends beyond the drawing. 0, oto- 
cyst. B, Ventral view of an anterior teg- 
mental neuron with growth cone cross- 
ing the ventral midline in the tegmental 
commissure in a 26 hr embryo. Open 
arrow, ventral midline; anterior is left. 
Scale bar (in B) for A and B, 50 pm. 

Anterior tegmental neurons 

The anterior tegmentum contains 4 groups of neurons at ap- 
proximately 26-28 hr of development. Each group of neurons 
appears to have axons with cell-specific trajectories. The lateral 
and ventral tegmental clusters of neurons have axons in the pos- 
terior commissure as described above. Another set of neurons 
constitute the nut MLF which projects axons posteriorly into the 
MLF (see above). Intracellular injections of these neurons (n = 
4) with LY further showed that at least some nut MLF neurons 
have only a single axon at 28 hr (Fig. 13A). Intracellular LY 
fills of a fourth group of anterior tegmental neurons (n = 5) 
demonstrated that they only have axons which extend toward 
the ventral midline and cross to the other side of the tegmentum 
in the ventral tegmental commissure (Fig. 13B). It is not clear 
whether the distribution of these 3 groups of neurons overlaps. 
However, in acetylated tubulin-labeled embryos where it was 
possible to trace axons back to their cell bodies, the tegmental 
neurons with posterior commissure axons were among the most 
anterior cells in the tegmentum. Those with ventral tegmental 
commissure axons were the most dorsolateral and the nut MLF 
neurons were the most medial and posterior. 

Discussion 
Organization of the axonal pathways in the brain of vertebrate 
embryos 
The embryonic brain of zebrafish consists of a simple and ste- 
reotyped set of axonal tracts which are initially established by 
a relatively small number of neurons. We identified the early 
brain tracts by application of the acetylated tubulin antibody 
and by making large applications of di1 to various regions of 
the embryonic brain. Essentially the same pattern of tracts was 
seen in the embryonic zebrafish brain by back-filing neurons 
with HRP (Wilson et al., 1990). 

The conclusion that the acetylated tubulin antibody probably 
labels all the early tracts in the zebrafish embryo is based on 
several observations. First, all the axonal tracts seen in EM 
sections of the embryonic brain corresponded to the tracts la- 
beled by the antibody in semi-thin sections similar to the EM 
sections. The EM sections also demonstrated that these early 
axonal profiles contained microtubules and cu-tubulin has been 
shown to be acetylated in the polymeric form and deacetylated 
upon depolymerization (Black et al., 1989). Second, large ap- 
plications of diI into various regions of the brain labeled the 
same pattern of tracts labeled by the antibody. Third, the same 

pattern of early tracts has been revealed by back-filling neurons 
with HRP in the zebrafish embryo (Wilson et al., 1990). Fourth, 
the acetylated tubulin antibody labeled all the neuronal cell types 
which had been identified by axonal tracer dyes and intracellular 
dye injections in the spinal cords of embryonic zebrafish (Bem- 
hardt et al., unpublished observations; Kuwada et al., 1990). 
Fifth, previous investigations using silver staining techniques 
to label axons in the embryonic amphibian revealed a similar 
set of early brain tracts (see below). Sixth, in the nematode the 
antibody heavily labels a subset of neurons but apparently lightly 
labels all other axons (Siddiqui et al., 1989). 

Our results generally confirm and extend the observations of 
Coghill (1926, 1930) and Herrick (1937, 1938) who studied the 
pattern of axonogenesis in embryonic amphibian brains. These 
investigators found that the earliest axonal tracts were found in 
the ventral diencephalon, anterior tegmentum, and specific re- 
gions of the telencephalon. This corresponds to the earliest tracts 
in the zebrafish embryonic brain. 

The early tracts in the CNS are organized into a simple set 
of longitudinal tracts connected by commissures in many dif- 
ferent animals, including nematodes, insects, amphibians, and 
fish (Herrick, 1937,1938; Albertson and Thomson, 1976; White 
et al., 1976; Thomas et al., 1984). The highly complex pattern 
of tracts found in the mature CNS emerge from the initial, 
simple pattern of tracts as more neurons differentiate and ad- 
ditional tracts are formed. The commonality ofthe initial frame- 
work of tracts may indicate that different animals share similar 
strategies for the formation of tracts. For example, in the insect 
CNS the early pattern of discrete commissural and longitudinal 
tracts is transformed into one in which all tracts are contiguous 
and collected into 2 commissures and a bilateral pair of longi- 
tudinal connectives (Bastiani et al., 1984). This occurs both by 
the establishment of new tracts among the already established 
tracts and the addition of axons to preexisting tracts, The po- 
sition of each tract is not correlated with time of formation of 
the tract. Likewise, in the spinal cord of zebrafish embryos there 
is an initial set of discrete fascicles (Kuwada et al., 1990). The 
contiguous marginal zone forms as a result of addition of new 
axons to the early fascicles and by the extension of longitudinal 
axons in between the early fascicles. In neither case is the mature 
pattern of tracts established predominantly by new tracts fol- 
lowing earlier tracts nor by a spatiotemporal mechanism. A 
similar pattern of tract formation may also occur in the zebrafish 
brain. In the tegmentum, several discrete bundles of longitudinal 
axons are evident by 28 hr of development. However, in adult 
teleosts the ventral margin of the tegmentum is a continous zone 
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of axons (Ariens Kappers et al., 1936; Nieuwenhuys and Pou- 
wels, 1983). 

Pathfinding in the embryonic vertebrate brain 

Acetylated tubulin labeling of the earliest stages of axonogenesis 
in the zebrafish brain indicated that many neurons project axons 
in a defined direction appropriate for cell clusters. Although we 
cannot rule out the possibility that in some cases aberrant axons 
with unacetylated microtubules may have been missed, this is 
unlikely for at least one cluster of neurons, the nut PC cells. 
Intracellular LY fills of nut PC cells at various stages of axono- 
genesis demonstrated that they project a single growth cone 
which navigates through the brain by following a stereotyped 
and precise pathway. Furthermore, nut PC neurons do not ex- 
tend exuberant axons by bifurcating at sites where several tracts 
intersect. This is similar to pathfinding by spinal neurons in fish 
embryos (Eisen et al., 1986; Kuwada, 1986; Kuwada et al., 
1990, unpublished observations). No early brain or spinal neu- 
ron in the fish embryos so far analyzed, projects exuberant axons 
which are eliminated at a later stage during embryogenesis, as 
do numerous neurons in the mammalian CNS (Cowan et al., 
1984). However, only the earliest neurons in the zebrafish brain 
and spinal cord have been studied and, in most cases, only 
through embryogenesis. Therefore, it is possible that the early 
differentiating neurons may project exuberant axons following 
embryogenesis and/or that later-developing neurons may pro- 
ject exuberant axons. 

Intracellular LY injections and di1 backfills demonstrate that 
many of the early brain neurons of zebrafish embryos have 
stereotyped axonal trajectories and suggest that they are estab- 
lished by growth cones following specific pathways. This was 
confirmed for the growth cones of the nut PC neurons. The 
stereotyped pathways of growth cones from neurons in the ver- 
tebrate brain and spinal cord (Eisen et al., 1986; Kuwada, 1986; 
Landmesser, 1988; Kuwada et al., unpublished observations) 
may indicate that, like growth cones in the insect CNS (Good- 
man et al., 1984) some vertebrate growth cones selectively choose 
their pathways at sites where several pathways intersect. Nut 
PC growth cones extend ventrally to the region of the anterior 
tegmentum where the posterior commissure, TPOC, MLF, and 
ventral tegmental commissure meet. Since there are axons which 
traverse this intersection from a number of different directions 
by this time, the nut PC growth cones could, in principle, turn 
anteriorly or posteriorly into the TPOC, posteriorly into the 
MLF, or toward the ventral midline in the ventral tegmental 
commissure. Yet the growth cones from the nut PC always turn 
posteriorly into the TPOC. Additionally, in the anterior teg- 
mentum there are 4 groups of neurons which have axons in 
only 1 of the 4 pathways which converge at this intersection: 
the lateral and ventral clusters of posterior commissure neurons 
have axons which run dorsally in the posterior commissure, the 
ventral commissural neurons have axons which cross the mid- 
line in the ventral commissure, and the neurons in the nut MLF 
have caudally running axons in the MLF. This suggests the 
hypothesis that the growth cones of these neurons choose their 
pathways at this intersection in the embryonic zebrafish brain. 
Verification of pathway selection by identified growth cones 
awaits electron microscopy of these growth cones at this inter- 
section to see if growth cones have access to the inappropriate 
as well as appropriate pathways. Analysis of mechanisms of 
pathway selection await manipulation of the embryonic path- 
ways these growth cones normally encounter. 
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