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We have examined early neuronal differentiation and ax- 
onogenesis in the fore- and midbrain of zebrafish embryos 
to address general issues of early vertebrate brain devel- 
opment. AChE expression and HNK-1 antibody immuno- 
reactivity were used as markers for differentiated neurons 
and axons, respectively. 

The pattern of neuronal differentiation followed a stereo- 
typed sequence. AChE-positive cells first appeared between 
14 and 16 hr in three small, isolated, bilaterally symmetrical 
clusters on the surface of the brain. The three clusters-the 
dorsorostral, ventrorostral, and ventrocaudal clusters- 
proved to be the progenitors of the telencephalon, ventral 
diencephalon, and mesencephalic tegmentum, respective- 
ly. With further development, more cells were added to these 
three clusters, and new clusters appeared in the anlage of 
the epiphysis (16 hr) and in the pituitary and dorsal mes- 
encephalon (by 24 hr). Subsequently, as more neurons dif- 
ferentiated, the gaps of unlabeled cells were reduced; by 46 
hr, the cluster boundaries were indistinguishable. 

Axonogenesis also followed a stereotyped sequence. The 
first HNK-l-labeled processes arose from the first three 
clusters of AChE-positive cells and connected the clusters. 
The earliest axonal growth cones appeared at 16 hr, directed 
caudally from two to three neurons of the ventrocaudal clus- 
ter and pioneering the ventral longitudinal tract. By 16 hr, 
the tract of the postoptic commissure was initiated by growth 
cones directed caudally from the ventrorostral cluster to- 
ward the ventrocaudal cluster. By 20 hr, axons from the dor- 
sorostral cluster projected ventrally to form the supraoptic 
tract. The other dorsoventral tracts (the dorsoventral dien- 
cephalic tract and the tract of the posterior commissure) 
became evident between 20 and 24 hr. 

These observations provide a continuous record of the 
topological distortions involved in the conversion of the tu- 
bular embryonic brain into the contorted adult form. The 
telencephalon, ventral diencephalon, and hypothalamus 
originate from the same rostrocaudal level of the neural tube. 
The pattern of differentiation demonstrated that the early 
development of the rostra1 neural tube occurs simultaneous- 
ly in several independent centers, similar to the overtly seg- 
mental development of the hindbrain. 
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A hallmark of the vertebrate brain is the complex yet precise 
set of interconnections between neurons; understanding the de- 
velopmental basis of this complex circuitry has been a challenge 
to embryologists for decades. Most contemporary studies, such 
as those of the retinotectal pathway, have examined relatively 
late phases of ontogeny, long after early circuits have been es- 
tablished by the early outgrowth of pioneer fibers (Easter and 
Taylor, 1989). The development of the earliest tracts used to 
be a major concern of developmental neurobiologists, especially 
Coghill (19 13, 1929), Tello (1923), Windle (1932) and Henick 
(1938). However, the techniques available to them were limited, 
and eventually the publications regarding early brain develop- 
ment diminished. More recently, other techniques have become 
available, including electron microscopy, tract-tracing methods, 
and immunocytochemistry; these improved techniques promise 
to reveal information that the older methods could not. In fact, 
these improved methods have been exploited to great effect, 
initially in the invertebrates (e.g., Bate, 1976; Goodman et al., 
1982; Bentley and Caudy, 1983) and more recently in the ver- 
tebrates (Kimmel et al., 1982; Roberts and Clarke, 1982; Ja- 
cobson and Huang, 1985; Stallcup et al., 1985; Kuwada, 1986; 
Puelles et al., 1987a,b; Eagleson and Harris, 1990). 

While most of the vertebrate work has concentrated on the 
hindbrain and spinal cord, we have recently turned our attention 
to portions of the rostra1 neural tube that give rise to the fore- 
and midbrain. We have found that this region of the embryonic 
brain of the zebrafish is reasonably simple by 24 hr of devel- 
opment; the axonal tracts are confined to a simple scaffold of 
five bilaterally symmetrical tracts and four commissures (Chit- 
nis and Kuwada, 1990; Wilson et al., 1990). 

Here, we examine the origin of the axonal scaffold by tracing 
the development of the first neurons and their axonal tracts. We 
have used two anatomical markers for differentiated neurons: 
AChE activity and HNK- 1 immunoreactivity. The spatiotem- 
poral expression of AChE has been used as an indicator of 
development in several vertebrates (chick: Layer, 1983; Layer 
and Spoms, 1987; Puelles et al., 1987a; Layer et al., 1988; 
Weikert et al., 1990; frog: Moody and Stein, 1988; zebrafish: 
Hanneman et al., 1988; Hanneman and Westerfield, 1989; Wil- 
son et al., 1990). Newly generated neurons migrate from the 
periventricular matrix zone out to the mantle layer where they 
begin to differentiate (Fujita, 1962, 1964), and transiently ex- 
press AChE (Miki et al., 198 la,b; Miki and Mizoguti, 1982; 
Layer, 1983; Mizoguti and Miki, 1985). This early embryonic 
expression of AChE is probably not linked to neurotransmitter 
catabolism, but it may be important to the early morphogenesis 
of the nervous system, because in Drosophila, a mutant for 
AChE shows abnormal neuronal development (Greenspan et 
al., 1980; Hall et al., 1980). The HNK-1 antibody labels an 
epitope that is found on a variety of cell adhesion molecules 
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12 hr 

Figure 1. Lateral views (camera lucida drawings) of brains (upper) and embryos (lower) of the ages discussed in this article. The optic recess (or) 
and otocyst (ot) are indicated as landmarks. bfm, boundary between fore- and midbrains; bmh, boundary between mid- and hindbrains; cb, 
cerebellum; dc, diencephalon; ep, epiphysis; ey, eye; hy, hypothalamus; op, olfactory placode; 1, tectum; tc, telencephalon; vf ;  ventral flexure. Scale 
bars, 50 pm. 

(Kruse et al., 1984), and this immunoreactivity has proven use- 
ful in visualizing early axons (Nordlander, 1989; Metcalfe et al., 
1990; Wilson et al., 1990). 

The description of early tract formation not only provides 
information previously unavailable, but enables us to address 
two fundamental issues in the development of the vertebrate 
CNS: the topology underlying the transformation of the rostra1 
neural tube into the brain and the segmentation of the rostra1 
neural tube. 

The early neural tube in vertebrates is quite cylindrical, but 
as it develops, its rostra1 aspect becomes so distorted that the 
original rostrocaudal axis is not evident. Others have used a 
variety of methods to identify this axis (Puelles et al., 1987b, 
and publications cited therein). Here, we use markers for dif- 
ferentiated neurons and axons to identify the earliest ones in 
the -astral neural tube. As these axons and their cells of origin 
are %lowed during the subsequent brain flexures and distor- 
tions, it is possible to specify the direction of distortion and 
thus identify the original rostrocaudal axis. We show that the 
rostrocaudal axis parallels the tract of the postoptic commissure. 
These same observations are the basis for identifying the pre- 
cursors of the major subdivisions of the fore- and midbrain. 

Segmentation of the vertebrate CNS was s!atematically stud- 
ied until the early 195Os, but was then largely ignored for thirty 
years until interest was revived by more modem approaches 
(reviewed by Keynes and Lumsden, 1990). In the zebrafish, 
Metcalfe et al. (1986) noted segmental homologies between re- 
ticulospinal neurons identified by retrograde transport of horse- 
radish peroxidase. Eisen et al. (1986) used fluorescent cell mark- 
ers to describe three identified primary motor neurons per spinal 
cord segment. Hanneman et al. (1988) described clusters of cells 
in the hindbrain and spinal cord that co-labeled with AChE 
reaction product and a neuron-specific antibody. Lumsden and 
Keynes (1989) found a periodic pattern in the chick hindbrain 
and noted that a ventral commissure always separated adjacent 
neuromeres; this was confirmed in zebrafish by Trevarrow et 
al. (1990). Recent molecular biological evidence (Wilkinson et 
al., 1989) supports the idea of intrinsic segmentation in the 
hindbrain of mammals, as well, so the consensus in favor of 

hindbrain segmentation is strong. However, the case for seg- 
mentation in rostra1 parts of the brain is much weaker. Earlier 
workers (e.g., Bergquist, 1952) had described “neuromeres” there, 
but these descriptions lacked the elegant simplicity of the hind- 
brain and spinal cord segments, at least partly because the brains 
described by Bergquist and his contemporaries were so non- 
tubular. Wilson et al. (1990) used AChE histochemistry to eval- 
uate possible segmentation in the fore- and midbrains of 24 hr 
zebrafish embryos, but the complexity of the brain at 24 hr may 
have obscured the possible subdivisions. In this article, we pre- 
sent evidence for these subdivisions. 

Materials and Methods 
Zebrafish embryos were obtained from daily spawnings of a colony in 
our laboratory. Embryos at the four or eight cell stage were grouped 
into separate Petri dishes and placed in an incubator at 28.5”C. Time 
of fertilization was taken as 53 min (four cells) or 71 min (eight cells) 
prior to staging (Kimmel and Law, 1985); this estimate of age is accurate 
to within 18 min. Ages of embryos are expressed as hours postfertili- 
zation. 

Tissue preparation 
Dechorionated embryos were anesthetized in a 0.03% aqueous solution 
of 3-aminobenzoic acid ethyl ester (Sigma), rinsed in 0.1 M maleate 
buffer (for AChE histochemistry) or 0.1 M phosphate buffer (for all other 
procedures), and fixed by immersion in PIPES-buffered formalin (3.7% 
formalin, 0.1 M PIPES disodium salt, pH 6.95, with 2 mM EGTA and 
1 mM MgSO,; Sigma) for 4 hr at room temperature. Embryos to be 
whole-mounted were pinned out in a Sylgard dish, and the yolk sac, 
the eyes, and the skin overlying the head were removed with sharpened 
tungsten needles and forceps. 

AChE histochemistry 
Whole-mounts. To provide a three-dimensional view of the distribution 
of AChE-positive cells, we reacted whole embryos using a slightly mod- 
ified version of the procedure of Kamovsky and Roots (1964) (n = 186). 
Dissected embryos were presoaked for 30 min in filtered 0.1 M maleate 
buffer (pH 6.0) with 5 mM sodium citrate, 3 mM copper sulfate, and 0.5 
mg/ml substrate (acetylthiocholine iodide). Potassium ferricyanide (fi- 
nal concentration, 0.5 mM) was then added, and the embryos were 
reacted at room temperature for 2 hr. Younger embryos required longer 
incubation times to produce adequate contrast. In some cases the stain- 
ing was intensified by immersion in a 0.8% solution ofdiaminobenzidine 
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Figure 2. Transverse sections of AChE-reacted 24 hr brains. Dorsal is up. All labeled cells are quite superficial (arrowheads). A, ~tdoned b&are 
reacted, and not counterstained. B, Reacted first as a whole-mount, then sectioned and counterstained. e, eye; op, olfactory placode; v, ventricle. 

(DAB) for 5-10 min. Embryos were rinsed in 0.1 M maleate buffer, 
dehydrated, cleared in xylene, and mounted in DPX between two cov- 
erslips. 

Controls. One potential problem with using whole-mount prepara- 
tions is the inadequate penetration of substrates through the tissue. To 
address this problem, some embryos were sectioned before histochem- 
ical reaction (n = 35). Embryos were fixed in PIPES-buffered formalin, 
rinsed in 0.3 M sucrose in 0.1 M maleate buffer, embedded in Tissue 
Tek, and frozen by immersion in liquid nitrogen. Sections, 10 or 20 pm 
thick, were cut on a cryostat, collected on 0.1% gelatin-coated slides, 
and air dried. The slides were placed into freshly prepared incubation 
solution for a period of 45 min to 2 hr at room temperature, after which 
they were rinsed in 0.1 M maleate buffer, dehydrated, cleared in xylene, 
and coverslipped in DPX. No differences in either the intensity of the 
reaction product or the position of the labeled cells were noted (see 
below for more details; see also Fig. 2). 

Three control procedures were used to exclude the possibility that the 
observed staining patterns were due to nonspecific esterase activity. 
Embryos of 24 and 48 hr, both whole-mounted and sectioned, were 
included in all groups. One group (n = 9) was reacted in the absence of 
the substrate, acetylthiocholine iodide, to control for nonspecific stain- 
ing. In a second group (n = 9), the enzymatic activity of AChE was 
destroyed by heating the fixed embryos to 65°C for 25 mitt prior to 
reaction. A third group (n = 14) was reacted in the presence of eserine 
(1 O-4 M solution of eserine salicylate; Sigma), a specific blocker of AChE 
activity. All three procedures produced no reaction product within the 
2 hr of normal incubation. 

HNK-1 immunocytochemistry 
Some embryos were singly labeled with HNK- 1 antibody, according to 
the procedure in Wilson et al. (1990) (n = 163). Selected whole-mounts 
were embedded in glycomethacrylate and sectioned transversely at 5 
pm (n = 4). 

Other embryos (n = 46) were used in a double-labeling procedure. 
Embryos were first fixed, dissected, and reacted for AChE as above. 
They were then washed in several changes of 0.4% Triton X- 100 in 0.1 
M phosphate buffer over a period of 6 hr, presoaked in a blocking solution 
of phosphate-buffered 3% goat serum containing 0.4% Triton X-100 
for 3 hr, and then incubated overnight in the monoclonal HNK-1 an- 
tibody (generously provided by Dr. C. Stem, University ofoxford, UK). 
After six rinses in 0.1 M phosphate buffer over 2 hr, the embryos were 
incubated overnight in goat anti-mouse IgM conjugated to fluorescein 
isothiocyanate, rinsed in 0.1 M phosphate buffer, and then viewed in a 
fluorescence microscope. 

To examine the specificity of antibody staining, control embryos were 
incubated without primary antibody and then processed identically to 
the experimentals (n = 32). The control embryos were unstained. 

Quantitative measurement 
AChE-labeled cells were counted and measured with a calibrated eye- 
piece micrometer in whole-mounts viewed with differential interference 
contrast optics (n = 37). Labeled cells within specific brain regions were 
counted on both sides of the brain, with each side of the brain consti- 
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Figure 3. Lateral view of ventrocau- 
da1 cluster in an 18 hr brain, demon- 
strating that most labeled cells are dou- 
bly labeled (examples shown by 
asterisks). Dorsal is up; rostral, to the 
left. A. Briaht-field view. showing. (dark) 
AChE-po&ive cells. B, Fluor&cence 
view, showing (light) HNK- l-positive 
cells. 

tuting one sample. Midline structures such as the epiphysis and pituitary 
were considered as a single sample. 

Results 
Introduction to the embryonic zebra&h brain 
The development of the embryonic zebrafish brain is a dynamic 
process, involving morphogenetic movements that rapidly 
transform a simple tubular structure into a flexed and complex 
structure. We have provided a map of landmarks at 12, 16,20, 
and 24 hr to guide the reader in the description of the experi- 
mental results (Fig. 1). By 12 hr, the presumptive CNS is tubular; 
the presumptive brain is only slightly broader than the pre- 
sumptive spinal cord, and the division between them is not yet 
evident. The polarity of the CNS is evident by the presence of 
the optic cup on the rostra1 end. In whole-mounted material 
with eyes removed, the optic recess (an extension of the ventricle 
into the optic stalk) provides the most useful landmark at this 
stage; the stalk indicates the location of the presumptive dien- 
cephalon, but the borders between the presumptive fore-, mid-, 
and hindbrain are obscure. By 16 hr, two depressions on the 
dorsal surface have appeared. The rostra1 one marks the bound- 
ary between presumptive forebrain and midbrain. The caudal 
one, located just in front of the presumptive corpus of the cer- 
ebellum, marks the boundary between the midbrain and hind- 
brain. At 20 hr, the presumptive fore- and midbrains appear 

slightly shorter in the rostrocaudal axis than at 16 hr. The ventral 
flexure is prominent, demarcating the ventral boundary of the 
presumptive midbrain (caudally) and the hypothalamus (ros- 
trally). By 24 hr, the rostra1 shortening is more evident and the 
ventral flexure is more pronounced, and through these mor- 
phogenetic movements the original rostrocaudal axis has be- 
come obscured. The morphogenetic trends continue through 48 
hr, the oldest age examined in this article. 

AChE and HNK-I as markers 

Technical points regarding the utility of AChE and HNK-1 to 
mark differentiated neurons and axon tracts will first be de- 
scribed. Different cellular components were labeled by the two 
markers. The AChE reaction product labeled cell bodies heavily, 
but axons only lightly. The cellular AChE reaction product took 
the form of small grains clustered around the nucleus (Fig. 2), 
consistent with earlier reports of the intracellular localization 
of this enzyme in the nuclear membrane and rough endoplasmic 
reticulum (Tennyson and Brzin, 1970; Pannese et al., 197 1). In 
contrast, the HNK- 1 antibody heavily labeled axons and growth 
cones, and the cell body labeling was more irregular. In the cell 
body, the HNK-1 reaction product often appeared in a dense 
intracellular inclusion (Fig. 3B), probably the Golgi apparatus 
(Metcalfe et al., 1990), but not all the cell bodies were labeled 
to the same degree. Because of this variability, we relied on 
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Figure 4. Lateral views of whole-mounted 16 hr brains reacted for AChE (A) and HNK- 1 (B). The field of view extends caudally into the rostra1 
hindbrain. Dorsal is up; rostral, to the left. (a) Labeled cells (arrowheads) are grouped in three clusters-dorsorostral, ventrorostral, and ventrocaudal- 
and are separated from one another and from isolated labeled cells in the hindbrain by gaps of unlabeled cells. B, Only cells in the ventrocaudal 
cluster are labeled with HNK-1 in the fore- and midbrains. A cluster of three cells, two darkly labeled (large arrowheads) and one lightly (small 
arrowhead), are separate from another very lightly labeled cell (arrow) more rostral. The dark cells extend labeled processes caudally. drc, dorsorostral 
cluster; h, labeled hindbrain cells; or, optic recess; rs, rostra1 surface of the neural tube; vcc, ventrocaudal cluster; vrc, ventrorostral cluster. 

AChE as a marker for differentiated neurons and the HNK-1 
antibody as a marker for early axons and tracts. 

The spatial and temporal patterns of labeling by the two mark- 
ers were compared. At early stages (16-l 8 hr), there were more 
AChE-positive cells than HNK- l-positive cells in singly labeled 
embryos of the same age (compare Fig. 3A,B). This trend was 
also present at later stages but was less obvious as the number 
of HNK- l-positive cells increased. In doubly labeled embryos, 
most cells labeled by one marker were also labeled by the other 
(Fig. 3). However, in any given cluster the number of AChE- 
positive cells always exceeded the number of HNK- l-positive 
cells. These results suggested that the temporal sequence of ex- 
pression of the two markers may not overlap completely, with 
AChE expressed earlier than the epitope recognized by the 
HNK- 1 antibody. 

The same pattern of AChE staining was observed both in 

sectioned material and in material prereacted as a whole-mount 
before sectioning. The labeled cells formed a superficial lamina 
(Fig. 2). Nuclei of the labeled cells were large and palely stained, 
and nearly every cell with a large, pale nucleus was also labeled. 
This nuclear morphology has traditionally been taken as a sign 
of differentiation; AChE labeling also appears to be a useful 
marker for differentiated neurons. Furthermore, using AChE on 
whole-mounted material eliminates the need for three-dimen- 
sional reconstructions to describe the temporal and spatial se- 
quence of neuronal differentiation. 

Sequence of nturonal differentiation and axonogenesis 
We have used the pattern of AChE expression to describe the 
temporal and spatial sequence of differentiation in the zebrafish 
forebrain and midbrain. The first AChE-positive cells were not 
randomly dispersed in the brain; the pattern of AChE expression 
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Figure 5. Numbers of AChE-positive cells (mean + SEM) in five fore- 
and midbrain clusters as a function of age. 

followed a very stereotyped and reproducible sequence. Briefly, 
AChE-positive ceils first appeared in small, elongated clusters 
in bilaterally symmetrical locations on the surface of the brain. 
Each cluster was separated from other clusters by discrete gaps 
containing unlabeled cells. With further development, more cells 
were added to the preexisting clusters, and new clusters ap- 
peared. 

Using the HNK-1 antibody to label axons, we have followed 
the outgrowth of the first axons and tracts. Like neuronal dif- 
ferentiation, the temporal and spatial sequence of axonogenesis 
follows a stereotyped and reproducible pattern. The first axons 
arise from cells in the clusters of AChE-positive cells, forming 
tracts that span the gaps between the clusters. The first tracts 
that form are components of a single longitudinal tract that 
extends ventrally along the rostrocaudal length of the neuraxis; 
dorsoventral tracts are generated secondarily after this longi- 
tudinal tract is established. The different components of the 
ventral longitudinal tract arise from different clusters, and even 
though the components contribute to the same longitudinal tract, 
each component is characterized by a distinct pattern of early 
outgrowth. The character of each component tract varies with 
respect to the intensity of immunoreactivity, the initial pattern 
of axonal outgrowth in the tract, and the degree to which axons 
fasciculate within the tract. These phenomena are illustrated in 
photomicrographs of Figures 3,4, 7, and 8 and summarized in 
the drawings of Figure 13. 

16 hr. The first AChE-positive cells in the presumptive fore- 
and midbrains appeared at 16 hr in three rostrocaudally elon- 
gated clusters (Fig. 4A). The dorsorostral cluster, dorsal to the 
optic recess, contained an average of five cells that were lightly 
labeled (Fig. 5). The ventrorostral cluster, ventral to the optic 
recess, contained more cells (mean of 11 cells), and these cells 
were more heavily stained. The ventrocaudal cluster contained 

an average of five heavily stained cells, separated by a 75 pm 
gap from the ventrorostral cluster and by a 50 pm gap from the 
labeled cells in the presumptive hindbrain (Hanneman et al., 
1988; Hanneman and Westerfield, 1989). The ventrorostral and 
ventrocaudal clusters were aligned roughly colinearly along the 
ventral surface of the brain. 

The earliest axons in the forebrain and midbrain arose by 16 
hr from cells in the ventrocaudal cluster (Fig. 4B). Typically, at 
16 hr, two or three strongly immunoreactive cells were found 
in the caudal half of the ventrocaudal cluster, and one or two 
more lightly immunoreactive cells appeared in a more dorsal 
and rostra1 location. Heavily labeled processes, some tipped 
with growth cones, extended from the caudal cells caudally as 
a tightly bundled tract directed toward the hindbrain. These 
growth cones are the first sign of an axonal link between rostra1 
brain regions and the hindbrain, and they represent the first 
component of the ventral longitudinal tract. 

Within an individual embryo, cell differentiation and early 
tract formation have a striking bilateral symmetry. Figure 6 
documents this symmetry for several 16 hr embryos. Note that 
the number and positions of both cell bodies and axons are very 
similar between individuals as well, indicating a common ste- 
reotypic pattern of development. 

18 hr. At 18 hr a new population of AChE-positive cells 
appeared, and the preexisting populations enlarged (Figs. 5,7A). 
The new cluster was at the dorsal midline, associated with a 
very slight bulge just anterior to the fore/midbrain boundary, 
and based on its position, this cluster is assumed to be the anlage 
of the epiphysis. Although more cells were added to the pre- 
existing clusters, these clusters remained rostrocaudally orient- 
ed. The dorsorostral cluster had enlarged most notably to form 
a triangle with an apex pointing rostrally (compare Figs. 4A, 
7A). The ventrorostral cluster, which began as a single row of 
cells, had now broadened to two rows. The ventrocaudal cluster 
was elongated and broadened by the addition of labeled cells, 
especially rostrally. The numbers of AChE-labeled cells in these 
three clusters increased two- to sixfold between 16 and 18 hr 
(Fig. 5). 

The ultimate positions of the first three clusters can now be 
assigned with reference to the landmarks of Figure 1. The two 
rostra1 clusters flanking the optic recess lie in the presumptive 
forebrain, as they are rostra1 to the dorsal depression separating 
forebrain from midbrain. The ventrocaudal cluster lies just cau- 
da1 to the boundary between forebrain and midbrain and rostra1 
to the depression marking the boundary between the midbrain 
and the hindbrain and can therefore be assigned to the midbrain. 
The labeled cells immediately caudal to the cerebellum are re- 
cogized as the first rostra1 hindbrain segment as named by 
Hanneman et al. (1988) and Trevarrow et al. (1990). The labeled 
cells immediately rostra1 to the depression at the rostrocaudal 
level of the corpus of the cerebellum were also illustrated in the 
earlier reports but were not named. We suggest that they be 
considered in the “zeroth” rostra1 hindbrain segment. 

The future tract of the postoptic commissure is forming by 
18 hr, when labeled processes extended from the ventrorostral 
cluster of the diencephalon. Typically, as shown in Figure 7B, 
a small number (one or two) of lightly immunoreactive cells in 
the caudal portion of the ventrorostral cluster extended pro- 
cesses caudally into the 75 pm gap, directed toward the ven- 
trocaudal cluster but not reaching it. No rostrally directed pro- 
cesses appeared in the gap. In slightly older embryos (18-l 9 hr), 
the small number of early axons had reached the ventrocaudal 
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Figure 6. Camera lucida drawings of HNK-l-positive cells in five whole-mounted 16 hr brains, showing the stereotyped pattern and bilateral 
symmetry of labeled cells in the ventrocaudal cluster. Dorsal is up, rostral, to the left. Each pair of drawings (A-E) shows the left side of the embryo 
on the Ieft and the right side on the right, drawn as if looking through the animal. Differences in darkness of the cells indicate differences in the 
immunoreactivity (compare Fig. 4B). 
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Figure 7. Lateral views of whole-mounted 18 hr brains, reacted for AChE (4) and HNK- 1 (B). The arrowheads show the approximate boundary 
between fore- and midbrains. Dorsal is up; rostral, to the left. A, The preexisting clusters in the fore- and midbrains have enlarged, and a new 
cluster at the presumptive epiphysis has appeared. The single hindbrain cells are now clusters. Labeled processes extend caudally from both of the 
ventral clusters. B, The ventrocaudal cluster extends labeled axons to the hindbrain in the ventral longitudinal tract. The dorsal longitudinal tract, 
with trigeminal and Rohon-Beard axons, is also visible. The ventrorostral cluster is now HNK-1 positive and extends a growth cone caudally. The 
dorsorostral and presumptive epiphysial clusters (see A) are still not HNK-1 positive. LILT, dorsal longitudinal tract; drc, dorsorostral cluster; ec, 
epiphysial cluster; gc, growth cone; hc, hindbrain cluster; or, optic recess; rs, rostra1 surface of the brain; vcc, ventrocaudal cluster; VLT, ventral 
longitudinal tract; vrc, ventrorostral cluster. 



The Journal of Neuroscience, February 1992, U(2) 475 

Figure 8. Lateral views of whole-mounted 20 hr brains, reacted for AChE (4) and HNK- 1 (B). These fields of view extend into the middle of the 
hindbrain. Dorsal is up; rostral, to the left. A, The four preexisting clusters in fore- and midbrains and those in the hindbrain have enlarged but 
no new ones have been added. B, The dorsorostral cluster is now HNK-1 positive and is linked to the ventrorostral cluster by the axons of the 
future supraoptic tract. The ventrorostral and ventrocaudal clusters are linked by the axons of the future tract of the postoptic commissure, most 
of which are caudally directed, but a single rostrally directed process (arrowhead) can be seen. DLT, dorsal longitudinal tract; drc, dorsorostral 
cluster; ec, epiphysial cluster; hc, hindbrain cluster; or, optic recess; rs, rostra1 surface of the brain; SOT, supraoptic tract; TPOC, tract of the 
postoptic commissure; WC, ventrocaudal cluster; vf ;  ventral flexure; VLT, ventral longitudinal tract; vrc, ventrorostral cluster. 

cluster and a new wave of axons extended from more rostrally 
located cells within the same cluster. This secondary wave of 
axons typically consisted of many axons, in contrast to the few 
(one or two) that originally spanned the gap between the ven- 
trorostral and ventrocaudal clusters. 

By 18 hr, there was an increase in the number of cells con- 
tributing to the ventral longitudinal tract from the ventrocaudal 
cluster. The processes extending caudally from the ventrocaudal 
cluster were more numerous, forming the thick ventral longi- 
tudinal tract extending into the presumptive hindbrain. As shown 
in Figure 7B, the ventral longitudinal tract is clearly ventral to 
the first major tract, the dorsal longitudinal tract, which is made 

up of axons of the Rohon-Beard cells, and is soon to be joined 
by trigeminal axons (Metcalfe et al., 1990). 

Thus, by 18 hr, the presumptive hind- and midbrains are 
linked by a ventral longitudinal tract. The presumptive fore- 
and midbrains are not yet connected but apparently will soon 
be joined, as caudally directed axons from the ventrorostral 
cluster have almost crossed the gap between them. 

20 hr. At 20 hr the regions of the fore- and midbrains had 
become more distinct, and the numbers of AChE-positive cells 
in each cluster increased (Figs. 5, &I), but no new clusters ap- 
peared. The ventrorostral cluster was greatly enlarged, but the 
expanded part of the brain between it and the flexure, the pre- 
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The numbers of AChE-positive cells in the preexisting clusters 
increased further (Fig. 5) and a new cluster appeared in the 
anlage of the pituitary (Fig. 10). The ventrocaudal cluster ex- 
tended dorsally, into the presumptive rostra1 tectum and the 
region of the posterior commissure. The presumptive hypo- 
thalamus and the region ventral to the epiphysis still remained 
unlabeled. In terms of the enlargement of preexisting clusters, 
the number of labeled cells in the dorso- and ventrorostral clus- 
ters increased at a dramatic rate, while the number of cells added 
to other clusters increased only slightly (Fig. 5). 

Figure 9. Transverse section through the hindbrain of a 20 hr embryo, 
reacted for HNK- 1 as a whole-mount and later sectioned in glycometh- 
acrylate. The ventral longitudinal and dorsal longitudinal tracts are both 
superficial and spatially separate. Dorsal is up. DLT, dorsal longitudinal 
tract; v, fourth ventricle; VLT, ventral longitudinal tract. 

By 24 hr, additional dorsoventral tracts and commissural 
tracts were labeled by the HNK-1 antibody. We have previously 
described the 24 hr scaffold labeled by the HNK-1 antibody 
(Wilson et al., 1990). This pattern is schematically illustrated 
in Figure 11, but we provide a summary here for continuity. 
By 20 hr, cells in the anlage of the epiphysis were very lightly 
labeled, and by 24 hr, these cells have extended axons forming 
the dorsoventral diencephalic tract (Wilson and Easter, 199 1). 
The first commissures were evident by 24 hr. Axons from the 
dorsorostral and ventrorostral clusters extended rostrally to form 
the anterior and postoptic commissures, respectively, and the 
cells near the rostra1 border of the midbrain extended their axons 
into the posterior commissure and its tract (Chitnis and Ku- 
wada, 1990). Small axons extended commissural projections in 
the ventral portion of the midbrain, forming the ventral teg- 
mental commissure. 

sumptive hypothalamus, was still free of label. The dorsal mid- 
brain and the region ventral to the anlage of the epiphysis con- 
tained no labeled cells. 

By 20 hr, the first dorsoventrally directed tract had formed, 
and the forebrain, midbrain, and hindbrain were linked by the 
ventral longitudinal tract. As shown in Figure 8B, lightly im- 
munoreactive cells in the dorsorostral cluster had extended ax- 
ons to create a new dorsoventrally directed tract, the future 
supraoptic tract, between the ventrorostral and dorsorostral 
cluster. Axons within this tract were too numerous, and the 
labeled cell bodies too densely packed, to infer directionality. 
The large ventral longitudinal tract had elongated through the 
hindbrain into the rostra1 spinal cord, and at caudal levels this 
tract was still clearly separate from the more dorsal longitudinal 
tract of Rohon-Beard and trigeminal axons (Fig. 9). More axons 
were present in the tract of the postoptic commissure, com- 
pleting the link between presumptive forebrain and midbrain 
(Fig. 8B). 

By 20 hr, it was possible to discern qualitative differences in 
the various parts of the longitudinal tract. The axons of the 
midbrain component extending from the ventrocaudal cluster 
toward the hindbrain were heavily labeled and tightly fascicu- 
lated. In contrast, axons of the forebrain’s ventrorostral cluster 
were more lightly labeled and they were more loosely bundled 
(see Fig. 8B). These data suggested that even though they con- 
tribute to the same longitudinal tract, the different axonal com- 
ponents may differ in their expression of the epitope labeled by 
the HNK-1 antibody and in their degree of fasciculation. 

24 hr. AChE labeling at 24 hr has already been described 
(Wilson et al., 1990). To provide continuity in the sequential 
description of differentiation, we summarize the results here. 

The fates of early differentiated cells and axons are sufficiently 
evident in the 24 hr embryo that they are summarized here. 
The dorsorostral cluster first identified at 16 hr includes the part 
of the forebrain that receives input from the olfactory epithelium 
by 24 hr (Wilson et al., 1990). Therefore this group is the anlage 
of the olfactory bulb and probably other parts of the telenceph- 
alon as well. The tract between it and the ventrorostral cluster, 
first seen at 20 hr, is the supraoptic tract, the only link between 
telencephalon and diencephalon at 24 hr (Wilson et al., 1990). 
By 18 hr the ventrorostral cluster contributed processes to the 
tract of the postoptic commissure, and by 24 hr, it sent processes 
rostrally to form the postoptic commissure. Later, the optic 
chiasm will form adjacent to the postoptic commissure (Easter 
and Taylor, 1989; Wilson et al., 1990); therefore, the ventro- 
rostra1 cluster is the anlage of part of the ventral diencephalon. 
The ventrocaudal cluster has developed into the midbrain teg- 
mentum and, with its subsequent enlargement, includes parts 
of the rostra1 tectum. The ventrocaudal cluster also contributed 
axons to the tract of the postoptic commissure rostrally and to 
the caudally extended ventral longitudinal tract. The labeled 
cells in the pituitary, the tectum, and the cerebellum were not 
followed in detail and will not be discussed here. 

27-48 hr. Whole-mounts of brains older than 24 hr labeled 
erratically with the HNK-1 antibody, probably due to uneven 
penetration (R. Marcus, personal communication). Even so, it 
was possible, from examining many embryos, to identify new 
tracts and follow the morphogenetic distortions of old ones (il- 
lustrated in Fig. 13). 

At 21 hr no new groups of AChE-positive cells were seen, but 
numerous labeled cells were added to some of the previously 
described groups (not illustrated). The telencephalic group (dor- 
sorostral cluster) still continued to add new labeled cells in large 
numbers, while the numbers in other groups had leveled off 
(Fig. 5). No new tracts were visible at 27 hr. 

By 30 hr a column of labeled cells extended from the ventro- 
rostra1 cluster into the caudal hypothalamus (Fig. 12), and all 
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Figure 10. Lateral view of a 24 hr brain, reacted for AChE. Dorsal is up; rostral, to the left. The preexisting clusters have enlarged, and one new 
cluster has appeared, in the pituitary. Relative to 20 hr, the ventral flexure is more pronounced and the CNS is thickened transversely and 
considerably shortened rostrocaudally, as indicated by the reduced spacing of the labeled clusters. drc, dorsorostral cluster; ec, epiphysial cluster; 
hc, hindbrain cluster; or, optic recess; pc, pituitary cluster; rs, rostra1 surface ofthe brain; vcc, ventrocaudal cluster; VA ventral flexure; vrc, ventrorostral 
cluster. 

preexisting groups enlarged, especially those in the rostra1 tec- 
turn. Labeled cells could no longer be counted reliably, so no 
quantitative estimate of the increase was attempted. The caudal 
tectum and the region ventral to the epiphysis remained unla- 
beled. 

At 30 hr a new dorsoventral tract, the habenular commissure 
and its associated tract, appeared in the diencephalon, just ros- 
tral to the dorsoventral diencephalic tract (Fig. 13). Most of the 
preexisting tracts increased in size, presumably by the addition 
of new axons. 

By 36 hr the caudal tectum and the region ventral to the 
epiphysis remained unlabeled, but the rest of the brain was 
nearly uniformly labeled (not illustrated). No new tracts were 
present by 36 hr (Fig. 13). 

By 48 hr the entire brain was stained (not illustrated). The 
labeling with the HNK-1 antibody was incomplete at 48 hr, so 
it was impossible to describe axonal tracts. 

Sequence of morphogenetic distortion 

As Figure 1 illustrates, the embryonic brain is transformed from 
a nearly straight tube into a complex structure that can be sub- 
divided into the major brain regions. The original rostrocaudal 
axis, gently concave ventrally along its entire length, becomes 
sharply hooked at the rostra1 end. The ventral strip of labeled 
cells in the diencephalon, which was clearly colinear with those 
of the midbrain, hindbrain, and spinal cord at 16, 18, and 20 
hr (Figs. 4, 7, 8), was bent ventrally through about 45” at 24 hr 
(Fig. 10) and by 90” at 30 hr (Fig. 12) and thereafter. The tract 
of the postoptic commissure bent similarly (Fig. 13). The neural 
tube’s rostra1 surface, which was previously perpendicular to 
the ventral surface, is now nearly parallel to the ventral surface 
of the hindbrain and spinal cord. At 30 hr, the column of labeled 
hypothalamic cells is oriented rostrocaudally. Previously, these 

cells had extended perpendicularly to the labeled cluster in the 
diencephalon (Fig. 12) and, in the frame of reference of the 
original neural tube, had originally been oriented dorsoven- 
trally. Thus, the flexure and the hypothalamic enlargement have 
drawn the rostra1 end of the brain downward to an apparently 
ventral location. In the frame of reference of the adult, the “front 
of the brain,” or the anterior surface of the telencephalon, was 
formerly the dorsal surface of the rostra1 neural tube, and the 
original rostra1 surface is now apparently ventral. 

Discussion 
We have described and followed the first differentiated neurons 
and axons to appear in the fore- and midbrains of the zebrafish 
embryo. The neurons appeared in clusters that steadily increased 
both in size and number and formed a small number of tracts 

Figure Il. Schematic diagram of the axon tracts labeled by the HNK- 1 
in the 24 hr brain. AC, anterior commissure; DVDT, dorsoventral dien- 
cephalic tract; PC, posterior commissure; POC, postoptic commissure; 
SOT, supraoptic tract; TPC, tract of the posterior commissure; TPOC, 
tract of the postoptic commissure; VLT, ventral longitudinal tract. 
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Figure 12. Lateral view of a 30 hr brain, reacted for AChE. Dorsal is up; rostral, to the left. The preexisting clusters have enlarged, obliterating 
many of the gaps. The ventrocaudal cluster extends almost to the dorsal midline. A new column from the ventrorostral cluster extends into the 
hypothalamus (chc), and labeled cells appear in the gap between the dorsorostral and ventrorostral clusters (arrowhead). chc, caudal hypothalamic 
cluster: drc, dorsorostral cluster: ec, epiphysial cluster; hc, hindbrain cluster; or, optic recess; pc, pituitary cluster; rs, rostra1 surface of the brain; 
vcc, ventrocaudal cluster; vf ;  ventral fl&&; vrc, ventrorostral cluster. 

that linked the clusters. The relationships of the clusters to one 
another and the orientations of the tracts enabled us to infer 
the topology of morphogenetic distortion. In this section, we 
discuss these results with respect to two issues of development: 
the morphogenesis of the neural tube and the intrinsic segmen- 
tation of the rostra1 CNS. 

The utility of AChE as an embryonic marker 
Layer and his collaborators have argued that AChE is a good 
marker for young neuroblasts (Layer and Sporns, 1987; Weikert 
et al., 1990). Our results have supported that view by correlating 
AChE appearance with three other, more traditional indicators. 
(1) Our sections of reacted brains showed that nearly all labeled 
cells were superficial and characterized by large pale-staining 
nuclei. Such cells have classically been interpreted as postmi- 
totic. (2) The HNK- 1 antibody labels an epitope generally thought 
to be associated with intercellular adhesion (Kruse et al., 1984) 
and appears on most of the earliest axons in the zebrafish brain 
(Wilson et al., 1990). We have compared the appearance of 
HNK- 1 and AChE by doubly labeling embryos at several stages 
of development. Although the onset of HNK-1 reactivity was 
delayed relative to AChE, the expression of both overlapped 
temporally, and most cells were doubly labeled. Weikert et al. 
(1990) have doubly labeled chick embryos for AChE and G4 
antibody, with an analogous result. (3) Axon-bearing cells, gen- 
erally considered differentiated neurons, were consistently la- 
beled, in both the soma and the axon, with AChE reaction 
product. 

Distortion during morphogenesis 
While it is clear that the neural tube undergoes distortions during 
morphogenesis, the dynamics underlying this distortion are not 

clearly understood. These dynamics have relevance as different 
processes could produce the same distortion product. The prob- 
lem, outlined in Figure 14, is best considered in the cylindrical 
coordinates: r, 6, and z (Fig. 14A). The three cardinal directions 
are defined by the few distinguishable structures in the neural 
tube: in the transverse plane, the central canal is the origin of 
the angle 0, and the radial neuroepithelial cells of the neural 
tube are parallel to the r-vector. The central canal, the three 
anterior cell clusters, and the longitudinal tracts are parallel to 
the z-axis; thus, the early neural tube can be idealized as a 
cylinder with side walls and a rostra1 surface (Fig. 14B). We 
represent the rostra1 part of the tube divided into subdivisions, 
one for each of the early ventral clusters of AChE-positive cells 
(Puelles et al., 1987a). The most obvious distortion occurs at 
the transverse ventral flexure, which marks the discontinuity 
between tubular caudal CNS and contorted rostra1 CNS. Is the 
longitudinal axis bent ventrally, with the result that the rostra1 
surface of the tube now turns down (Fig. 14C, left)? This is the 
view implicit in the use of the terms “flexure” (to describe the 
bend) and “lamina terminalis” (to describe the part of the neural 
tube containing the anterior commissure), but in fact, neuro- 
morphologists have not universally agreed on the topology, as 
Puelles et al. (1987b) have discussed. One alternative interpre- 
tation is that the rostrocaudal axis remained straight and the 
rostra1 part of the tube has hypertrophied on its ventral side 
(Fig. 14C, right). The key to the solution lies in finding consistent 
landmarks for one or more of the original axes that can be traced 
through morphogenesis. 

We have used the HNK-l-positive longitudinal tracts and 
the linear clusters of AChE-positive cells that underlie them as 
stable landmarks for the rostrocaudal (z) axis. This approach 
has been aided by the fact that the zebrafish embryonic brain 
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Figure 13. Lateral views (camera lucida drawings) of brains reacted for HNK-1, summarizing the development of axonal tracts. AC, anterior 
commissure; DLT, dorsal longitudinal tract; DVDT, dorsoventral diencephalic tract; PC, posterior commissure; POC, postoptic commissure; SOT, 
sunraontic tract: THC. tract of hahenular commissure; TPC, tract of posterior commissure; TPOC, tract of postoptic commissure; VLT, ventral 
longitudinal tract. 

20 hr 

is very tubular to begin with, unlike the mammalian and avian 
brains that have been used by most others who investigated this 
issue (see Puelles et al., 1987b, for references). The clusters and 
tracts are visible by 16 and 18 hr, respectively, when the tube 
is still quite straight. Both are parallel to the rostrocaudal axis 
from the beginning and remain distinct, and therefore traceable, 
until the major landmarks of the brain are evident. The tract 
of the postoptic commissure, the most rostra1 longitudinal tract, 
is particularly instructive, because at 18 and 20 hr it is nearly 
linear, and continuous with the ventral longitudinal tract that 
runs the length of the neuraxis. However, by 24 hr the tract of 
the postoptic commissure is curved ventrally by about 45”, and 
by 30 hr, by nearly 90” (Fig. 13). These results are compatible 
with the scheme of the left panel of Figure 14C, in which the 
neural tube bends ventrally, and inconsistent with the scheme 
in the right panel, in which the ventral portion of the rostra1 
neural tube hypertrophies without bending the embryonic lon- 
gitudinal axis. 

This interpretation leads to two conclusions shown graphi- 
cally in Figure 140. First, the adult telencephalon originates 
from the dorsal part of the most rostra1 subdivision. The telen- 
cephalon’s original dorsal and rostra1 surfaces point rostrally 
and ventrally, respectively, in the adult. Second, the adult di- 
encephalon originates from both ventral and dorsal neural tube, 
and its rostra1 and dorsal surfaces are similarly rotated. Third, 
the postoptic commissure, previously considered a ventral 
structure because of its association with the optic chiasm, crosses 
the midline on the rostra1 surface of the neural tube. Moreover, 
the anterior commissure, originating from the more dorsorostral 
cluster in the presumptive forebrain, also originally crosses the 
rostra1 surface, but at a more dorsal location than the postoptic 
commissure. In Figure 14, we assumed that the rostra1 surface 
was flattened, like the top of a can. The exact shape of this 
surface (convex, flat, or concave) is not important to this ar- 
gument, but the assumption that the rostra1 surface is topolog- 
ically distinct from the side (the surface parallel to 0), is im- 
portant. 

These observations are pertinent to the long-standing ques- 
tion of where the rostral tip of the primordial brain is to be 
found in the adult brain. The rostra1 tip of the primordial brain 

is defined as a point, the intersection of the median axis of 
symmetry with the neurectoderm junction. Because the tract of 
the postoptic commissure originates from a cell group ventral 
to the central canal and runs parallel to it, the postoptic com- 
missure must lie in the ventral half of the rostra1 surface, and 
therefore ventral to the rostra1 end of the brain. Puelles et al. 
(1987b) have recently reviewed this question, and in their Figure 
1, they show five different sites in the mature brain that have 
been proposed for the rostra1 end. Three of them are caudoven- 
tral (in adult coordinates) to the optic chiasm, and therefore to 
the postoptic commissure, and for this reason should be ex- 
cluded on the basis of our findings. The remaining two are both 
dorsorostral to the postoptic commissure and are therefore con- 
sistent with our interpretation (and with that of Puelles et al., 
1987b). 

Segmentation 

The embryonic vertebrate CNS contains a periodic array of 
swellings that earlier workers interpreted as evidence for intrin- 
sic segmentation and therefore labeled “neuromeres” (reviewed 
by Keynes and Lumsden, 1990). More recently, this interpre- 
tation has been supported in the hindbrains of both the zebrafish 
(Metcalfe et al., 1986; Hanneman et al., 1988; Trevarrow et al., 
1990) and the chick (Lumsden and Keynes, 1989). The earliest 
neurons, identified by AChE activity and/or neuron-specific an- 
tibody reactivity, lie in the center of each neuromere, and a 
transverse ventral commissure separates adjacent ones. 

The evidence for segmentation is strong for the hindbrain, 
but less so rostrally. Historically, different patterns of neuro- 
meres for the fore- and midbrains have been proposed on the 
basis of a variety of criteria. The rostra1 neuromeres were not 
spaced nearly so regularly as those in the hindbrain, nor were 
they always annular in shape. (See Puelles et al., 1987a, their 
Fig. 20, for a summary of some of the earlier schemes.) Puelles 
et al. (1987a) defined a new set of neuromeres that were defined 
by swellings of the wall of the neural tube, separated from one 
another by constrictions in the wall and having the form of 
genuine annuli centered on the central canal. Some of these 
neuromeres have clusters of AChE-positive cells in the basal 
plate, and if we use this single criterion for defining a neuromere, 
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Figure 14. A simplified and interpretive view of the morphogenetic changes in the brain. A, The identification of the three axes of cylindrical 
coordinates. B, A schematic view of the brain at 16-18 hr; the intersegmental boundaries of fore-, mid-, and hindbrains are shown by the 
circumferential lines; the various clusters of labeled cells, by the shading. C, Two possible distortions of the rostral end of the tube. The ventral 
longitudinal tract is indicated by broken lines. On the ZeB, the rostra1 end bends downward and the original ventral surface hypertrophies in the 
original ventral direction. On the right, the rostra1 end of the tube hypertrophies in the ventral direction but does not bend. Note that both schemes 
produce a sharp bend in the ventral surface of the tube (the “ventral flexure”), but the scheme on the left accurately depicts the orientations of 
clusters and tracts. D, A tentative, and very approximate, fate map of the tube shown in B. The dorsorostral part of the anterior segment becomes 
the telencephalon (large dots). The Lshaped remainder of the anterior segment becomes the diencephalon (small dots). The second segment becomes 
the midbrain and perhaps a part of the rostra1 hindbrain. AC, anterior commissure; DC, diencephalon; drc, dorsorostral cluster; Hb, hindbrain; hc, 
hindbrain cluster; Mb, midbrain; or, optic recess; POC, postoptic commissure; rs, rostra1 surface ofthe brain; SOT, supraoptic tract; Tc, telencephalon; 
TPOC, tract of the postoptic commissure; vcc, ventrocaudal cluster; VJ ventral flexure; VLT, ventral longitudinal tract; vrc, ventrorostral cluster. 
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then the fore- and midbrains of the early zebrafish embryo must 
have at least two neuromeres, defined by the ventrorostral clus- 
ter and the ventrocaudal cluster. The more rostra1 cluster gives 
rise to the forebrain, and the more caudal cluster gives rise to 
the midbrain. 

Our results differ from those of Puelles et al. (1987a) in one 
respect. We find that a cluster of cells (the dorsorostral cluster) 
develops in the alar plate at about the same time as two other 
early ones (the ventrorostral and ventrocaudal clusters) are ap- 
pearing in the basal plate. This is an exception to the general 
rule that basal development leads alar, and we accept the dif- 
ference as attributable to the different classes of animals used. 

A ventrocaudal cluster of AChE-positive cells appears very 
early in the basal plate, near the ventral flexure in both the chick 
and the zebrafish, and we assume that these clusters are ho- 
mologous. These basal plate cells are almost certainly the pre- 
cursors ofthe interstitial nucleus ofCaja1 (Ramon y Cajal, 1908). 
The interstitial nucleus occupies an ambiguous position, near 
the boundary between diencephalon and mesencephalon of the 
adult brain. We have assigned them to the presumptive mes- 
encephalon; Puelles et al. (1987a) called that region of the em- 
bryonic brain the diencephalon. Despite this nomenclatural dif- 
ference, the results in different species are in general agreement. 

Although the putative pair of rostra1 neuromeres can be con- 
sidered similar to those in the hindbrain, the rostra1 neuromeres 
differ from the caudal ones in several respects. (1) The most 
rostra1 neuromere includes a cluster of labeled cells in the dorsal 
part of the neural tube; in contrast; the clusters of labeled cells 
in the hindbrain do not extend so far dorsally. (2) The segment- 
specific expression of certain genes, which has proved so im- 
portant in the understanding of pattern formation in Drosophila, 
has also been observed in the vertebrate CNS, but the regular 
patterns have been restricted to the hindbrain (Wilkinson et al., 
1989), illustrating a second difference between rostra1 brain 
regions and the hindbrain. (3) The two rostra1 neuromeres are 
nearly three times as long as the hindbrain neuromeres, as Figure 
7 illustrates. The rhombomeres are 55-75 Frn long (Hanneman 
et al., 1988), whereas the rostra1 two neuromeres occupy about 
220 pm each. 

Differences between rostra1 and caudal neuromeres are rele- 
vant to theories of brain evolution. The enlargement of the 
rostra1 neuromeres may be interpreted as a consequence of in- 
creased function associated with encephalization; just as the 
spinal regions associated with limbs enlarged relative to their 
neighbors, so have the original rostra1 neuromeres enlarged as 
the head acquired new functions. Gans and Northcutt (1983) 
have suggested a different interpretation; they have argued that 
the vertebrate head is not an enlargement of a preexisting struc- 
ture, but a whole new structure that has been added to the 
anterior end of the protochordate from which vertebrates were 
derived. If so, then the rostra1 brain structures might be expected 
to differ in fundamental ways from the more primitive caudal 
parts. Our results are consistent with this view, as the first two 
neuromeres differ substantially from the rhombomeres. 

Whether the rostra1 neuromeres are serially homologous with 
the caudal rhombomeres is uncertain. Serial homologs would 
be expected to have homologous structures in topologically sim- 
ilar locations, and rostra1 and caudal neuromeres seem to differ 
in this respect. In the zebrafish two major axonal tracts are found 
in the hindbrain, the ventral and the dorsal longitudinal tracts. 
We have not seen any dorsal longitudinal tract in either the fore- 
or midbrains of the 24 hr embryo. Furthermore, the tract of the 

postoptic commissure is the only longitudinal tract in the basal 
plate of the forebrain, and it does not appear to be serially 
homologous to the ventral longitudinal tract of the more caudal 
brain regions, as it is more diffuse and a little more laterally 
positioned. In our view, the uncertainty of serial homology is 
less important than the clear demonstration that the fore- and 
midbrains develop like the hindbrain, that is, polycentrically, 
in a set of separated clusters of cells that soon enlarge and 
interconnect via axons. Whether or not this constitutes “seg- 
mentation” is a question that depends on one’s definition of the 
term. 
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