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Developmental Neurobiology of the Zebrafish
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How does the nervous system develop? This problem has in-
trigued embryologists for more than a century. In fact, early
investigators formulated many of the fundamental questions
about how the nervous system arises, how neurons acquire their
identities, and how neuronal processes find and form synapses
with appropriate target cells. To answer these questions, it would
be ideal to have a single species with which cellular, molecular,
and genetic analyses could be carried out on individually iden-
tified neurons and their associated cells as they develop and
generate a complex nervous system. The zebrafish (Brachydanio
rerio) has the potential to be such a species. In this essay, I will
discuss aspects of the zebrafish that make its embryo an excellent
material for developmental studies, results that have extended
our knowledge of nervous system development, and future pros-
pects for this work.

The virtues of the zebrafish embryo for the study of
nervous system development

The zebrafish embryo is an excellent material for cellular studies
of neuronal development because it is nearly transparent; thus,
developing neurons can be visualized and studied in situ. The
zebrafish embryo shares its favorable optical properties, which
result from sequestration of yolk granules into a single, giant
yolk cell, with the embryos of related teleost species, such as
the Japanese medaka (Kuwada, 1986), the killifish, and the rosy
barb (Thorogood and Wood, 1987). Because of this optical
transparency, individual cells, including individual neurons, can
be visualized by means of differential interference contrast op-
tics throughout much of the course of embryonic development.
The earliest neurons arise in the embryo in small numbers, and
many of them can be identified as unique individuals. It is
possible, therefore, to follow the development of an identified
neuron from birth through the outgrowth of processes and for-
mation of synaptic connections.

The pioneering work of George Streisinger provided a foun-
dation for genetic and molecular studies of neuronal develop-
ment in the embryonic zebrafish. Streisinger developed tech-
niques for producing clonal strains of homozygous diploid
zebrafish that are free of lethal mutations, for introducing new
mutations into zebrafish, and for mapping these mutations
(Streisinger et al., 1981, 1986; Chakrabarti et al., 1983; Walker
and Streisinger, 1983; Streisinger, 1984). Clonal strains provide
a genetically homogeneous background for studying the effects
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of new mutations, because all of the individuals of a clonal strain
are of the same genotype. Because fertilization of the egg and
the entire course of development occur outside of the body of
the mother, embryos can be examined for mutant phenotypes
at all developmental stages. In addition, because of the optical
transparency of the embryo, simple morphological screens can
identify gene mutations that affect early patterning of the em-
bryonic nervous system, or later events such as extension of
processes or formation of synaptic connections.

To screen for new mutations, eggs from mutagenized clonal
females can be activated with genetically impotent sperm to
produce haploid embryos that are viable throughout the em-
bryonic period; the first mitotic or second meiotic cleavage can
be suppressed in such embryos by treatment with heat or pres-
sure, respectively, to produce homozygous diploids. Thus, hap-
loid or homozygous diploid embryos can be screened for new
recessive mutations directly in the F, generation, obviating the
need to raise individual mutant F, heterozygotes and cross them
to obtain F, generation homozygotes for screening. The avail-
ability of the procedure offsets the disadvantage presented by
the long generation time of the zebrafish, at least compared with
that of species such as Drosophila and Caenorhabditis elegans,
which are commonly used to study the genetics of neuronal
development. Once individuals carrying interesting mutations
are identified, they can be bred at frequent intervals; up to
several hundred progeny are obtained from each breeding. Re-
cessive lethal mutations can be propagated by outcrossing to
wild types (e.g., see Grunwald et al., 1988), thus maintaining
the mutant allele in heterozygous form. Mutant lines can be
preserved by freezing sperm. Finally, because many neurons can
be individually identified, it should be possible to localize the
action of specific genes to particular neurons.

How does the nervous system arise?

Position and ancestry of a cell as determinants of its fate

Charles Kimmel and his collaborators have examined whether
the fates of embryonic cells of the zebrafish are determined by
their positions or by their line of ancestry, where the term fate
is defined as the differentiated cell types formed by the progeny
that normally arise from an embryonic cell. They observed that
the first few cell divisions of the embryo are regular and give
rise to a stereotyped pattern of cells, called blastomeres (Kimmel
and Law, 1985a). The regularity of the early divisions raised
the possibility that the zebrafish embryo might arise from an
invariant pattern of cell divisions, or cell lineage, in which the
same cell would arise by the same division pattern in every
embryo; this kind of invariant cell lineage occurs in the nem-
atode C. elegans (Sulston et al., 1983). By labeling single blas-
tomeres with nontoxic fluorescent dyes that are passed on to
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their progeny at each cleavage, Kimmel and Warga (1986) were
able to follow the division patterns and movements of their
marked progeny in living embryos. They found that blastomeres
arising from the same pattern of cell divisions in different em-
bryos gave rise to progeny with different fates and located in
different positions. From these observations, they concluded
that the cell lineage of the embryo is indeterminate (Kimmel
and Warga, 1987); thus, the line of ancestry of a cell cannot be
the sole determinant of its fate.

Although cell fate in the zebrafish embryo is indeterminate,
restrictions in the range of cell fates do occur during embryo-
genesis that limit the type of tissues to which an individual cell
normally contributes progeny. The first such restriction occurs
at about the midblastula stage, when cells that contribute to an
extraembryonic tissue are segregated from cells that contribute
to the embryo proper (Kimmel and Law, 1985b). Restrictions
in the range of fates of embryonic lineages occur later, during a
stage called gastrulation, when cells are actively migrating and
rearranging their positions within the embryo (Kimmel et al.,
1990).

Kimmel et al. (1990) constructed a fate map for the zebrafish
embryo by mapping the correspondence between the position
of a cell at the onset of gastrulation and the fates of that cell’s
progeny later in development. The fate map of the zebrafish
embryo shows many similarities to the fate map for amphibian
embryos. In both cases, there is a direct correspondence between
the position a cell occupies at the onset of gastrulation and the
type of tissue its progeny will form. Thus, it appears that the
position of a cell within the gastrula, rather than its ancestry,
determines its ultimate fate.

To learn whether position-associated restrictions of cell fate
are due to commitment of cells to particular fates will require
transplanting individual cells to new positions within the gas-
trula. If the transplanted cells develop in accord with their new
positions, they were not committed at the time they were moved,
however, if they develop in accord with their sites of origin,
they probably were committed at the time they were moved.

Origin of the cells of the nervous system

What are the relative roles of lineage and position in determining
which cells will establish the nervous system? Streisinger and
his colleagues used a genetic marking technique to demonstrate
that the early lineage of a cell does not determine whether it
will contribute progeny to the nervous system. They created
genetic mosaic embryos containing a clone of pigmentless (ho-
mozygous mutant) cells in a normally pigmented (heterozygous)
background by somatic recombination induced by irradiating
embryos heterozygous for a recessive pigment mutation. They
examined the progeny of recombinant cells in the pigmented
retinal epithelium of the eye and found that, in each embryo,
this tissue contained patches of pigmentless cells surrounded by
pigmented cells. From these data, Streisinger and his colleagues
(Streisinger et al., 1989) concluded that the eye arises by the
intermixing of the progeny of many different ancestral cells. This
finding agrees with those described above and suggests that the
lineage of the nervous system is not fixed.

Based on the studies from which they constructed the fate
map, Kimmel et al. (1990) found that, during gastrulation, cells
that will give rise to the nervous system are segregated from
cells that will give rise to other tissues, by moving to separate
positions within the developing embryo. Moreover, for cells that
are in a position to contribute progeny to the nervous system,

there is a direct correspondence between their location at the
onset of gastrulation and the region of the nervous system their
progeny will populate. For example, forebrain structures arise
from a more anterior position than do hindbrain structures.
However, because of the extensive rearrangements that take
place during gastrulation, it is not possible to predict which cells
will be the progenitors of specific neurons. For example, spinal
cord interneurons and motoneurons may arise from the same
ancestral cell (Kimmel et al., 1990). Taken together, the studies
described above show that, like the rest of the embryo, the
position of a cell in the gastrula-stage embryo is more important
than its lineage in determining whether that cell will participate
in establishing the nervous system.

Features of neurons that arise at different times

Zebrafish neurons arise in 2 temporally distinct waves; the neu-
rons of each wave may subserve different functions in the de-
veloping embryo. Neurons of the first wave, termed “primary”
neurons (see Kimmel and Westerfield, 1990, for a discussion of
the origin of this term and a review), are distinguished by their
early development, large sizes, and small number from neurons
ofthe later wave, termed “secondary” neurons. Primary neurons
arise during or shortly after gastrulation (Mendelson, 1986a;
Myers et al., 1986) and include cells of all functional classes.
Primary neurons are the first to extend growth cones; their axons
establish the first nerve pathways in the embryo and form a
simple scaffold (Wilson et al., 1990) upon which later axons
may navigate (Kuwada, 1986; Pike et al., 1989). Within a few
hours after axogenesis, primary sensory neurons, primary in-
terneurons, and primary motoneurons begin to establish the
synaptic connections that will form the first functional circuitry
in the embryo. This circuitry is responsible for generating early
behaviors, such as swimming to escape from predators. Perhaps
because they are crucial for establishing the early functional
circuitry as well as providing the pathways followed by later
growth cones, at least some aspects of the development of ze-
brafish primary neurons may be regulated by different mecha-
nisms from those governing development of later-developing
zebrafish neurons or neurons in other vertebrates (see below;
Liu and Westerfield, 1990).

In embryos homozygous for the neural degeneration mutation
ned-1 (Grunwald et al., 1988), the nervous system begins to
develop normally, and embryos exhibit normal early behaviors,
suggesting that the primary neurons establish functional cir-
cuitry. However, during the second day of development, sec-
ondary neurons of all functional classes begin to degenerate,
while all primary neurons remain viable. Thus, in addition to
the morphological and developmental criteria by which the pri-
mary and secondary neurons were initially distinguished, they
can also be distinguished by genetic criteria. Again, this obser-
vation supports the suggestion that there may be fundamental
differences between these 2 sets of neurons.

Identification of individual primary neurons

The small number, large sizes, and characteristic axonal trajec-
tories of the primary neurons have allowed many of these cells
to be identified as unique individuals. Although identified neu-
rons such as the Mauthner cell (see Faber and Korn, 1978) have
previously been described in vertebrates, it has been commonly
assumed that such cells were peculiar to invertebrates. However,
recent work from larval and adult zebrafish has shown that many
neurons can be individually identified, including specific mo-



toneurons (Myers, 1985; Westerfield et al., 1986), and inter-
neurons (Kuwada et al., 1990) in the spinal cord, and interneu-
rons in the hindbrain (Metcalfe et al., 1986). These identified
neurons are ideally suited for developmental studies because
precisely homologous cells can be studied in embryo after em-
bryo. Thus, one does not need to contend with the variability
introduced by studying a population of neurons that subserve
the same function, but that may be cryptically heterogeneous.

Segmental arrangement of identified neurons

All vertebrate embryos develop metameric structures called so-
mites that give rise to the segmented axial musculature and
vertebrae. The segmented musculature is innervated by a seg-
mented pattern of motor nerves and sensory ganglia that de-
velops in register with the somites. Experimental manipulations
in avian embryos suggest that segmentation of these neural el-
ements 1s imposed by the segmentation of the somites (Keynes
and Stern, 1984). Although the motor nerves are overtly seg-
mentally arranged, motoneurons in most vertebrate spinal cords
do not appear segmentally organized. This is due to 2 factors:
(1) differential growth of the muscles relative to the spinal cord,
which causes the somata of the motoneurons to move out of
register with the muscle segments innervated by their axons
(Westerfield and Eisen, 1985), and (2) extensive overlap between
the motoneurons innervating different muscles in vertebrates
with a large number of motoneurons.

In the zebrafish, the cell bodies of primary motoneurons re-
main in register with the muscle segments innervated by their
axons even to adulthood (Westerfield et al., 1986). Monoclonal
antibodies (mAbs) that specifically label the primary motoneu-
rons early in development, such as the zn-1 mAb, reveal that
these cells have a prominent segmental organization (Hanneman
et al., 1988). Some other primary neurons, such as the VeLD
primary interneurons (Kuwada et al., 1990) are also segmentally
arranged. Early in their development, the somata of the VeLD
neurons occupy a ventral location in the spinal cord; this lo-
cation is very close to the ventral location initially occupied by
the somata of the primary motoneurons. However, not all of
the primary neurons in the spinal cord show a segmental ar-
rangement. Labeling with another mAb, zn-12, shows that dor-
sally located Rohon-Beard primary sensory neurons appear not
to be segmentally arranged (Metcalfe et al., in press).

Work from zebrafish and other vertebrates has shown that
the hindbrain contains 7 conspicuously segmented structures
called rhombomeres (Lumsden and Keynes, 1989; Keynes and
Lumsden, 1990). Trevarrow et al. (1990) isolated a set of mAbs
that reveal a complex repeated pattern of neurons and glia that
corresponds to the pattern of rhombomeres in the embryonic
zebrafish hindbrain. The identified primary reticulospinal neu-
rons, recognized by the zn-1 and zn-12 mAbs, are located ven-
trally at the center of each rhombomere. Dorsally located com-
missural neurons at the segment borders are labeled by another
mADb, zn-5. The 2 groups of neurons are separated by curtains
of glia, recognized by several different mAbs. In fact, of the 37
mAbs whose labeling pattern was examined, 31 showed a seg-
mental pattern in the hindbrain.

The mAD that reveals the segmental organization of the pri-
mary motoneurons in the spinal cord also reveals a segmental
distribution of some ventrally located primary neurons in the
zebrafish hindbrain (Hanneman et al., 1988). Early in devel-
opment, the zn-1 mAb recognizes individual neurons or small
groups of them in 7 discrete hindbrain regions. The distance
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between the labeled cells corresponds to the length of a spinal
segment. Thus, the ventral regions of the spinal cord and hind-
brain appear to have a continuous segmental organization. De-
velopmental studies of the segmentally repeated cells in the
hindbrain (Mendelson, 1986b) show that they are the identified
primary reticulospinal neurons whose segmental organization
has been shown by retrograde transport of HRP (Kimmel et al.,
1982; Metcalfe et al., 1986).

Are all of the hindbrain segments equivalent? At least some
of the identified reticulospinal neurons appear to be segmentally
repeated homologues that show characteristic, segment-specific
differences in morphology and development (Metcalfe et al.,
1986). Thus, though the hindbrain segments may have initially
been equivalent, they probably diverged during evolution (Met-
calfe et al., 1986). In invertebrates such as insects and nema-
todes, differences among segmental homologues arise by re-
modeling the axons of cells that initially undergo a common
developmental program (Bate et al., 1981; Loer et al., 1987; for
review, see Kimmel, 1990). The axons of reticulospinal neu-
rons that reside in different hindbrain segments initially extend
along different pathways, suggesting that, in this case, the initial
control of axonal development is more important than later
modifications in generating segment-specific differences be-
tween homologues (see Kimmel, 1990).

How do the growth cones of developing neurons find their
targets?

Stereotypy and accuracy of growth cone pathfinding

To establish appropriate synaptic connections, neurons must
complete 2 steps. First, they must extend a process into a region
of the body containing an appropriate target, and, second, they
must form synapses with the correct type and number of target
cells. The first step in this process is often referred to as path-
finding, and it involves the extension of a growth cone, the
growing tip of a neuronal process, which follows a particular
path on its way to its target. Growth cone pathfinding has been
studied for several types of primary neurons in the embryonic
zebrafish. In most cases, neurons were labeled at a variety of
developmental stages with specific mAbs or dyes, and the time
course of outgrowth was reconstructed from observations of
many different individuals. In these studies, it was found that
each type of neuron extends a growth cone along a characteristic,
cell-specific pathway; growth cones extend directly to their ap-
propriate targets without making obvious errors. The growth
cones of most primary neurons extend for a long distance to
reach their targets, suggesting that there may be local and long-
range cues that provide pathway guidance. However, the growth
cones of sensory neurons of the lateral line comigrate with their
targets, as they establish lateral line organs along the body axis
(Metcalfe, 1985), suggesting that these growth cones may be in
continuous contact with their targets.

To study the dynamic aspects of pathfinding, my colleagues
and I labeled individually identified primary motoneurons with
vital dyes and observed axonal extension directly in live em-
bryos. We used 2 different labeling techniques in these studies:
injection of rhodamine dextran into a precursor blastomere and
labeling of individual neurons by application of the lipid-soluble
dye 1,1’-dioctodecy!-3,3,3’,3'-tetramethylindocarbocyanine
perchlorate (Di-I; Honig and Hume, 1986). We found that every
muscle segment in the embryonic zebrafish trunk is innervated
by 3 or 4 primary motoneurons, each of which is uniquely
identifiable by its soma position and the exclusive muscle ter-
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ritory in which it arborizes (Eisen et al., 1986, 1990; Myers et
al., 1986). Direct, time-lapse observations of axonal outgrowth
showed that, within each segment, the primary motoneurons
extend their growth cones in a stereotyped sequence, and that
the growth cone of each motoneuron extends directly to its
functionally appropriate muscle territory without making ob-
vious errors. Thus, as is the case for other zebrafish primary
neurons, the growth cones of the primary motoneurons reach
their targets by a process of directed pathfinding.

Processes that may contribute to pathfinding

To investigate the cues that may guide the primary motoneu-
ronal growth cones to their targets, we have taken advantage of
our ability to perturb the environment in which these cells are
developing and to observe their responses. We have investigated
the potential roles of a variety of features, including (1) inter-
actions among identified primary motoneurons, (2) electrical
activity of the target, (3) absence of the target, and (4) extra-
cellular matrix glycoproteins. We found that some of these fea-
tures affected growth cone pathfinding, while others appeared
to have no effect.

Interactions among primary motoneurons. We investigated
the role of interactions among primary motoneurons during
axonal outgrowth by ablating individual motoneurons and fol-
lowing the subsequent development of the remaining motoneu-
rons in the same segment. The optical transparency of the em-
bryo makes it possible to recognize the somata of identified
primary motoneurons even when they are not labeled (Eisen et
al., 1986, 1989). Thus, we were able to ablate unlabeled, iden-
tified motoneurons by irradiation with a focused laser micro-
beam (Eisen et al., 1989), a technique pioneered in C. elegans
(Sulston and White, 1980) that has also been applied to path-
finding studies in other invertebrates (Bentley and Caudy, 1983;
Keshishian and Bentley, 1983; Bastiani et al., 1985) and fish
embryos (Kuwada, 1986). We then labeled the remaining mo-
toneuron or motoneurons in the segment and watched when
and where they extended their growth cones. Qur results showed
that each of the primary motoneurons has an independent abil-
ity to carry out proper pathfinding even in the absence of all
other primary motoneurons in the same spinal segment (Pike
and Eisen, 1990). Thus, interactions among the primary mo-
toneurons do not appear to be required for normal pathfinding.

Not only do interactions among primary motoneurons appear
unnecessary for proper pathfinding, but direct observations of
axonal branching suggest that motoneurons do not compete for
muscle fibers (Liu and Westerfield, 1990). Although main growth
cones of the primary motoneurons do not seem to make obvious
errors during pathfinding, some secondary branches are made
on muscle fibers in inappropriate territories. The time course
of retraction of these branches is consistent with a model in
which primary motoneurons compete for the innervation of
muscle fibers. However, when potential competition is removed
by ablating one of the 2 motoneurons, the other motoneuron
still withdraws the inappropriate branches, suggesting that, in
this case, competition does not determine which muscle fibers
individual motoneurons innervate.

Target activity. Interactions between motoneurons and their
targets based on target activity are thought to be important for
the formation of proper synaptic connections (Purves and Licht-
man, 1985). Westerfield and his colleagues investigated the role
of activity in pathfinding and synapse formation by zebrafish
primary motoneurons by blocking muscle activity pharmaco-

logically and genetically. Liu and Westerfield (1990) allowed
embryos to develop under conditions in which sodium channels
or ACh receptors were blocked and found that pathfinding, syn-
aptogenesis, and the pattern of muscle innervation by the pri-
mary motoneurons were normal. Westerfield et al. (1990) ex-
amined pathfinding in embryos homozygous for the nicotinic
ACh receptor mutation xic-1, which lack functional ACh re-
ceptors; these embryos do not respond to cholinergic agonists,
nor are their muscles detectably labeled by a-bungarotoxin or
mAbs directed against ACh receptor subunits. Despite the ab-
sence of functional ACh receptors, motoneurons in mutant em-
bryos appear to complete proper pathfinding. Morphologically
normal neuromuscular junctions were also seen at the fine-struc-
tural level. These 2 sets of results suggest that, in this system,
transmitter-evoked muscular activity is not important for prop-
er pathfinding and is probably not required for synapse for-
mation.

Absence of the muscle target. Interactions between motoneu-
rons and the muscles they innervate appear to be important for
formation of normal motoneuron axonal pathways (Lewis et
al., 1981; Tosney, 1987). In zebrafish embryos homozygous for
the spadetail mutation spz-1 (Kimmel et al., 1989), the devel-
opment of the primary motoneurons is abnormal. At least some
of these neurons extend growth cones out of the spinal cord, but
they form axons that are morphologically aberrant. spt-1 em-
bryos also have severe disruptions of muscie segments in the
trunk region that arise because prospective trunk somite cells
migrate improperly into the tail rudiment during gastrulation.
Thus, trunk muscle segments are absent or contain a greatly
reduced number of muscle cells. Ho and Kane (in press) created
genetic mosaics and showed that the mutation acts directly to
cause prospective trunk muscle cells to migrate improperly dur-
ing gastrulation. The aberrant morphology of primary moto-
neuron axons in spadetail embryos might arise in 2 very different
ways: The mutation could act directly to alter some intrinsic
feature of the primary motoneurons, or it could be the result of
an alteration in some feature of their environment that is critical
for proper pathfinding, such as the presence of target muscle.
To learn whether the mutation acted directly on the motoneu-
rons or was due to loss of target muscle cells, I performed a
genetic mosaic analysis by transplanting individual primary mo-
toneurons between mutant and wild-type embryos (J. S. Eisen,
unpublished observations). These experiments showed that the
mutation does not affect the motoneurons directly, suggesting
that their abnormal development is due to the loss of their target
muscles.

Extracellular matrix molecules. Extracellular matrix mole-
cules have been implicated as possible pathfinding cues for ax-
onal growth cones (Rogers et al., 1983). Frost and Westerfield
(1986) examined the distribution of extracellular matrix mol-
ecules in embryonic zebrafish and found that the primary mo-
toneuronal growth cones contact laminin-rich areas of the em-
bryo and avoid fibronectin-rich areas, such as the segmental
borders. This observation suggests that fibronectin may pattern
the motor axons by determining where they cannot grow (Pat-
terson, 1988). B. Debu, D. Frost, M. Westerfield, and J.S. Eisen
(unpublished observations) tested this idea by injecting fibro-
nectin into ectopic locations along the laminin-rich region in
which the axons of the primary motoneurons normaily grow.
The motor axons appeared to avoid the novel, fibronectin-rich
areas, as though the presence of the fibronectin prevented them
from carrying out normal pathfinding. These experiments sug-



gest that the presence of fibronectin in the segmental border
regions may pattern motor growth cones by preventing them
from extending into adjacent muscle segments.

What determines neuronal identity?

Position as a determinant of the identity of individual primary
MOotoneurons

As was mentioned above, the position of a cell in the gastrula
specifies the fate of its progeny in terms of which tissues they
will populate. However, the exact positions of the progenitors
of primary motoneurons within the nervous system primordium
are indeterminate. Might the position of a developing neuron
after gastrulation determine its individual identity? The primary
motoneurons present an ideal system in which to address this
question, because there is a consistent relationship between the
2 features that define the individual identity of each cell, its
soma position within the spinal cord, and the region of muscle
it innervates. To test whether soma position determines the
region of muscle a motoneuron will innervate, I transplanted
the somata of identified primary motoneurons to new spinal
cord positions in the embryo at various developmental stages
(Eisen, 1989). Postmitotic motoneurons transplanted at early
stages of their development extended their axons into the muscle
territories appropriate for their new soma positions. These re-
sults suggest that, initially, all primary motoneurons may be
equivalent, and that the axonal pathway selected by each cell
may, in fact, be dictated by the position of its soma. Thus, soma
position appears to be a critical factor in determining moto-
neuronal identity.

Genetic control of neuronal identity

Mutational analysis of invertebrates such as Drosophila and C.
elegans has been instrumental in identifying some of the genes
involved in neuronal determination and differentiation (Desai
et al., 1988; Doe and Scott, 1988; Chalfie and Au, 1989). A
common feature of many of these genes is that they encode
transcriptional regulators that affect the expression of specific
cellular characteristics. Many of these genes play multiple roles
during development, functioning not only in neurons, but also
in other cell types. Thus, it seems unlikely that the identity of
individual neurons is determined by cell-specific genes, but,
rather, that the interplay of several genes contributes to the
unique properties of an individual neuron.

Mutational analysis of vertebrate neuronal development is
still in its infancy. However, some of the genes that have been
identified in Drosophila have expression patterns in vertebrate
embryos that suggest that the vertebrate homologues of these
genes are good candidates for regulators of vertebrate neuronal
development (Stern and Keynes, 1988). In particular, genes that
contain a homeobox, a 180-base-pair sequence encoding a pu-
tative transcriptional control element, show intriguing spatial
and temporal expression patterns in the vertebrate CNS. Fjose
has analyzed the structure and function of several homeobox-
containing genes in the embryonic zebrafish (Eiken et al., 1987;
Fjose et al., 1988; Njolstad and Fjose, 1988; Njolstad et al.,
1988a,b). The zebrafish genes have similar spatial and temporal
expression patterns to their well-studied murine homologues.

A distinct advantage of analysis of genes important for neu-
ronal development is the potential for localizing expression to
individually identified neurons or to other identified cells. The
simple patterning of the zebrafish embryo greatly facilitates such
a study. For example, Patel et al. (1989) used an antibody to
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the homeodomain-containing region of the protein product of
the Drosophila engrailed gene to study the expression of this
gene in the zebrafish embryo. Within the CNS, cells surrounding
the midbrain/hindbrain boundary express this antigen through-
out embryogenesis; a similar expression pattern was also seen
in chick, mouse, and Xeropus embryos. In addition, within the
developing somites, expression of this antigen was localized to
the nuclei of 3—4 identified muscle cells (Hatta et al., in press).
During pathfinding, the growth cones of the primary motoneu-
rons pause for several hours after contacting these cells (Eisen
et al., 1986), suggesting that they may play a role in growth cone
guidance. Using the same antibody, Hatta et al. (in press) have
found this antigen expressed in the nuclei of cells that develop
to form 2 specific jaw muscles; expression occurs before the cells
differentiate, but at about the time they become innervated by
specific motoneurons. The localization of these antigens to iden-
tified muscle cells suggests that homeodomain proteins may play
a heretofore undescribed role in establishing muscle identity
and in neuromuscular target recognition.

Molven et al. (1990) recently made another novel observation
about homeobox-containing genes by examining the expression
of an individual gene in a single class of zebrafish primary neu-
rons. They found that a particular homeobox-containing gene
called XIHbox1 was expressed in a graded fashion in Rohon-
Beard primary sensory neurons; within the body region in which
the gene is expressed, more rostrally located cells had higher
levels of expression than did more caudally located cells. Rohon-
Beard cells outside of this region did not express the gene. This
may be the first demonstration that a single neuronal cell type
can differentially express a putative regulatory gene according
to its position along the body axis. Furthermore, their results
suggest the exciting possibility that positional information along
the body axis might control expression of some homeobox-
containing genes.

Future prospects

To understand how a complex nervous system is generated, we
must learn about the genetic and molecular mechanisms that
underlie the development of individual neurons and how these
processes are regulated by cellular interactions. Studies of the
embryonic zebrafish have begun to address these issues. A grow-
ing number of investigators are beginning to study the zebrafish
embryo, and work underway in their laboratories is expanding
the techniques that can be used to study neuronal development.
For example, Stuart and co-workers (Stuart et al., 1988, 1990)
have recently produced stable lines of transgenic zebrafish by
insertion of foreign DNA into the zebrafish genome; some of
these lines express the genes encoded by the inserts. In the future,
it should be possible to create mutations in genes that play
important roles in neuronal development by insertion of foreign
DNA into them. Such “insertional mutagenesis” has been used
in the mouse to generate mutations that affect embryonic de-
velopment by disrupting the function of the gene into which the
foreign DNA integrated (Jaenisch et al., 1983; Woychik et al.,
1985). An important advantage of this technique is that, because
the inserted DNA sequences are known, a disrupted gene can
easily be cloned. Moreover, recent work in the mouse suggests
that it may soon be feasible to target foreign DNA to specific
sites and thus mutate particular genes (Capecchi, 1987). Thus,
it may be possible, for example, to learn the functions of ver-
tebrate homologues of developmentally important genes from
Drosophila (Kessel and Gruss, 1990). The accessibility of the
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zebrafish embryo for observations and manipulations and the
similarities between its development and that of other verte-
brates (reviewed in Kimmel, 1989) make it an attractive species
for studying the mechanisms of nervous system development.
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