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ABSTRACT

To address possible roles of glial cells during axon outgrowth in the vertebrate central
nervous system, we investigated the appearance and distribution of the glial-specific intermedi-
ate filament, glial fibrillary acidic protein (GFAP), during early embryogenesis of the zebrafish
(Danio rerio). Immunopositive cells first appear at 15 hours, which is at the time of, or slightly
before, the first axon outgrowth in the brain. Immunopositive processes are not initially present
in a pattern that prefigures the location of the first tracts but rather are distributed widely as
endfeet adjacent to the pia, overlying most of the surface of the brain with the exception of the
dorsal and ventral midline. The first evidence for a specific association of immunopositive cells
with the developing tracts is observed at 24 hours in the hindbrain, where immunopositive
processes border axons in the medial longitudinal fasciculus. By 48 hours, immunopositive
processes have disappeared from most of the subpial lamina and are found exclusively in
association with tracts and commissures in three forms: endfeet, radially oriented processes,
and tangentially oriented processes parallel to axons. This last form is particularly prominent in
the transverse plane of the hindbrain, where they define the boundaries between rhombomeres.
These results suggest that glial cells contribute to the development and organization of the
central nervous system by supporting early axon outgrowth in the subpial lamina and by
forming boundaries around tracts and between neuromeres. The results are discussed in
relation to previous results on neuron-glia interactions and possible roles of glial cells in axonal

guidance.  © 1995 Wiley-Liss, Inc.
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Glial cells are the major nonneuronal component in the
nervous system, and they have been suggested as playing a
role in early pattern formation and in the establishment of
neural pathways. In culture, glial cells are preferred sub-
strates for axon elongation (Noble et al.,, 1984; Fallon,
1985). Nonneural ‘“‘primitive glial” cells also appear to
provide a favorable substrate for early axon growth in vivo.
A scaffold of primitive glia may be involved in the initial
patterning of axonal pathways in the insect nervous system
(Bastiani and Goodman, 1986; Jacobs and Goodman, 1989),
and glial cell disruptions are sufficient to cause axon tract
malformations (Bastiani and Goodman, 1986; Jacobs, 1993;
Gorczyca et al.,, 1994). In vertebrates, the earliest tracts
form superficially, and growth cones extend in contact with
the endfeet of radial neuroepithelial cells (Singer et al.,
1979; Kuwada, 1986; Wilson and Easter, 1991). Optic axons
course along radial cell endfeet en route to their targets in
the brain (Silver and Sidman, 1980; Silver, 1984; Silver and
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Rutishauser, 1984; Bovolenta and Mason, 1987; Colello and
Guillery, 1992), and growth cones are associated with radial
cells in the chick tectum (Vanselow et al., 1989) and the
hamster cerebral cortex (Norris and Kalil, 1991). Other
evidence suggests that certain glial tissues form boundaries
inhibitory to axon growth. Examples of structures that
function as barriers include the roofplate of the spinal cord
and tectum (Joosten and Gribnau, 1989; Snow et al., 1990)
and the glial “knot” located in the rostral midline of the
optic chiasm (Silver, 1984; Silver et al., 1987). Thus nonneu-
ral cells may contribute to the patterning and formation of
the nervous system by acting as guides or barriers at critical
stages of development (Silver et al., 1993).
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Although embryonic nonneural cells have often been
called “primitive glia,” their glial identity is uncertain
because it has often been based on morphological criteria
alone (e.g., Ramén y Cajal, 1911; Schmechel and Rakic,
1979). Electron microscopic studies of early axon out-
growth identified the neuroepithelial endfeet contacted by
growth cones as belonging to “primitive radial glia’ (Singer
et al., 1979; Silver, 1984; Kuwada, 1986; Wilson and Easter,
1991), but in the absence of any independent evidence, this
nomenclature must be considered speculative. The recent
development of cell-specific markers provides a useful
method to study identified populations of cells, and in this
study we use the glial-specific intermediate filament, glial
fibrillary acidic protein (GFAP; Eng et al., 1971), to identify
presumptive glia during early stages of development. Anti-
sera to GFAP have been used extensively to visualize
mature and developing glial cells in many species (monkey:
Levitt and Rakic, 1980; cat: Silver et al., 1993; mouse:
Bovolenta et al., 1987; Xenopus: Szaro and Gainer, 1988;
fish: Levine 1989; Nona et al., 1989).

To examine possible roles of glia in axon outgrowth, it is
important to investigate the appearance and distribution of
these cells in a system in which the development of the
earliest neurons and their axonal tracts is well established.
The embryonic zebrafish brain provides such a system. The
first growth cones appear at 16 hours in the fore- and
midbrain (Ross et al.,, 1992) and at 18 hours in the
hindbrain (Mendelson, 1986). As development continues,
neurons and axons are added in a stereotyped manner such
that by 24 hours a simple scaffold of tracts is present
(Chitnis and Kuwada, 1990; Wilson et al., 1990; Ross et al.,
1992). Between 24 and 48 hours many more axons are
added, and most of the additional axons join preexisting
tracts rather than pioneer new ones (Wilson et al., 1990).
Thus, the embryonic zebrafish provides a relatively simple
vertebrate model in which to investigate the differentiation,
distribution, and roles of glial cells during both initial axon
outgrowth and subsequent development.

In this paper, we describe the appearance of GFAP-
positive cells in the embryonic vertebrate brain, with
particular emphasis on their relation to early tracts. Some
of these results have appeared as abstracts (Marcus and
Easter, 1990; Marcus et al., 1990).

MATERIALS AND METHODS
General

Adult and embryonic zebrafish (Danio rerio) were ob-
tained from our own breeding colony. Breeders were main-
tained at 28.5°C on a 14-hour-light/10-hour-dark cycle.
Fertilized eggs were collected and raised in an embryo-
rearing solution (ERS: 0.1% NaCl, 0.003% KCl, 0.0163%
MgSO,, 0.004% CaCl, - 2H,0) at 28.5°C. The time of
fertilization was estimated based on the number of cell
divisions at the time of sorting (Westerfield, 1989). Ages are
given in hours after estimated time of fertilization. Em-
bryos were dechorionated and anesthetized in approxi-
mately 0.03% tricaine methanesulfonate (Sigma) prior to
experimental procedures.

Primary antibodies

Three antibodies against GFAP were used. The first was
a polyclonal antibody generated against GFAP from gold-
fish brain (anti-gGFAP, kindly provided by S. Nona) that
recognizes GFAP in both goldfish (Nona et al., 1989) and
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rat (Shehab et al., 1989). The second was a commercially
available polyclonal antibody (Dako-GFAP) generated
against GFAP from bovine hoof (Dakopatts). The third was
a monoclonal antibody (zrf-1, kindly provided by M. Wester-
field) that labels radial cells in embryonic zebrafish (Trevar-
row et al., 1990). This antibody was generated against a
basal lamina and cytoskeleton preparation from adult
zebrafish hindbrains and spinal cords (Trevarrow, 1988),
and we characterize it further in the Results. The HNK-1
antibody (kindly provided by C. Stern) recognizes an anti-
gen expressed on a variety of cell adhesion molecules (Kruse
et al.,, 1984) and was used to visualize the location of
developing tracts, as shown elsewhere (Metcalfe et al.,
1990; Wilson et al., 1990; Ross et al., 1992).

Tissue preparations for electrophoresis

Antibody immunoreactivities were visualized on Western
blots of protein extracts separated by sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS-PAGE).
Two different kinds of protein preparations were made. An
adult cytoskeletal preparation was obtained by a modifica-
tion of methods described by Chiu and Norton (1982) and
by Quitschke and Schechter (1986). Adult zebrafish were
anesthetized in a solution of 0.2% tricaine, and their brains
were removed and homogenized in an ice-cold solution
containing 50 mM Tris-HCl (pH 6.8}, 2 mM EDTA, 2 mM
EGTA, 0.5% (vol/vol) Triton X (octyl-phenoxy-polyethoxy-
ethanol, Sigma), and 30% w/v sucrose to remove Triton-
soluble proteins. The Triton-insoluble proteins were resus-
pended in 0.4% SDS and stored at —20°C until used for
electrophoresis.

A total protein tissue homogenate was prepared from
both embryonic and larval zebrafish. For the embryonic
preparation, proteins were extracted from embryos be-
tween 18 and 48 hours old in which the yolk was removed.
For the larval preparation, zebrafish (7-9 days old) were cut
transversely, and proteins were extracted from the rostral
one-third. Briefly, the embryonic and larval tissues were
homogenized in a boiling solution of 62.5 mM Tris-HCl (pH
6.8), 10% glycerol, and 2% SDS and then centrifuged at
13,000g for 15 minutes and the proteins precipitated by
mixing the supernatant with five volumes of ice-cold ac-
etone. The proteins were resuspended in a small volume of
Tris buffer containing glycercl and SDS and stored at
—20°C. Protein contents of all three tissue preparations
were determined by using the BCA protein assay reagent
(Pierce).

Gel electrophoresis and Western blots

Tissue samples were diluted in sample buffer containing
62.5 mM Tris-HC1 (pH 6.8), 10% glycerol, 2% SDS, 1-5%
B-mercaptoethanol plus bromophenol blue and boiled for 5
minutes prior to loading. Twenty micrograms of the adult
cytoskeletal preparation or 50 g of either the embryonic or
larval preparations were added per lane. Proteins were
separated in 10-cm long, 12% w/v polyacrylamide gels
(Bio-Rad) according to the Laemmli buffer system (Laemmli,
1970) and then transferred to nitrocellulose (0.2 pm;
Schleicher and Schuell) in transfer buffer containing 25
mM Tris-HCI, 192 mM glycine, and 20% v/v methanol.

Immunolabeling of Western blots

Nitrocellulose strips were blocked in Tris buffered saline
(TBS: 0.1 mM Tris-HCI, 0.9% NaCl, pH 7.4) plus 5% nonfat
dry milk (NFDM) for 1 hour followed by incubation over-
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night at 4°C in the primary antibodies diluted in TBS
containing 5% NFDM and 5% normal goat serum. After
washes in TBS, the strips were incubated first in either
biotin-conjugated goat anti-mouse IgG (for zrf-1) or biotin-
conjugated goat anti-rabbit IgG (for gGFAP and Dako-
GFAP) for 90 minutes followed by incubation in a peroxi-
dase-conjugated avidin-biotin complex (ABC kit, Vector
Laboratories) for 1 hour. Labeling was developed by incubat-
ing the strips in TBS containing 0.05% 4-chloro-1-naphthol
(Sigma) and 0.015% H,0, for up to 30 minutes. The
nitrocellulose strips were air dried and immediately photo-
graphed. All steps were carried out at room temperature
unless otherwise stated. In control experiments, the pri-
mary antibodies were replaced by nonimmune sera from
rabbits.

Immunocytochemical labeling

Embryos between 12 and 48 hours old were fixed in
either 4% formalin buffered with Pipes (0.1 M disodium salt
[Sigmal], plus 2 mM EGTA and 1 mM MgSQO,, pH 6.95) or
2% w/v trichloroacetic acid (TCA) for 4 hours at room
temperature. Frozen sections (10—20 um) were washed in
phosphate buffered saline (PBS; pH 7.4) containing 0.3%
Triton X followed by incubation for 30 minutes in PBS plus
Triton X containing 10% normal goat serum and 0.05%
bovine serum albumin to block nonspecific binding. Pri-
mary antibodies diluted in blocking buffer were applied to
the slides either overnight at 4°C or for 90 minutes at room
temperature. Secondary antibodies (peroxidase-conjugated
goat anti-rabbit IgG for anti-gGFAP and Dako-GFAP or
goat anti-mouse IgG for zrf-1) were applied for 60 minutes
at room temperature. In some cases, a biotin-conjugated
secondary antibody was used, followed by incubation with
the Vector ABC kit for 30 minutes at room temperature.
Brown peroxidase labeling was obtained in the presence of
0.8 mg/ml diaminobenzidine (DAB; Sigma) plus 0.005%
hydrogen peroxide. A blue reaction product was obtained
when the reaction proceeded in the presence of a 0.05%
solution of NiCl,.

Some embryos were prepared for wholemount immunocy-
tochemistry. In certain cases, embryos were pinned down in
a Sylgard-coated dish, and the eyes, yolk sac, and skin
overlying the brain were dissected away by using sharpened
tungsten needles. Briefly, embryos were washed in PBS
plus 0.5% Triton X, preincubated in blocking buffer for 3
hours at room temperature, and incubated in the primary
antibody overnight at 4°C. The next day, embryos were
washed in buffer six times for 1 hour each followed by
incubation in peroxidase-conjugated secondary antibody
overnight at 4°C. Following six washes in buffer, embryos
were incubated in 0.8 mg/ml of DAB for 30 minutes and
reacted by adding H,O, with or without NiCl,. The relation-
ship of GFAP-immunoreactive cells to developing tracts
was visualized by double labeling embryos with both anti-
gGFAP and HNK-1. HNK-1 labeling was indirectly visual-
ized with a goat anti-mouse IgM secondary antibody conju-
gated to peroxidase.

Selected wholemounts were dehydrated with 95% etha-
nol, embedded in glycol methacrylate, and sectioned at
3-10 pm.

Electron microscopy

All embryos prepared for electron microscopy were dis-
sected prior to immunolabeling and were not exposed to
Triton X in any of the later steps. Following reaction as

367

wholemounts, embryos were immersed in 3.5% glutaralde-
hyde in 0.1 M PO, buffer for 2 hours. The tissue was
postfixed in 1% osmium tetroxide in 0.075 M PO, buffer for
1 hour, washed in distilled water and 0.05 M maleate buffer
(pH 6.0), and stained en bloc in 2% uranyl acetate in
maleate buffer for 1 hour. After washes in maleate buffer,
the tissue was dehydrated in alcohols, cleared in propylene
oxide, and embedded in Epon/Araldite.

Semithin sections were stained with toluidine blue. Ultra-
thin sections were mounted on formvar-coated one-hole
grids and viewed on a Philips 300 electron microscope. No
adjustments for shrinkage were made in estimating calibra-
tion scales.

Dil and HRP labeling of neuroepithelial cells

Neuroepithelial cells in zebrafish embryos of various ages
were labeled either with horseradish peroxidase (HRP; type
VI, Sigma) or the lipophilic dye, Dil (1,1'-dioctadecyl-
3,3,3",3’ tetramethylindocarbocyanine perchlorate; Molecu-
lar Probes; Honig and Hume, 1986). For HRP labeling, a
small volume of 5% HRP in distilled H,O was pressure-
injected from a micropipette under visual control, directly
into the brains, near the ventricular surface, of anesthe-
tized embryos suspended in 3% agar in ERS. Following a
15-minute survival time, embryos were fixed in 0.1 M PO,
buffer containing 2.5% glutaraldehyde and 2% formalin
plus 5% DMSO for 2 hours at room temperature. HRP-
labeled cells were visualized by incubating embryos in DAB
plus HzOg.

Dil labeling was performed in embryos fixed in 4%
phosphate buffered formalin. Cells were labeled either by
placing small crystals of Dil on the ventricular surface of
embryos, which had the skin overlying the ventricles
removed, or by pressure-injection of a small amount of Dil
dissolved in 0.25% N,N-dimethylformamide either into the
brain or onto the ventricular surface. Fluorescently labeled
cells were photoconverted to a permanent brown reaction
product by photoexcitation of the dye in the presence of
0.05% DAB (Sandell and Masland, 1988). Some embryos
were embedded in glycol methacrylate and sectioned. Label-
ing with HRP often resulted in singly labeled cells, and
applications of Dil to the ventricular surface yielded larger
numbers of labeled cells; therefore, both methods were
used.

RESULTS
Specificity of the antibodies

The specificities of the antibodies had to be established
independently in view of their different origins (see Meth-
ods). The specificities were assessed on Western blots and
tissue sections.

The Western blots are shown in Figure 1. All three
antibodies labeled a major band of apparent molecular
weight 51 kDa as well as a second band at 45 kDa. The
Dako-GFAP antibody labeled these same two bands as well
as proteins of higher and lower molecular weights, similar
to a report for this antibody in adult goldfish (Levine, 1989).
The 51 kDa band matches the molecular weight of fish
GFAP given in other reports (Quitschke et al., 1985; Maggs
and Scholes, 1986; Levine, 1989; Nona et al., 1989), thereby
supporting the assertion that all three antibodies recognize
zebrafish GFAP. Although antibodies against GFAP only
label a single band in mammals (Dahl et al., 1985; Quitschke
et al., 1985), in fish two labeled bands have been reported by
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others (Dahl et al., 1985; Quitschke et al, 1985; Levine,
1989).

Both anti-gGFAP and zrf-1 labeled sections of adult and
embryonic zebrafish similarly (data not shown). For ex-
ample, in the adult visual pathway, the antibodies labeled
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Fig. 1. Western blots of zebrafish proteins stained by glial fibrillary
acidic protein (GFAP) antibodies. Lane a shows molecular weight
standards separated by sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS-PAGE). Molecular weights are indicated by the
arrows and numbers on the left. Lanes b, e, and f correspond to
Western blots of extracts of intermediate filaments from adult zebrafish
brain and were stained with zrf-1, anti-gGFAP, and Dako-GFAP,
respectively. Lanes d and e are Western blots of larval (d) and
embryonic (e) proteins stained with anti-gGFAP. The molecular weights
of the two bands seen in b—e are indicated by the arrows and numbers
on the right. An additional higher band was sometimes observed (e.g.,
in d and e), but this band was also seen on blots stained with normal
rabbit serum and therefore represents nonspecific binding. Dako-GFAP
(f) stained bands in addition to the 51-kDa and 54-kDa bands observed
with zrf-1 and anti-gGFAP. This figure was digitally scanned, and the
contrast in lanes d and e was enhanced.
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Fig. 2. Camera lucida drawings show brains (upper) and whole
embryos (lower) at 15, 24, and 48 hours old. The brains and embryos
are viewed laterally and are oriented so that the rostral hindbrain is
horizontal. The lines denote planes of section for figures as indicated. e,
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radial glial fibers in the optic tectum and optic tract but not
in the optic nerve, confirming earlier work on the distribu-
tion of glial cells in adult fish (Dahl and Bignami, 1973;
Dahl et al., 1985; Maggs and Scholes, 1986; Levine, 1989;
Nona et al., 1989). In contrast, Dako-GFAP weakly labeled
glial cells in adults, and in embryos it also labeled processes
that were HNK-1 positive and were therefore presumed to
be neural.

Thus, both the immunoblots and the antibody labeling in
the adult support the conclusion that all three antibodies
recognize GFAP in the zebrafish. Because Dako-GFAP
labeled additional bands in the Western blots and neural
processes in the embryo, this antibody was not used
further.

Time course of GFAP expression

Wholemounts and frozen sections from embryos between
12 and 48 hours old were examined immunocytochemically.
Schematic diagrams of embryonic zebrafish at the ages
discussed in the Results are presented in Figure 2. Both
anti-gGFAP and zrf-1 labeled embryos similarly; therefore,
structures labeled by either are referred to simply as GFAP
positive in the text.

GFAP immunoreactivity first appears in the brain at 15
hours (Fig. 3), which is at about the same time as the first
differentiated neurons (Ross et al., 1992). Lightly labeled
processes are located laterally along the superficial surface
of the central nervous system (CNS), and a few GFAP-
positive processes extend more deeply. The first axons
course in the subpial region, the location where the GFAP
labeling first appears. The GFAP-positive processes belong
to radially oriented cells because the deeper processes are
oriented perpendicularly to the surface and are occasionally
seen to join the labeled superficial processes (Fig. 3, inset).
The widespread distribution of GFAP immunoreactivity
implies that it must appear in places devoid of axons
because axons are few and in known locations (Ross et al.,
1992). This conclusion was confirmed by double labeling
with both anti-gGFAP and HNK-1. GFAP-positive pro-
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eye; fb, forebrain; hb, hindbrain; hy, hypothalamus; mb, midbrain; or,
optic recess; ot, otocyst; P, pineal; v, ventricle. Seale bar = 25 pm for
brains, 100 pm for embryos.
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Fig. 3. Frozen section from a 15-hour-old zebrafish embryo labeled
with anti-gGFAP. Dorsal is up; the plane of section is indicated in
Figure 2. GFAP-positive processes are localized to the lateral edge of
the brain (arrowheads). The inset is a higher magnification of GFAP-
positive labeling in an adjacent section. The arrow points to an endfoot
that is attached to a labeled process oriented perpendicularly to the
surface. The dotted line indicates the edge of the brain. ov, optic vesicle.
Scale bar = 10 um, 2 wm in inset.

cesses exist in regions of the CNS that are both HNK-1
negative and positive (data not shown).

At 24 hours, GFAP-positive labeling is found throughout
the brain, except along the dorsal and ventral midline (Fig.
4). The label is restricted to the basal processes and endfeet
of radially oriented cells contacting the subpial surface of
the brain. Dil and HRP were used to visualize the morphol-
ogy of cells with processes that terminate along the superfi-
cial lamina. At all ages investigated, labeled cells extended
from the ventricle to the superficial surface of the brain,
where the basal processes enlarged and formed endfeet
(Fig. 5) similar to those revealed by the antibody labeling.
Based on the similarity between the morphology of the
GFAP-labeled endfeet and the endfeet of the Dil-and
HRP-labeled cells, we identify the cells labeled by the
antibodies at 24 hours as radial glia.

At 24 hours, a small number of identifiable tracts and
commissures are present in the brain (Chitnis and Kuwada,
1990; Wilson et al.,, 1990; Fig. 6, inset). GFAP-labeled
processes are more broadly distributed than the axon
scaffold, and these processes are located in regions both
with and without developing tracts. For instance, GFAP-
positive processes are located in the brain in the tract of the
anterior commissure (TAC) and the tract of the postoptic
commissure (TPOC; Fig. 4) and throughout the dorsal
diencephalon, which contains only a few axons from the
dorsoventral diencephalic tract (DVDT) and tract of the
posterior commissure (TPC) at this time. Moreover, GFAP
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is absent from the midline, including regions containing the
dorsal and ventral commissures, indicating that the pres-
ence of GFAP-positive processes is not essential for the
development of commissures. Thus, GFAP-positive glial
cells in the zebrafish are not distributed in a pattern that
prefigures the first axon pathways

The earliest tracts are located superficially; therefore,
laterally located tracts develop in regions containing GFAP-
positive endfeet. Possible interactions between developing
tracts and GFAP-immunolabeled processes were investi-
gated ultrastructurally (Fig. 6). In electron micrographs,
two types of labeled processes were observed. One includes
wide, columnar endfeet, closely apposed to one another, and
distributed throughout the fore- and midbrain. Label does
not completely fill these columnar endfeet, but rather is
concentrated near cell membranes along both the basal and
lateral surfaces. In some regions (e.g., Fig. 6B,D), all or
nearly all cells were labeled. The second type of labeled
process includes smaller, more loosely packed processes,
some of which extend to the pial surface, where they expand
in contact with the basal lamina. They are found in tracts
such as the TAC (Fig. 6A,C), where they are intermixed
with unlabeled processes of similar morphology. Some of
the unlabeled ones are presumably axons, but many must
be endfeet because they are seen in contact with the basal
lamina, where axons are not generally found (Wilson et al.,
1990; Wilson and Easter, 1991).

A different kind of relationship between GFAP-positive
processes and developing tracts was observed in the hind-
brain (Fig. 7). The medial longitudinal fasciculus (MLF)
was separated from the cellular region of the brain by
labeled processes that seemed to incase the tract. Other
GFAP-positive, radially oriented processes contact the basal
lamina on the subpial surface of the brain outside of the
region containing the MLF. The presence of nonradial,
GFAP-positive processes around axons in the MLF sug-
gests an active association of axons and glia, in which the
axons have influenced a change in glial morphology.

The pattern of GFAP-immunopositive cells is quite differ-
ent by the end of the second day of development. First,
GFAP-positive processes are no longer spread broadly along
the lateral subpial surface; instead, they are concentrated
in and around tracts and commissures. Second, a new class
of labeled processes has been added; these processes are
oriented parallel to the pial surface and to axons in tracts
and commissures.

The condensation of primitive glial processes in and
around tracts and commissures is evident in both whole-
mounts and sections (Figs. 8—10). Wholemounts labeled for
either GFAP or with the HNK-1 antibody to label axons
have quite similar patterns of labeling (Figs. 8, 9A,B), but
not all tracts are equally invested with glial processes. The
TPC, the MLF, and the peripheral nerves are most heavily
GFAP positive, and the other tracts less so. Among the less
heavily labeled tracts, the TPOC is labeled more than the
TAC (Fig. 9C,D). The commissures and the peripheral
motor nerves become labeled only after they develop be-
cause they were unlabeled at 24 hours, a time when both
contained axons (Myers et al., 1986; Wilson et al., 1990).

GFAP-positive processes running parallel to axons are
observed in some tracts and commissures such as the THC
and TPC (Figs. 8A, 9A,B). The appearance of GFAP-
labeling in commissures is best illustrated in the hindbrain
{Fig. 11A), where dorsoventral palisades of GFAP-positive
processes near the rhombomeric borders form the “glial
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Fig. 4. Anti-gGFAP labeling in frozen sections from a 24-hour-old
embryo. Dorsal is up; the planes of section are indicated in Figure 2. A
and C are sections from the same embryo, and B and D are higher
magnifications of the boxes in A and C, respectively. Label is located
laterally in the basal processes and endfeet of radially oriented cells.

curtains” described elsewhere (Trevarrow et al., 1990), and
labeled processes cross the ventral midline (Figs. 10A,B,
11). These processes are interspersed among commissural
axons, indicating that these processes run parallel to, and
are in direct contact with, commissural axons in the border
regions located between rhombomeres. Application of Dil to
the fourth ventricle labels cells that send processes across
the ventral midline and probably represent the GFAP-
positive cells (Fig. 10C,D). Alternatively, the Dil-labeled
cells may represent differentiating neurons that have ex-
tended axons prior to migration of the cell body away from
the ventricle, possibly the dorsal commissural neurons
(Trevarrow et al., 1990). This latter possibility seems less
likely because the earliest tracts to develop in the embry-
onic zebrafish are located superficially (Wilson et al., 1990)
in contrast to the deep location of the dorsoventrally
oriented processes of the Dil-labeled cells. In addition, in
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Note the absence of GFAP-positive labeling at the dorsal and ventral
midline. e, eye; mb, midbrain; or, optic recess; TAC, tract of the anterior
commissure; TPOC, tract of the postoptic commissure; v, ventricle; y,
yolk. Scale bar = 10 pm in A,C, 5 pm in B,D.

studies in which cells expressing neural antigens still
assumed a neuroepithelial morphology, the cell nuclei were
located near the pial, not the ventricular, surface (Cochard
and Paulin, 1984; Sechrist and Bronner-Fraser, 1991;
Easter et al., 1993).

GFAP labeling in the POC-optic chiasm
junction

The first axons in the POC appear at about 24 hours
(Wilson et al., 1990, unpublished observations). The first
retinal axons arrive between 34 and 36 hours on the
anterior edge of the POC (Stuermer, 1988; Burrill and
Easter, 1991), where they form the optic chiasm. These two
groups of axons—those in the POC and those in the
chiasm—have different origins and destinations but course
in close proximity to one another. We examined the develop-



GFAP IN ZEBRAFISH EMBRYOS

Fig. 5. Lipophilic dye (Dil)-labeled neuroepithelial cells. Dorsal is
up. A: Lateral view of Dil-labeled cells in the hindbrain of a whole-
mounted 36-hour-old embryo. Anterior is to the left; the edges of the
brain are demarcated by the dashed lines. B: Transverse section
through the hindbrain of a 48-hour-old embryo labeled with Dil as a

ment of the chiasm with particular attention to GFAP-
positive processes that might be involved in separating the
two groups.

Although GFAP-positive processes are present at the
ventral diencephalon when the optic chiasm forms, they are
not intimately associated with the optic fibers. Figure 12A
is an electron micrograph of a sagittal section through a
37-hour-old embryo labeled with anti-gGFAP. The optic
axons were identified by tracing them from the optic stalk
in electron micrographs of serial sections. Approximately
60 axons from each eye have reached the midline. GFAP-
positive processes are seen along the superficial (ventral)
and posterior edges of the POC. The optic axons are not
contacted by any GFAP-positive processes, and they are
separated from axons in the POC by a cellular region,
1-2-pm wide, that is GFAP-negative. The GFAP-positive
processes bordering the POC resemble those around the
MLF in the hindbrain at 24 hours. Moreover, the associa-
tion of GFAP-labeled processes with the already established
POC, but not the developing optic chiasm, reinforces the
previous observations that GFAP-positive processes are not
present at the midline prior to the arrival of axons.

By 48 hours, the optic chiasm is separated from the POC
by glial processes (Fig. 12B). GFAP-positive endfeet contact
the basal lamina, and thinner, GFAP-positive processes
extend into the brain. A labeled endfoot and process are
located on the posterior edge of the POC, as was observed at
37 hours. In addition, a labeled process is located at the
border between the optic axons and the POC (Fig. 12B,
arrowheads) in contrast to the unlabeled region separating
these tracts at 37 hours. Thus, GFAP-positive processes
separate bundles of axons from different origins and from
the cellular, axon-free regions in the brain. The appearance
of GFAP immunoreactivity between the optic axons and the
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wholemount, then sectioned and counterstained. Labeled cells extend
from the ventricular to the subpial surface of the brain, where their
basal processes enlarge and form characteristic endfeet (asterisk).
Similarly labeled cells were observed at all ages examined between 15
and 48 hours. v, location of IVth ventricle. Scale bar = 10 pm.

POC between 37 and 48 hours suggests that the association
of GFAP-immunoreactive processes with the optic chiasm
develops in response to the arrival of the optic axons at the
ventral midline.

Summary

GFAP-positive processes first appear at 15 hours, at or
slightly before the first axon outgrowth in the brain. At 24
hours, GFAP-positive radial cells are widely distributed
throughout the brain, with the exception of the ventral and
dorsal midline. The first evidence for a specific association
of GFAP-positive cells with the developing tracts was
observed in the hindbrain at 24 hours, and by 48 hours,
GFAP-positive processes and endfeet were concentrated
only in those regions containing tracts. Therefore, many of
the cells that expressed GFAP at 15 and 24 hours no longer
expressed it at 48 hours. In addition to GFAP-positive
radial processes, labeled processes oriented parallel to nerve
fibers were observed in some tracts, including the dorsal
and ventral commissures, but in all such cases, the GFAP-
positive processes appeared after the axons. Finally, GFAP-
positive processes were observed at the borders between the
neuropil and cellular regions in the brain and between
bundles of axons from distinet origins.

DISCUSSION
GFAP expression in fish glia

The most abundant intermediate filament in nonneuro-
nal cells of the adult central nervous system is GFAP.
Comparative studies have shown that the protein is highly
conserved, and in most species, one major polypeptide of
approximate molecular weight 51 kDa is observed, al-
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Fig. 6. Electron micrographs show a 24-hour-old embryo labeled
with anti-gGFAP as a wholemount. The inset is a schematic diagram of
a lateral view of the brain in a 24-hour-old embryo and depicts the
pattern of labeling seen with the HNK-1 antibody (modified from Ross
et al., 1992). The line gives the plane of section for the figure; A and B
indicate the areas shown in panels A and C and panels B and D,
respectively. Also shown are the locations of the tracts present at 24
hours. A,B: Tracings made from electron micrographs. The stipple

though some minor differences have been reported (Dahl
and Bignami, 1973; Dahl et al., 1985; Quitschke et al.,
1985). The reactivity of anti-gGFAP with mammalian
GFAP has previously been demonstrated on both immuno-
blots and tissue sections (Nona et al., 1989; Shehab et al.,
1989). In the adult zebrafish, anti-gGFAP recognizes a
major band of 51 kDa, which is consistent with other
reports for the molecular weight of GFAP in fish (Quitschke
et al., 1985; Maggs and Scholes, 1986; Levine, 1989; Nona
et al., 1989). In addition, a second band was recognized at
45 kDa, which is consistent with other reports on fish (Dahl
et al., 1985; Quitschke et al., 1985; Levine, 1989; Cohen et
al., 1993). More than one form of GFAP has also been
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represents the GFAP label; the thinner lines represent nuclei. The
region in A contains many more smaller labeled and unlabeled pro-
cesses than the region in B. C,D: Electron micrographs of the regions
boxed in A and B, respectively. Arrowheads in D point to label located
adjacent to cell membranes. DVDT, dorsoventral diencephalic tract;
MLF, medial longitudinal fasciculus; POC, postoptic commissure; TAC,
tract of the anterior commissure; TPC, tract of the posterior commis-
sure. Scale bars = 3 um for A)B, 1 um for C,D.

observed in Xenopus (Szaro and Gainer, 1986) and axolotl
(Holder et al., 1990), and it has been suggested that GFAP
may exist in more than one form in animals that retain
radial glia throughout life (Holder et al., 1990).

By using GFAP expression as a marker to distinguish
presumptive glia from other radially oriented neuroepithe-
lial cells, our results improve upon earlier studies that
identified cells contacted by growing axons as neuroepithe-
lial or ““primitive glia” (Singer et al., 1979; Silver, 1984,
Kuwada, 1986; Wilson and Easter, 1991). It is unclear
whether cells labeled by GFAP in this study are “primitive”’
or analogous to radial glia found in the adult. In mammals,
the transition from immature to mature glial forms is
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Fig. 7. Electron micrograph shows a transverse section through the
hindbrain of a 24-hour-old embryo labeled with anti-gGFAP as a
wholemount. Axons in the medial longitudinal fasciculus (MLF; out-
lined by the dashed line) are separated from the basal lamina (bl) by
both labeled (arrows) and unlabeled endfeet. Medially, a GFAP-positive
process separates the MLF from the cellular region of the brain
(arrowheads). v, ventricle. Scale bar = 2 pm.

correlated with a change from expression of the intermedi-
ate filament vimentin to GFAP (Bovolenta et al., 1984;
Stichel et al., 1991; Elmquist et al., 1994). No such change
has been reported in fish. Thus, whereas the expression of
GFAP may be an indicator of glial phenotype, it may not
distinguish between immature and mature glial forms.
Moreover, the absence of GFAP immunoreactivity cannot
be used to identify cells as nonglial.

In a previous study on GFAP immunoreactivity in ze-
brafish, labeling was reported in radial glia in the spinal
cord only after 60 hours (van Raamsdonk et al., 1984).
Although we did not focus on the spinal cord, we noted
GFAP labeling much earlier than 60 hours (e.g., Fig. 8, 48
hours). We believe the discrepancy in the time of onset is
attributable to the different antibodies used. The antibody
used in the earlier study was generated against GFAP
isolated from bovine brain and reacted with a 49-kDa band
on Western blots of cytoskeletal proteins from fish spinal
cord. The antibodies we used were raised against fish and
recognized a band of 51 kDa, which others have identified as
fish GFAP. For these reasons, we believe our results more
accurately reflect the expression of GFAP in the zebrafish.

Cellular distribution of GFAP

In the brain, GFAP did not label radial cells in their
entirety; rather, GFAP immunoreactivity was distributed
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in processes and endfeet located superficially. In amphib-
ians, localized expression of GFAP in the distal portion of
cells has been reported in both adult spinal cord (Miller and
Liuzzi, 1986; Holder et al., 1990) and embryonic brain
(Godsave et al., 1986, Szaro and Gainer, 1988; Messenger
and Warner, 1989). In addition, vimentin, which labels
radial glia in the embryonic chick tectum, becomes localized
to the distal portion of radial cells (Vanselow et al., 1989).
The restricted distribution of intermediate filament pro-
teins within radial cells is interesting in regard to the
location of developing tracts. The earliest tracts are located
superficially and therefore occupy regions containing glial
endfeet. It is possible that the localization of intermediate
filaments in the endfeet of radial glial cells may be impor-
tant for initial axon outgrowth, for instance, by providing
structural support to cells on which growth cones extend or
by anchoring surface proteins that may function in axonal
pathfinding (e.g., laminin: Letourneau et al., 1988; NCAM:
Silver and Rutishauser, 1984). The mechanism by which
intermediate filaments are localized intracellularly is not
known, but it is likely that it involves interaction with the
extracellular environment.

In contrast to the restricted distribution of GFAP immu-
noreactivity in superficially located endfeet and processes in
the embryonic brain, GFAP immunoreactivity is distrib-
uted throughout radial glia in the adult. For example, in the
visual system, anti-gGFAP labels radial glia and ependymal
glial profiles in the tectum, parallel processes in the optic
tract, and Miiller glia in the retina (Nona et al., 1989). It is
interesting to speculate that the changing distribution of
GFAP immunoreactivity may reflect a differential expres-
sion of the two GFAP moieties revealed in the immunob-
lots. Curiously, although GFAP is normally thought to be
absent from fish optic nerve (Dahl et al., 1985; Maggs and
Scholes, 1986; Levine, 1989; Nona et al., 1989; personal
observation, but see also Blaugrund et al., 1991), GFAP is
expressed in the goldfish optic nerve following injury
(Stafford et al., 1990; Levine, 1993), and antibodies to
GFAP selectively label glia in the ventral fiber bundle in the
adult goldfish and cichlid (Nona et al., 1992; Scholes et al.,
1992). The appearance of GFAP-immunoreactive glia at the
growing margin of the optic nerve is reminiscent of the
patterns seen in the embryo (J. Scholes, personal communi-
cation); therefore, these cells may reflect a bit of the embryo
in the adult. The possibility that cells such as those
associated with growth and/or regeneration express GFAP
moieties different than those in mature glia is an area for
further investigation.

Neuron-glia interactions

The late restriction of the GFAP-positive processes to
regions containing tracts suggests an active interaction
between these processes and axons. The interdependence of
neurons and glia during development has most clearly been
demonstrated for mammalian cells in vitro. Neurons induce
glial differentiation in cerebellar cultures by a membrane-
mediated mechanism (Hatten, 1985, 1987), and cortical
radial glia undergo neuron-dependent morphological and
immunocytochemical transformations in culture (Culican
et al., 1990). Indeed, direct cell—cell interactions between
cerebellar glia and granule cells, visualized by using time-
lapse video microscopy, demonstrated that the growing tips
of astroglial processes interact with neurons, resulting in
the stable association of neurons and glia (Mason et al.,
1988). The correspondence of GFAP-positive cells with
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Fig. 8. Zebrafish embryos 48-hours-old are immunolabeled for
GFAP (A) and axons (B). Lateral views are depicted, with anterior to
the left and dorsal up. A: Camera lucida drawing shows a zrf-1-labeled
wholemount. The labeled motor nerves are located on a piece of muscle
and skin not dissected away from the embryo. Two types of GFAP-
positive processes are observed: radial cells oriented perpendicularly to
the surface of the brain and labeled processes oriented parallel to axons.
The endfeet of radial cells viewed along their long axis give the tracing
its “speckled” appearance (e.g., in the caudal hindbrain and spinal
cord). In the hindbrain, the dorsoventrally oriented label corresponds to

tracts observed in this study may reflect a similar stable
association of neurons and glia in the developing zebrafish.
In addition, the appearance of GFAP-positive cells in the
peripheral motor nerves and the presence of labeled cells in
parallel to axons in the dorsal and ventral commissures at
48 hours suggest that the development of GFAP immunore-
activity in these cells follows axonal contact.

Electron microscopic observations suggest that GFAP-
positive endfeet are altered by axonal contact. At 24 hours,
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GFAP-positive processes located at segment borders. B: Schematic
drawing shows HNK-1-positive tracts. Comparison of A and B indicates
that GFAP-positive processes are concentrated in regions containing
tracts. AC, anterior commissure; cb, cerebellum; DVDT, dorsoventral
diencephalic tract; fb, forebrain; hb, hindbrain; mb, midbrain; MLF,
medial longitudinal fasciculus; MNs, motor nerves; p, pineal; POC,
postoptic commissure; sc, spinal cord; SOT, supraoptic tract; TAC,
tract of the anterior commissure; THC, tract of the habenular commis-
sure; TPOC, tract of the postoptic commissure; TPC, tract of the
posterior commissure; III, oculomotor nerve. Scale bar = 50 pm.

two types of labeled processes were observed: wide, closely
apposed columnar endfeet, and thinner, more loosely packed
processes (Fig. 6). The former were present where no axons
had grown, and the latter were found in tracts. We suggest
that the columnar endfeet were transformed into the
filamentous ones by contact with axons or growth cones.
Changes in the morphology of cells contacting axons are
consistent with observations of the environment through
which pioneers of the dorsoventral diencephalic tract
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Fig. 9. Zrf-1 (A,B) and anti-gGFAP (C,D) labeling in 48-hour-old
embryos. A: Frontal view of a wholemounted embryo tilted slightly to
the right. The orientation of the figure is indicated by the dashed line
and arrow in Figure 2. Zrf-1 labels processes parallel to axons in the
tract of the posterior commissure (TPC) and the tract of the habenular
commissure (THC). The bracket indicates radial processes (slightly out
of focus) in the tract of the postoptic commissure (TPOC). B: Tangen-
tial section through the posterior commissure (PC) of an embryo
labeled with zrf-1 as a wholemount, then sectioned and counterstained.

(DVDT) extend (Wilson and Easter, 1991). In that study,
cells contacting the DVDT pioneer possessed more and
thinner processes than cells located either lateral to or
ahead of the growth cone, suggesting that the morphology
of the columnar endfeet was altered by the passage of the
growth cone. The fact that later axons grew preferentially
in the same region suggests that the more loosely packed
processes may provide a more hospitable enviornment for
axonal growth than the columnar endfeet. This suggestion
is reinforced by recent work on the development of the optic
tract in zebrafish (Burrill and Easter, 1995). Optic axons
grow toward the tectum in an ‘“‘pretract’” consisting of

Anterior is up; the midline is indicated by the solid line. Labeled
processes oriented parallel to axons in the PC are seen crossing the
dorsal midline. C: Frozen section labeled with anti-gGFAP. The plane
of section is indicated in Figure 2. Radially oriented processes are
located in the TPOC; the tract of the anterior commissure (TAC)
appears unlabeled. D: Detail of the box in C. Densely labeled endfeet lie
along the superficial edge of the brain in the region of the TPOC. ¢, eye;
v, ventricle. Scale bars = 25 um for A,C, 10 pm for B,D.

loosely packed processes from both axons and neuroepithe-
lial cells adjacent to the TPOC rather than by fasciculating
along axons in the TPOC. The anatomical texture of this
pretract resembles that of the GFAP-positive regions of
early tracts (Fig. 6C).

At 48 hours, GFAP-positive columnar endfeet are no
longer present, as all the GFAP is in the finer processes
associated with tracts, suggesting that the maintenance of
GFAP expression may be dependent on axonal contact. The
association of GFAP-positive processes with tracts at 48
hours is in stark contrast to the more widespread distribu-
tion of GFAP immunoreactivity seen at 15 and 24 hours. If
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Fig. 10. Anti-gGFAP- and Dil-labeled processes in the hindbrain of
48-hour-old embryos reveal both radially and transversely oriented
processes. A: Frozen section through the caudal hindbrain of a 48-hour-
old embryo labeled with anti-gGFAP. The plane of section is indicated
in Figure 2. Arrowheads point to endfeet in the MLF. Labeled processes
crossing the midline are indicated by the arrow and deep labeled
processes by the asterisks. B: Detail of boxed area in A. C,D: Dil-labeled
cells in the hindbrain. Dil was applied to the ventricular surface in a

GFAP expression is used as an indicator of glial phenotype,
this raises the question of what becomes of GFAP-
expressing glial cells at 15 and 24 but not at 48 hours. One
possibility is that they die in the absence of axonal contact.
This seems unlikely because examination of the brain at
both the light and electron microscopic levels does not
reveal extensive cell death between 24 and 48 hours.
Another possibility is that they cease expressing GFAP
transiently and resume expression later on, thus maintain-
ing their glial identity. Alternatively, they may remain
pluripotent and assume a neuronal fate. Unlike what has
been proposed for radial glial cells in mammalian cerebral

whole dissected embryo that was then sectioned and counterstained.
The section is from a region of the brain similar to the section shown in
A. C: Dil-labeled cells extend dorsoventrally from the ventricular
surface. The processes are located deep in the brain in regions that
contain GFAP-positive processes (asterisks in A and C). D: Detail of
region boxed in C. Dil-labeled processes cross to the contralateral side
where some terminate in growth cone-like expansions (star). bv, blood
vessel. Scale bars = 10 um in A,C, 5 pm in B,D.

cortex (Ramén y Cajal, 1911; Schmechel and Rakic, 1979;
Culican et al., 1990) and chick optic tecta (Gray and Sanes,
1992), there is no evidence for radial GFAP-positive cells
transforming into astrocytes in the zebrafish.

Glial cells and axonal guidance

In the zebrafish, as in many other systems, axons follow
highly specific and stereotyped pathways. During develop-
ment, tracts form in contact with the endfeet of neuroepithe-
lial or primitive glial cells, suggesting that growing axons
may be guided to, and maintained at, the superficial surface
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Fig. 11. GFAP-positive processes in the hindbrain of 48-hour-old
embryos. A: Wholemount labeled with zrf-1. Anterior is to the left. The
dorsal side of the embryo is tilted away from the reader, with the
ventral midline indicated by the arrows. Bands of GFAP-positive
processes cross the ventral midline. Dark, rostrocaudally labeled pro-
cesses are located in the MLF, and radial cells viewed along their long
axis appear as black dots. B: Electron micrograph shows a sagittal

of the brain (Singer et al., 1979; Silver et al., 1982; Kuwada,
1986; Easter and Taylor, 1989; Wilson et al., 1990; Easter
et al., 1994). Because these observations were based on
morphological criteria alone, the identification of the cells
contacted by growth cones remained ambiguous. Our re-
sults indicate that neuroepithelial endfeet contacted by
growing axons contain GFAP and are therefore glial.

The axonal guidance cues provided by endfeet during
axonal outgrowth must be both general and specific. The

section through the hindbrain of an embryo labeled with anti-gGFAP as
a wholemount. Transversely sectioned labeled processes are inter-
spersed among unlabeled commissural axons. Examples of GFAP-
positive labeled processes and unlabeled axons are indicated by the
arrows and arrowheads, respectively. bl, basal lamina; hb, hindbrain;
mb, midbrain; MLF, medial longitudinal fasciculus; III, oculomotor
nerve. Scale bars = 10 pmin A, 1 um in B,

general neural cell adhesion molecule, NCAM, is present on
neuroepithelial endfeet along the optic pathway in chick,
suggesting that guidance of optic axons is at least in part
influenced by an adhesive pathway along the margin of the
brain (Silver and Rutishauser, 1984). A similar mechanism
may be present in zebrafish because NCAM appears to be
associated with the glial endfeet identified in this study
(unpublished observation). The initial widespread distribu-
tion of GFAP immunoreactivity is consistent with the idea
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Fig. 12. Electron micrographs show postoptic commissure (POC)/
optic chiasm junction at 37 hours (A) and 48 hours (B) from whole-
mounts labeled with anti-gGFAP. Sagittal plane, dorsal up, anterior
left. A: The optic axons from the two eyes are outlined by the dashed
line, and the anterior edge of the POC is indicated by the dots. The optic
axons (OA) are separated from the POC by a GFAP-negative cellular
region. GFAP-positive processes and endfeet are located on the superfi-
cial and anterior edge of the POC (arrowheads). The ventral surface of

the brain is outlined by the solid black line. B: Optic axons are
separated from axons in the POC by a thin GFAP-positive process
(arrowheads). The thin process joins a large labeled endfoot along the
superficial surface of the brain (curved arrow). A GFAP-positive
endfoot and process separates the posterior edge of the POC from the
cellular region of the brain (fat arrow). The solid black line outlines the
edge of the brain. Scalebar = 1 um.
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that GFAP-positive endfeet, like NCAM, helps provide a
permissive substrate for axon outgrowth. The permissive-
ness of glial substrates for axon outgrowth is well estab-
lished (Noble et al., 1984, Fallon, 1985); the resolution of
the location and nature of more specific cues at the superfi-
cial surface remains to be elucidated.

In addition to GFAP-positive radial cells and endfeet,
GFAP-positive processes oriented perpendicular to tracts
were observed in the dorsal and ventral commissures.
These processes are reminiscent of the glial “sling’’ in the
developing corpus collosum (Silver et al., 1982) and the
presence of thick vimentin-positive processes oriented in
the direction of axon ingrowth in the developing mouse
cerebellum (Bovolenta et al., 1984). The presence of tran-
sient glial processes in developing tracts suggests that
axons grow through environments different, or at least
having different cytoskeletal components, than those that
support mature axons (Bovolenta et al., 1984).

In contrast to providing permissive substrates for axonal
growth, glial cells may form boundaries inhibiting axons
from entering inappropriate regions (Silver et al., 1987;
Caroni and Schwab, 1988; Snow et al., 1990; Carpenter and
Bastiani, 1991; Silver et al., 1993). During development,
transient glial boundaries surround functional groups of
neurons, suggesting that they contribute to pattern forma-
tion in the central nervous system (for review, see Stein-
dler, 1993). The association of GFAP-positive cells with the
developing tracts, and in particular the presence of glial
processes separating axons from other tracts or cellular
regions of the brain in this study, supports such a function.
The presence of glial palisades at the boundaries of rhombo-
meres (present study; Trevarrow et al, 1990) strongly
suggests that in the zebrafish glia may be important in the
subdivision of the hindbrain. Dorsoventrally oriented glial
fibers have also been associated with axonal bundles ob-
served in the spinal cord, medulla, and pons of mouse and
rat (Bitner et al., 1987).

The identification of specialized midline glial systems
associated with decussating axons in the spinal cord (Tessier-
Lavigne et al., 1988; McKanna and Cohen, 1989; Kuwada et
al,, 1990, Yaginuma and Oppenheim, 1991), brain (Van
Hartesveldt et al., 1986; Mori et al., 1990; Silver et al.,
1993), and optic chiasm (Marcus et al., 1995) suggests that
glia play a role in the organization of axons at the midline.
In the zebrafish brain, GFAP-positive processes appear at
the midline after axons have decussated and therefore do
not appear to direct axonal growth across the neuraxis.
Although it is possible that prior to their expression of
GFAP, midline glia are present and provide guidance cues
for crossing axons, in agreement with our observations,
recent work in Drosophila suggests that midline glia do not
play the key role in the guidance of growth cones across the
midline. Instead, midline glia are involved in the normal
separation of axon fascicles in the ventral commissures (Klambt
et al., 1991). The development of GFAP-positive cells between
optic axons and axons in the postoptic commissure only after
the first optic axons have already crossed the midline is
consistent with a role for GFAP-positive processes in maintain-
ing a border between these distinct sets of axons rather than a
function in directed axon outgrowth across the midline.
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