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ABSTRACT

Mechanisms underlying axonal pathfinding have been investigated for decades, and
numerous molecules have been shown to play roles in this process, including members of the
cadherin family of cell adhesion molecules. We showed in the companion paper that a member
of the cadherin family (zebrafish R-cadherin) is expressed in retinal ganglion cells, and in
presumptive visual structures in zebrafish brain, during periods when the axons were actively
extending toward their targets. The present study extends the earlier work by using
1,1'-dioctadecyl-3,3,3',3', tetramethylindocarbocyanine perchlorate (Dil) anterograde tracing
techniques to label retinal ganglion cell axons combined with R-cadherin in situ hybridization
to explicitly examine the association of retinal axons and brain regions expressing R-cadherin
message. We found that in zebrafish embryos at 46-54 hours postfertilization, Dil-labeled
retinal axons were closely associated with cells expressing R-cadherin message in the
hypothalamus, the pretectum, and the anterolateral optic tectum. These results demonstrate
that R-cadherin is appropriately distributed to play a role in regulating development of the
zebrafish visual system, and in particular, pathfinding and synaptogenesis of retinal ganglion
cell axons. J. Comp. Neurol. 410:290-302, 1999.  © 1999 Wiley-Liss, Inc.
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axonal pathfinding

During development of the vertebrate visual system,
retinal ganglion cells extend their axons along defined
paths to reach their targets in the brain (Sperry, 1963).
The molecular mechanisms underlying this phenomenon
have been investigated for years (Bonhoeffer and Gierer,
1984; Trisler and Collins, 1987; Walter et al., 1987,
O'Rourke and Fraser, 1990). One of the oldest and the most
influential theories to account for selective axonal out-
growth is the chemoaffinity hypothesis, which states that
retinal ganglion cells and their targets acquire correspond-
ing molecular markers early on in development, and the
establishment of appropriate connections between the
retinal ganglion cells and their targets depends on the
correct matching of molecules present on pre- and postsyn-
aptic neurons (Sperry, 1963; Fujisawa et al., 1982). Molecu-
lar candidates include the recently identified Eph-related
receptor tyrosine kinases (RTKs) and various families of
adhesion molecules. The Eph-related RTKs are expressed
in a spatially restricted pattern in zebrafish brain and play
a role in the development of the zebrafish central nervous
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system, particularly the retinotectal system (Xu et al.,
1996; Cooke et al., 1997; Drescher et al., 1997). Adhesion
molecules implicated in guiding growing axons include
members of the immunoglobulin superfamily, which have
been shown to play important roles in growth cone elonga-
tion, axon fasciculation, and axonal guidance (Dodd and
Jessell, 1988; Bixby and Harris, 1991; Brummendorf et al.,
1993; Bastmeyer et al., 1995; Stoeckli and Landmesser,
1995), and the cadherin superfamily, some members of
which are also expressed in the vertebrate brain in a
spatiotemporally restricted manner (Takeichi, 1990; Takei-
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chietal., 1990; Redies et al., 1992, 1993; Arndt and Redies,
1996; Franklin and Sargent, 1996).

Classic cadherins (e.g., N-, R-, E-cadherins) are known
to bind tissues together through strong homophilic interac-
tions (Takeichi, 1990, 1995). More recently, it was sug-
gested that cadherins play a pivotal role in the formation
and stabilization of pre- and postsynaptic connections in
vertebrate central nervous system (CNS; Yamagata et al.,
1995; Uchida et al., 1996; Fannon and Colman, 1996;
Inoue and Sanes, 1997). Functional analyses using either
cadherin antibodies or a genetic approach (expression of
dominant-negative mutant cadherin) have demonstrated
that these calcium-dependent homophilic adhesion mol-
ecules play important roles in axonal outgrowth, including
that of retinal axons (Matsunaga et al., 1988a,b; Neuge-
bauer et al., 1988; Tomaselli et al., 1988; Bixby and Zhang,
1990; Drazba and Lemmon, 1990; Paradies and Grunwald,
1993; Redies and Takeichi, 1993; Williams et al., 1994;
Riehl et al., 1996; Stone and Sakaguchi, 1996). Cadherins
have also been implicated in regionalization of brain nuclei
and neural circuits (Redies et al., 1992, 1993; Matsunami
and Takeichi, 1995; Arndt and Redies, 1996; Redies and
Takeichi, 1996; Redies, 1995, 1997).

We recently isolated partial cDNAs of a zebrafish cad-
herin (see the companion paper, Liu et al., 1999), which
shares extensive sequence homology to chicken (Inuzuka
etal., 1991), mouse (Hutton et al., 1993; Matsunami et al.,
1993), and human R-cadherin (Tanihara et al., 1994).
Zebrafish R-cadherin message was detected in the retina
and in nearly all of the retinal recipient regions of the
adult zebrafish brain (Liu et al., 1999). In embryonic
zebrafish, R-cadherin was found in both retinal ganglion
cells and in brain regions that were presumptive terminal
sites of the retinal axons during periods of outgrowth and
synaptogenesis of retinal ganglion cell axons. Based on
these results, we proposed that R-cadherin might play a
role in the pathfinding and synaptogenesis of the retinal
ganglion cell axons in zebrafish (Liu et al., 1999). If
R-cadherin plays a role in the formation of specific visual
circuits, then there must be a close association between
retinal axons and cells expressing R-cadherin along their
pathway and/or in their postsynaptic targets. To test this
hypothesis, we utilized 1,1'-dioctadecyl-3,3,3’,3’, tetra-
methylindocarbocyanine perchlorate (Dil)-labeling of the
retinal ganglion cell axons combined with in situ hybridiza-
tion with R-cadherin probes to examine the spatial relation-
ship between retinal ganglion cell axons and cells express-
ing R-cadherin message in embryos at 46-54 hours
postfertilization, a period when retinal ganglion cell axons
are actively migrating towards, and arborizing in, their
brain targets.

MATERIALS AND METHODS
Animals

Zebrafish embryos were collected from our outbred
colony and maintained according to standard procedures
(Westerfield, 1996). After approximately 12 hours of devel-
opment, the embryos were transferred to tanks that
contained 1-phenyl-2-thiourea (PTU; 0.2 mM; Sigma; St.
Louis, MO) to block the development of melanin pigmenta-
tion (Westerfield, 1996). Ages of the embryos are given as
hours postfertilization (hpf). All animal-related proce-
dures were conducted in accordance with the National
Institute of Health Guide for the Care and Use of Labora-
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tory Animals and were approved by the University Commit-
tee on Use and Care of Animals.

Tissue preparation

Embryos at 46-54 hpf were anesthetized in 0.02%
methane tricaine sulfonate (Sigma), and fixed for 1 hour in
phosphate-buffered, 4% paraformaldehyde (pH 7.4). The
embryos were then rinsed in 0.1 M phosphate buffer (pH
7.4) and processed for double-labeling.

Dil-labeling of the retinal axons

Dil (Molecular Probes, Eugene, OR) dissolved in N,N-
dimethylformamide (2.5 mg/ml) was pressure-injected in-
traocularly into fixed embryos (Burrill and Easter, 1994).
The embryos were placed in 4% paraformaldehyde, and
the Dil was allowed to transport overnight at 4°C. The
fluorescent Dil signal was then photoconverted to a perma-
nent, black-brown reaction product by photoexcitation of
the dye in the presence of diaminobenzidene (DAB; 20
mg/25 ml; Sigma) (von Bartheld et al., 1990; Singleton and
Casagrande, 1996). One or both eyes were removed before
the photoconversion to facilitate the process. The embryos
were dehydrated in 70% then 100% methanol, stored in
100% methanol at -20°C for approximately 1 week, and
then processed for wholemount in situ hybridization with
zebrafish R-cadherin cRNA probes (see below).

Probe synthesis.

The cDNA insert (1,982 bp) of clone 9, containing both
coding and 3’-untranslated zebrafish R-cadherin se-
guences (see the companion paper, Liu et al., 1999) was
used as a template to generate cRNA probes for in situ
hybridization. After linearization of the template DNA
with restriction enzymes, either Notl (for the sense probe)
or Xhol (for the antisense probe), approximately 1 ug of the
template DNA was transcribed from T7 and T3 polymer-
ases for generating sense and antisense digoxigenin-
labeled RNA probes, respectively, by using the Genius
System (Boehringer Mannheim, Indianapolis, IN). The
specificity of the antisense probe was examined previously
(Liuetal., 1999).

Wholemount in situ hybridization

Procedures for wholemount in situ hybridization were
modified from Jowett et al. (1996). Briefly, embryos were
rehydrated through a descending concentration of metha-
nol, followed by proteinase K (Boehringer Mannheim)
treatment (10 pg/ml, 15 minutes). The embryos were then
fixed in 4% paraformaldehyde for 20 minutes, washed in
phosphate-buffered saline containing 0.1% Tween 20
(PBST, pH 7.4). After 2 hours of prehybridization, the
embryos were moved into a fresh hybridization solution
containing the cRNA probe (1 pg/ml) and hybridized
overnight at 56°C. The next day, the embryos were washed
in 2X SSC (0.3 M sodium chloride, 0.03 M sodium citrate)
containing 0.1% Tween 20 (SSCT), followed by 50% for-
mamide in 2X SSCT at 60°C. They were then washed
twice (10 minutes each) in 2X SSCT at 60°C (low strin-
gency condition), and twice (30 minutes each) in 0.2X
SSCT at 70°C (high stringency condition). For immunocy-
tochemical detection of cRNA probes, anti-digoxigenin Fab
fragment antibodies conjugated to alkaline phosphatase
were used with the substrate 4-nitroblue tetrazolium
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Fig.1. R-cadherin message in the retina, diencephalon, and pretec-
tum of developing zebrafish. A: Transverse section of an embryo at 52
hours postfertilization (hpf). Dorsal is at the top and medial is to the
left. In the retina, R-cadherin expression was located in the ganglion
cell layer (GCL) and the innermost portion of the inner nuclear layer
(INL). In the brain, clusters of cells expressing R-cadherin are in close
proximity to axonal tracts (asterisks) in the lateral thalamus and the
pretectum (R1). B: Wholemount zebrafish embryo at 46 hpf (lateral

chloride (NBT) and 5-bromo-4-chloro-3-indolyl phosphate
(BCIP; Boehringer Mannheim). To check the specificity of
the signal, the sense probe was applied to a separate set of
whole embryos.

Following in situ hybridization, the embryos were cleared
in glycerin and mounted onto slides. After photography the
embryos were washed in phosphate buffer, embedded, and
cryosectioned as described (Barthel and Raymond, 1990)
and finally mounted onto slides.

Anti-acetylated tubulin labeling.

Some embryos at 36, 46, and 54 hpf were stained with
anti-acetylated tubulin antibody (Sigma) after the in situ
hybridization to determine the locations of cells that
expressed R-cadherin message in relation to major axonal
tracts (Chitnis and Kuwada, 1990; Wilson et al., 1990).
Wholemount in situ hybridization was performed as de-
scribed above. The embryos were then fixed for 20 minutes
in 4% paraformaldehyde, washed in PBST, and processed
for immunocytochemistry with the tubulin antibody. Sec-
ondary antibody was biotinylated anti-mouse 1gG (Vector
Labs, Burlingame, Ca) which was detected with avidin-
conjugated horseradish peroxidase, visualized with DAB
(Vector Labs). The methods for wholemount immunocyto-
chemistry were essentially as described by Westerfield
(1996).

Photomicrographs were digitized, processed, and format-
ted with Photoshop (Adobe, Mountain View, CA), and
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view) showing labeling pattern of R-cadherin message in the pretec-
tum (R1) and hypothalamus (R2). Dorsal is at the top and anterior is to
the left. Patches of labeled cells were also seen between R1 and R2 and
in the telencephalon. The asterisk indicates the lens in the eye on the
other side of the brain, which is also R-cadherin-positive. Dien,
diencephalon; LE, lens; ONL, outer nuclear layer; OT, optic tectum;
Tel, telencephalon. Scale bars = 50 um.

printed with a dye sublimation printer (Kodak, XLS 8600
PS, Eastman Kodak, Rochester, NY).

RESULTS
R-cadherin expression in the visual system

The expression pattern of R-cadherin message in the
visual system of developing zebrafish embryos was de-
scribed in the companion paper (Liu et al., 1999). In the
retina of embryos between 46-54 hours hpf, cells express-
ing R-cadherin were located in the retinal ganglion cell
layer and the inner portion of the inner nuclear layer (Fig.
1A). In the early embryonic brain, R-cadherin message
was detected in a pretectal area designated R1 (Liu et al.,
1999) and in a hypothalamic area called R2 (Fig. 1B).
Patches of labeled cells were also found between these two
regions in the lateral thalamus. Adjacent to these
R-cadherin-positive cells were fiber tracts, some of which
we knew were likely to be retinal ganglion cell axons based
on earlier descriptions of the location of optic fibers in the
early fiber tracts of zebrafish brain (Chitnis and Kuwada,
1990; Wilson et al., 1990; Burrill and Easter, 1994; Fig.
1A).

The zebrafish embryonic brain is demarcated by rela-
tively few major axonal tracts at the stages we examined
(Chitnis and Kuwada, 1990; Wilson et al., 1990; Ross et al.,
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1992). Double-labeling with the R-cadherin cRNA probe
and acetylated tubulin antibody revealed the relationship
between regions expressing R-cadherin message and some
of the major axonal tracts. The neural tube bends during
morphogenesis; here we adopt the system of nomenclature
(Puelles et al., 1987; Ross et al.,, 1992) in which the
anterior-posterior axis is defined anteriorly by the tract of
postoptic commissure (TPOC) and posteriorly by the me-
dial longitudinal fasciculus. At 36 hpf (Fig. 2A), only a few
cells in the pretectal area R1 expressed R-cadherin, and
they were located along and immediately posterior to the
lower one-third of the tract of the posterior commissure
(TPC). In the hypothalamus, R-cadherin was expressed in
cells in an area called R2, located at the junction of the
TPOC and the supraoptic tract (SOT). In embryos at 46
and 54 hpf, R1 had expanded mainly in the anterodorsal
direction, and cells expressing R-cadherin were found
along almost the entire length of the TPC (Fig. 2B, C). At
46 hpf, the majority of R-cadherin-expressing cells in R1
were found immediately caudal to the TPC (Fig. 2B),
whereas in embryos at 54 hpf, the number of R-cadherin-
positive cells located in R1 immediately anterior to the
TPC had increased, and the number of cells expressing
R-cadherin on both sides of the TPC was approximately
equal (Fig. 2C).

In the hypothalamus, the size of R2 remained relatively
constant between 36, 46, and 54 hpf (approximately 50-60
pm across the longest axis), as did the relative labeling
intensity. However, the position of R2 relative to the TPOC
changed. In embryos at 36 hpf, the main portion of R2 was
dorsal and medial to the TPOC (Fig. 2A); at 46 hpf, the
main portion of R2 was medial and slightly ventral to the
TPOC (Fig. 2B); at 54 hpf, R2 was located ventral to the
TPOC (Fig. 2C). Because of the close proximity between
the TPOC and retinal axons in this area (Wilson et al.,
1990; Burrill and Easter, 1995), it was likely that the
spatial relationship between retinal axons and R2 also
changed over this interval. This inference was confirmed
in the next set of experiments.

In addition to the cells expressing R-cadherin message
in R1 and R2, smaller clusters of R-cadherin-positive cells
were seen in diencephalic regions between the SOT and
the TPC, especially at 54 hpf (Fig. 2C).

Dil-labeling of retinal ganglion cell axons
at early stages

Based on the results from previous studies of the
retinofugal projections in zebrafish embryos (Stuermer,
1988; Burrill and Easter, 1994, 1995), and our previous
study of the expression pattern of R-cadherin in the
diencephalon and pretectum (Liu et al., 1999), R1 and R2
appeared to be located along the pathway of retinal
ganglion cell axons. In order to examine the spatial
relationship between cells that expressed R-cadherin mes-
sage in R1 and R2 and growing retinal ganglion cell axons,
we labeled the optic axons of embryos (46-54 hpf) with Dil,
then processed these embryos for in situ hybridization
using the zebrafish R-cadherin cRNA probe.

Intraocular injection of Dil in zebrafish embryos at
46-54 hpf consistently labeled retinal ganglion cell axons
projecting to the brain. In both wholemounts and in
sections prepared from wholemounts, dark brown retinal
axons were easily recognized against either a light (no
hybridization signal) or a purple/blue (R-cadherin hybrid-
ization signal) background. Viewed from the lateral side of
a wholemount embryo, the labeled retinal axons emerged
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Fig. 2. A-C: Composite sketches based on camera lucida drawings
of wholemount embryos (double-labeled with R-cadherin cRNA probe
and acetylated tubulin antibody) showing the relationship between
cells expressing R-cadherin (areas R1 and R2) and some of the major
axonal tracts. Regions containing cells expressing R-cadherin in the
diencephalon and pretectum are indicated by clusters of small circles.
R-cadherin expression in the telencephalon and in caudal brain
regions is omitted. The thinner tracts (the dorsoventral diencephalic
tract, the tract of the anterior commissure, and the tract of the
habenular commissure) were not well labeled in our samples, so they
were omitted from these sketches. AC, anterior commissure; H,
hindbrain; MLF, medial longitudinal fasciculus; POC, postoptic com-
missure; SOT, supraoptic tract; TAC, tract of the anterior commissure;
TCPT, tract of the commissure of the posterior tuberculum; TPC, tract
of the posterior commissure; TPOC, tract of the postoptic commissure.
Other abbreviations as in Figure 1.
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Fig. 3. Relationship between cells expressing R-cadherin message
in R2 and 1,1'-dioctadecyl-3,3,3',3’, tetramethylindocarbocyanine per-
chlorate (Dil)-labeled retinal axons. A: Camera lucida drawing of a
wholemount embryo at 46 hours postfertilization (hpf) showing the
trajectory of Dil-labeled retinal axons (RA) in relation to patches of
cells (open circles) expressing R-cadherin message in the diencephalon
(Dien) and the pretectum (R1). B: Lateral view of the same whole-
mount embryo focusing on the hypothalamic area. Dil-labeled retinal

from the optic chiasm and formed a tight fascicle that
projected posterodorsally towards the optic tectum (Figs.
3, 5). In embryos at 4648 hpf, Dil-labeled retinal axons
(Fig. 3) were not as numerous as they were in embryos at
later stages (Figs. 6, 7). The fascicles formed by the earliest
axons (Fig. 3) were thin, and their trajectory was less
direct compared to later embryos (Figs. 6, 7).

Relationship between R2 and early
retinal axons

From a lateral view, Dil-labeled retinal axons in whole-
mount embryos at 46—48 hpf appeared to pass directly over
the large cluster of R-cadherin-positive cells in the hypo-
thalamus (R2; Fig. 3A, B). Closer examination of this area
revealed that the bulk of R2 was located immediately
ventral to the optic chiasm, and medial and ventral to the
initial segment of the optic tract, just past the optic chiasm
(Fig. 3C, D). The majority of cells in R2 that expressed high
levels of R-cadherin message were caudal to the optic tract,
a few were immediately medial to the tract, and very few
were dorsal to the tract.

Transverse sections of this area prepared from the
wholemount embryos confirmed these observations. Many
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axons (arrowhead) cross over R-cadherin-positive cells in R2. C and
D: Higher magnifications of the boxed area in B, at different planes of
focus but with the same magnification. The Dil-labeled retinal axons
(white arrowheads) were in close proximity to a group of cells that
expressed high levels of R-cadherin message in R2 (purple). Asterisks
in C and D indicate the optic chiasm. OR, optic recess. Other
abbreviations as in Figure 1. Scale bars = 50 pm for Aand B; 25 pm for
CandD.

cells that expressed R-cadherin message in R2 were lo-
cated in the vicinity of the optic chiasm and the initial
portion of the optic tracts (Fig. 4). Burrill and Easter
(1994) have described ten terminal fields in which retinal
axons arborize in the embryonic zebrafish brain, which
they designated AF1-AF10. The location of the cells in R2
suggests that it corresponds to the future AF1 of Burrill
and Easter (1994), which is located ventrocaudal to the
optic chiasm, and which forms later, at about 60 hpf.

Relationship between cells expressing
R-cadherin and later retinal axons

In older embryos (52-54 hpf), there was a change in the
spatial relationship between the Dil-labeled optic tract
and cells expressing R-cadherin in R2. Although still
located ventral to the optic tract, R2 was separated from it
by a gap (approximately 25-30 um) in which little or no
R-cadherin message was detected (Fig. 5). Dil injections at
these stages also resulted in more labeled retinal axons
(Figs. 6, 7). Retinal axons at this stage had projected
farther dorsally into the diencephalon; they maintained a
tight fascicle through the first half of their trajectory and
then fanned out as they approached the pretectum (Fig. 6).
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Fig.4. Transverse sections of embryos at 46—48 hours postfertiliza-
tion (hpf) illustrating 1,1'-dioctadecyl-3,3,3',3’, tetramethylindocarbo-
cyanine perchlorate (Dil)-labeled retinal axons in relation to cells
expressing R-cadherin message in R2. A: Schematic drawing of the
brain (lateral view) showing the plane of sectioning. B: Dil-labeled
retinal axons (RA) exit the eye, and project toward a large cluster of
cells in the ventral hypothalamus that express R-cadherin message
(R2). C: At the level of optic chiasm (Oc; a few sections caudal to B)
retinal axons were located in the vicinity of R-cadherin-positive cells
(arrow) in R2. Both optic tracts were labeled. Some weakly labeled
axons (arrowheads) could be followed under high magnification with
Nomarski optics as they left the optic tract and approached R2. Hypo,
hypothalamus; Teg, tegmentum. Other abbreviations as in Figure 1.
Scale bars = 50 um.
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Fig. 5. A: Lateral view of the forebrain area of an embryo (whole-
mount, 52 hours postfertilization, hpf) showing the spatial relation-
ship between 1,1'-dioctadecyl-3,3,3',3’, tetramethylindocarbocyanine
perchlorate (Dil)-labeled retinal axons (asterisks) and cells expressing
R-cadherin message in R2 (purple). Anterior is to the left and dorsal is
at the top. B: Higher magnification of the boxed area in A. Due to the
transparency of the embryo, both of the optic tracts can be seen
(arrowheads). Notice a region between the retinal axons and R2 devoid
of R-cadherin expression. Abbreviations as in Figures 1 and 4. Scale
bar = 50 um for A; 20 um for B.

Dil-labeled retinal axons became less tightly fascicu-
lated as they approached the pretectum, and they pro-
jected directly toward and then into the cluster of cells in
R1 (Figs. 6, 7). The width of the fan of retinal axons
approximately corresponded to the anteroposterior extent
of the R1 cluster (Fig. 6C, D). Although the majority of
Dil-labeled retinal axons, upon reaching the pretectum,
projected toward R1, a small number of axons turned
anterodorsally in the pretectum (Figs. 6D, 7) and projected
toward a small cluster of cells that expressed moderate
levels of R-cadherin message (Figs. 6C, D; 7B, C). These
R-cadherin-positive cells appeared to be located in the
anterior portion of embryonic retinal terminal field AF-9
(Burrill and Easter, 1994).

Examination of sections prepared from 52-54 hpf whole-
mount embryos revealed a thick bundle of Dil-labeled
retinal axons that projected dorsally, just beneath the pial
surface toward the optic tectum (Fig. 8). Upon reaching the
level of R1, many axons appeared to defasciculate and turn
mediodorsally toward clusters of cells in R1 that expressed
high levels of R-cadherin message (Fig. 8B, C). Some of
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Fig. 6. A:Lateral view of a wholemount zebrafish embryo brain (52
hours postfertilization, hpf). The arrowhead points to a fascicle of
retinal axons labeled with 1,1'-dioctadecyl-3,3,3',3’, tetramethylindo-
carbocyanine perchlorate (Dil). The axons project posteriorly and
dorsally toward R1, a group of cells in the pretectum that express high
levels of R-cadherin message (asterisk). The plane of focus is on the
anteroventral portion of the optic tract to show its tight fasciculation.

these R-cadherin-positive cells (Fig. 8A—-C) appeared to be
located in a retinal axon terminal field called AF-7 (Burrill
and Easter, 1994). Many retinal axons in the optic tract did
not turn mediodorsally at the pretectal region, but instead
followed the contour of the lateral surface of the brain.
Other R-cadherin-positive cells were located nearby, and
some of these cells seemed to be contacted by retinal axons
(Figs. 8D, 9A, B).

Clusters of cells expressing R-cadherin in the lateral
thalamus were also found in close proximity to Dil-labeled
retinal axons (Fig. 8C). These cells may correspond to
other future retinal terminal fields, such as AF-4 and AF-5
(Burrill and Easter, 1994). Along the retinal pathway from
the optic chiasm to the pretectum, we did not observe any
labeled retinal axons that left the optic tract and projected
toward R-cadherin-negative areas.

In summary, the majority of Dil-labeled retinal axons
formed a tight fascicle and projected directly from the optic
chiasm toward R1, but some axons left the main optic tract
and projected to other regions of the thalamus and pretec-
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B: Camera lucida drawing of A. C is a higher magnification of the
diencephalon and the pretectum. D: Camera lucida drawing of C. The
arrow (C and D) points to a few retinal axons that were not bundled
together with the majority of the axons. Open circles represent cells
that expressed high levels of R-cadherin message, and darker circles
represent cells that were most intensely labeled. Abbreviations as in
Figures 1 and 4. Scale bars = 50 um for A and B; 25 um for C and D.

tum, often toward smaller patches of cells that expressed
R-cadherin.

Retinal axons that entered the optic tectum
were not always associated with cells
expressing R-cadherin

At the stages we studied, retinal ganglion cell axons had
just reached the anterior portion of the optic tectum
(Stuermer, 1988; Burrill and Easter, 1994). Cells express-
ing R-cadherin message in the optic tectum of embryos at
46-54 hpf were detected only in the anterior half of the
tectum (Liu et al.,, 1999). However, there were few
R-cadherin-positive tectal cells, and those tectal cells
expressing high levels of R-cadherin message were typi-
cally adjacent to R1. Examination of sections prepared
from double-labeled wholemounts showed that in anterior
tectal regions immediately dorsal to R1, Dil-labeled reti-
nal axons were in close proximity to R-cadherin-positive
tectal cells (Fig. 9A, B). However, in more dorsal tectal
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areas (farther from R1), tectal cells that expressed
R-cadherin were more frequently observed in deeper tectal
layers, and a close spatial relationship between Dil-
labeled retinal axons and cells that expressed R-cadherin
message was no longer observed (Fig. 9C).

DISCUSSION

R-cadherin in developing zebrafish
visual system

In the embryonic zebrafish retina, onset of expression of
R-cadherin (see the companion paper, Liu et al., 1999)
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corresponds closely to the stage when retinal ganglion cells
begin to differentiate and extend their axons (Burrill and
Easter, 1994, 1995). As the number of differentiating
ganglion cells increases, more cells express R-cadherin in
the retinal ganglion cell layer, and the levels of expression
increase (Liu et al., 1999). In the embryonic brain, the
developmental profile of R-cadherin expression also corre-
lates closely with the known trajectory and timing of
retinal ganglion cell axon outgrowth. Clusters of cells in
the hypothalamus, the thalamus, the pretectum, and the
optic tectum begin to express R-cadherin message just
prior to the arrival of the optic axons, and expression is
greatly increased during the period when the retinal axons
are arborizing within their targets (48-80 hpf; Stuermer,
1988; Burrill and Easter, 1994; Liu et al., 1999). These
observations suggest that R-cadherin molecules may be
involved in pathfinding and synaptogenesis of retinal
ganglion cell axons.

The current study extends our previous findings on the
distribution of cells expressing R-cadherin message in the
diencephalon and pretectum of embryos at 36-54 hpf, and
it examines in detail their relationship to retinal axons
with double-labeling techniques that use acetylated tubu-
lin antibody or Dil-labeling of retinal axons, combined
with the R-cadherin cRNA probe. The results of these
double-labeling studies provide evidence that two of the
major clusters of cells described previously (Liu et al.,
1999) that expressed R-cadherin message (R1 and R2)
were indeed located along the pathway of retinal ganglion
cell axons. We further demonstrate that retinal axons
often seemed to contact R-cadherin-positive cells, suggest-
ing that these clusters of cells correspond to some of the
terminal fields of retinal axons described by Burrill and
Easter (1994). In the optic tectum, R-cadherin-positive
cells adjacent to R1 were also located next to retinal axons.

Retinal axons in the optic tract may follow a
pathway defined by R-cadherin

Development of the retinofugal projections in embryonic
zebrafish has been well characterized (Stuermer, 1988;
Burrill and Easter, 1994). The results of our anterograde-
labeling of retinal axons are consistent with these earlier
findings. We chose the stages of development between 46
and 54 hpf to examine the relationship between growing
retinal axons and the pattern of R-cadherin expression for
several reasons. First, in embryos younger than 46 hpf,

Fig.7. 1,1'-dioctadecyl-3,3,3',3’, tetramethylindocarbocyanine per-
chlorate (Dil)-labeled retinal axons and cells expressing R-cadherin
message in the pretectum of an embryo at 52 hours postfertilization
(hpf). Anterior is to the left and dorsal is at the top. A: Camera lucida
drawing (lateral view) showing a thick bundle of retinal axons (RA)
projecting toward the optic tectum (OT). Small open circles represent
cells expressing high levels of R-cadherin message. B and C are higher
magnifications of the boxed area in A, with different planes of focus.
Most retinal axons (white arrowheads) projected toward cells express-
ing high levels of R-cadherin message (white arrow in B). The three
smaller white arrowheads in C point to some retinal axons that were
not well labeled with Dil, but were visible under Nomarski optics. A
small bundle of retinal axons (black arrowheads) deviated from the
major bundle and projected anterodorsally toward a small cluster of
cells (black arrow in C; only one of these cells was drawn in A)
expressing moderate levels of R-cadherin. Asterisks in B and C
represent a displaced piece of skin. Abbreviations as in Figure 1. Scale
bars = 50 um for A; 20 um for B and C.
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Fig. 8.

Frontal sections prepared from wholemount embryos (52-54
hours postfertilization, hpf) double-labeled with 1,1’-dioctadecyl-

3,3,3',3', tetramethylindocarbocyanine perchlorate (Dil) and
R-cadherin cRNA probe. Dorsal is at the top. A: Dil-labeled retinal
axons (black) in close proximity to clusters of R-cadherin-positive cells
in the pretectal area (R1). B: Higher magnification of the boxed area in
A. C and D are higher magnifications of corresponding regions from

only a few retinal axons had reached the brain, which
would decrease our chances of labeling sufficient number
of axons for analysis. Second, the hybridization signal for
R-cadherin message in brains of embryos younger than 46
hpf was relatively weak, and the signal usually became
weaker after Dil transport and photoconversion. Third, in
embryos older than 54 hpf, R-cadherin had spread more
widely throughout the brain (Liu et al., 1999), and most
retinal axons had already reached their targets (Stuermer,
1988; Burrill and Easter, 1994).

Labeling of retinal axons with Dil allowed us to chart
their outgrowth in relation to changing patterns of R-
cadherin expression. Outgrowing retinal axons approached
the brain on the ventral surface of the hypothalamus. We
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adjacent sections. Black arrows point to the thick bundle of Dil-labeled
retinal axons, and arrowheads (in B and C) and white arrows (in D)
indicate retinal axons that appeared to make contact with R-cadherin-
positive cells. The larger arrowhead in C points to a cluster of
R-cadherin-positive cells in the lateral thalamus (Thal) along the
pathway of retinal axons. Abbreviations as in Figure 1. Scale bars = 50
um for A; 25 um for B and C; 10 um for D.

found that R2, a major site of R-cadherin expression, is
directly apposed to the pial surface along which the
earliest retinal axons grew (at 46-48 hpf). However, once
the early wave of axons had moved beyond this region (at
52-54 hpf), cells in the vicinity of the optic chiasm no
longer expressed R-cadherin, and R-cadherin expression
was observed more ventrally. There are at least two
possible explanations for the shift in position of R2 relative
to the optic chiasm. Cells adjacent to the chiasm may have
ceased to express R-cadherin message, whereas cells imme-
diately ventral to R2 may have begun to express the
message. Another possibility is that the cells expressing
R-cadherin may have been displaced ventrally due to
intercalation of new, R-cadherin-negative cells in this
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Fig. 9. Frontal sections through the optic tectum (OT) prepared
from wholemount embryos double-labeled with 1,1'-dioctadecyl-
3,3,3',3', tetramethylindocarbocyanine perchlorate (Dil) and
R-cadherin cRNA probe (52-54 hours postfertilization, hpf). Dorsal is
at the top, lateral is to the left. Note the cells expressing R-cadherin

area. Additional experiments are required to distinguish
between these possibilities.

Burrill and Easter (1994) showed that in embryonic
zebrafish brain, retinal axons arborize in 10 terminal
fields (AF1-AF10). There are also ten retinorecipient
targets in the adult brain, but because of the immaturity of
the embryonic brain at the time when the terminal fields
were established, these authors could not determine in all
cases which of the embryonic fields corresponded to each of
the known adult retinal targets. Two exceptions were AF1,
which is the suprachiasmatic nucleus, and AF10, which is
the optic tectum. A small number of retinal axons termi-
nate in the presumptive suprachiasmatic nucleus (AF1)
located dorsocaudal to the optic chiasm (Burrill and Eas-
ter, 1994), and this terminal field, which is established at
60 hpf, is likely to be either within R2 or overlap with R2.
By 52-54 hpf, the earliest retinal axons had reached the
level of the pretectum and tectum. In the diencephalon and
pretectum of the embryonic brain, a large group of cells
expressed high levels of R-cadherin message (R1), and the
earliest retinal ganglion cell axons to reach this level
were located in close proximity to cells that expressed
R-cadherin message.

As the optic tract passed through the lateral thalamus
and pretectum, some axons deviated from the main bundle
of the optic tract and projected toward smaller clusters of
cells expressing R-cadherin. Based on their location, these
targets were identified as AF4, AF5, AF7, and AF9 of
Burrill and Easter (1994). Some of these terminal fields
had not yet formed by the time we conducted our Dil-
labeling, but they are later (at 60—66 hpf) found to be
clustered in the pretectum (Burrill and Easter, 1994),
where R1 is located. In summary, these observations,
together with earlier studies (Burrill and Easter; 1994; Liu
et al., 1999), suggest that R-cadherin is expressed by
groups of cells that later become targets of arborizing

,, .
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message (arrows) next to Dil-labeled retinal axons (arrowheads) in the
anterolateral portion of the tectum immediately adjacent to R1 (A and
B). C: In more dorsal tectal regions, R-cadherin expression (arrows)
was found in deeper tectal layers, but not in the immediate vicinity of
Dil-labeled retinal axons (arrowhead). Scale bars = 20 um.

retinal axons, and that R-cadherin expression is main-
tained in the retinorecipient nuclei in the adult brain.

In a recent review, Redies (1997) speculates that if
homophilic adhesion mediated by cadherin molecules were
to play a role in the formation of neural circuits and target
recognition, then outgrowing neurites or growth cones
should alter their growth or branching behavior when they
reach brain areas that express the same cadherin at high
levels, or the neurites may be induced to defasciculate
when they encounter a target that expresses a high
amount of that cadherin. The results of the present study
provide some supporting evidence for this hypothesis. We
showed that some retinal axons changed their behavior as
they approached areas that expressed high levels of
R-cadherin message. For example, some retinal axons
turned toward R-cadherin-expressing cells in the thala-
mus and pretectum (Figs. 6-9), and upon reaching R1,
many retinal axons defasciculated and projected toward
cells that expressed high levels of R-cadherin (Figs. 6, 7).
These observations, together with our description of
R-cadherin expression in developing and adult zebra-
fish (see the companion paper, Liu et al., 1999), suggest a
potential role for R-cadherin-mediated adhesive interac-
tions in axonal guidance, especially as related to pathfind-
ing and target recognition by the earliest retinal axons.

We have shown in this study that R-cadherin message is
strongly expressed by retinal ganglion cells during stages
of active axonal outgrowth (Liu et al., 1999), and by brain
cells which retinal fibers appear to contact. We have
recently developed a polyclonal antibody to a synthetic
peptide that represents an epitope in the EC4 domain of
the zebrafish R-cadherin, and our preliminary results
using this antibody confirmed that R-cadherin protein was
expressed on outgrowing retinal axons, and in regions of
the brain where R-cadherin message was localized (Liu,
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Marrs and Raymond, unpublished observations). We are
currently using this antibody to examine the functional
roles of R-cadherin during formation of visual pathways in
embryonic zebrafish.

N-cadherin has already been implicated
in the development of the retinofugal
projections

The pathfinding and synaptogenesis of vertebrate reti-
nal ganglion cell axons likely require the combined actions
of many molecules, including components of the extracellu-
lar matrix and cell adhesion molecules (Fraser et al., 1984,
1988; Neugebauer et al., 1988; Lilienbaum et al., 1995).
Another member of the cadherin superfamily, N-cadherin,
was detected in the developing chicken retina and optic
nerve, and outgrowth of retinal axons was stimulated by
an N-cadherin substrate (Matsunaga et al., 1988a,b; Redies
and Takeichi, 1993; Inoue and Sanes, 1997). Furthermore,
N-cadherin is required for retinotectal synaptic formation
and stabilization (Inoue and Sanes, 1997). N-cadherin-
expressing retinal axons can also use R-cadherin as a
substrate for axon elongation in vitro, suggesting that
retinal axon migration in vivo may involve the interaction
of these two cadherin molecules (Redies and Takeichi,
1993). The function of N-cadherin in the development of
retinofugal projections has also been assayed in Xenopus
by injecting antibodies against N-cadherin into the optic
pathway (Stone and Sakaguchi, 1996) and by expression of
a dominant negative N-cadherin mutant (Riehl et al.,
1996). The former treatment affected the accuracy of
retinofugal projections, whereas the latter resulted in a
substantial reduction in the outgrowth of retinal ganglion
cell axons. All the above findings suggest that N-cadherin
plays an important role in the initiation, extension, path-
finding, and synaptogenesis of retinal ganglion cell axons
in other species.

Zebrafish N-cadherin is present in the brain and retina
of younger (15-36 hpf; Bitzur et al., 1994) and older (50
hpf) embryos (Liu et al., 1999; Liu and Raymond, unpub-
lished observations). Our preliminary data combining in
situ hybridization and immunocytochemistry with a poly-
clonal antibody directed against a zebrafish N-cadherin
fusion protein showed that zebrafish N-cadherin was
present on most retinal ganglion cells and on their axons;
it was also found throughout the CNS, and the levels of
N-cadherin decreased substantially as the animal devel-
oped (Raymond, Barthel, Liu, unpublished observations).
Although N-cadherin has been implicated in retinal axon
elongation and retinotectal synapse formation in other
species (see above), and it may perform similar functions
in zebrafish, its distribution in zebrafish CNS is too
widespread to serve as a specific molecular marker for
migrating retinal axons. In contrast, R-cadherin message
is expressed by retinal ganglion cells and by R-cadherin-
positive cell clusters that are strategically located along
the optic pathway during critical periods of retinal axon
outgrowth. Because many ganglion cells express R-cadherin
(Liu et al., 1999) and most express N-cadherin, it is certain
that some ganglion cells express both N- and R-cadherin.
Because cadherins are able to form both homophilic and
heterophilic adhesive associations, specificity of axon path-
finding and synaptogenesis in the CNS may involve combi-
national patterns of expression of members of the cadherin
superfamily (Redies and Takeichi, 1996; Colman, 1997).
Our data are consistent with a combinational role for both
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N- and R-cadherin in the development of visual projections
in zebrafish.

In chicken, two other cadherin molecules (cadherin-6B
and cadherin-7) have recently been shown to be present in
both a subset of retinal ganglion cells and their brain
targets (Wohrn et al., 1998). A subset of ganglion cells that
express both cadherin molecules project to one of the main
constituents of the accessory optic system in chicken, the
nucleus of the basal optic root, which also exhibits strong
immunoreactivity to both cadherin-6B and cadherin-7
antibodies. Cadherin-6B and cadherin-7 were shown to
bind homophilically and heterophilically (Nakagawa and
Takeichi, 1995). These results led the authors to suggest
that the combined action of these two cadherins may be
involved in the formation and functional specificity of this
visual circuit (Wohrn et al., 1998).

Both N- and R-cadherin molecules have been implicated
in the regionalization and development of functionally
separate neuronal circuits in the central nervous system in
Xenopus, chicken, and mouse (Takeichi et al., 1990; Redies
et al., 1992, 1993; Matsunami and Takeichi, 1995; Stone
and Sakaguchi, 1996). To our knowledge, only one previous
study has addressed this issue in fish. A novel cadherin,
called ventral neural cadherin (VN-cadherin), was isolated
from the neural tube of zebrafish embryos at the 15-somite
stage (Franklin and Sargent, 1996). Spatial and temporal
expression patterns of VN-cadherin in the zebrafish em-
bryo suggested that it may be involved in the formation
and subsequent differentiation of the central nervous
system, in general, and pathfinding of the medial longitu-
dinal fasciculus and the ventral longitudinal fasciculus, in
particular (Franklin and Sargent, 1996). The present
study provides additional evidence that another cadherin
molecule (R-cadherin) may mediate the formation of a
specific neuronal circuits (i.e., retinofugal projections) in
developing zebrafish central nervous system.

A different role for R-cadherin
in the optic tectum

In our companion report (Liu et al., 1999), we noted a
spatiotemporal correlation between the ingrowth of retinal
ganglion axons into the optic tectum (Stuermer, 1988;
Burrill and Easter, 1994) and onset of R-cadherin message
in tectal cells. The present study showed that Dil-labeled
retinal axons and R-cadherin-positive tectal cells were
both located in the anterior and lateral regions of the optic
tectum at 52-54 hpf. The earliest Dil-labeled retinal axons
were located in close proximity to cells expressing
R-cadherin message in tectal regions immediately adja-
cent to R1. However, in tectal regions more distal to R1,
but still within the anterolateral optic tectum, a close
relationship between R-cadherin-positive cells and Dil-
labeled retinal axons was not always observed. In some
areas, for example, no tectal cells that expressed R-cad-
herin were in the vicinity of retinal axons, although tectal
neurons in deeper layers expressed R-cadherin message.
However, preliminary observations (Lui, Marrs and Ray-
mond, unpublished observations) suggest that R-cadherin
protein is abundant in the developing tectal synaptic
layers. The somata of tectal neurons in deeper tectal layers
extend long apical dendrites to superficial areas where
retinal axons terminate. Because the in situ hybridization
method only visualizes message in the cell body, R-cadherin-
mediated adhesive interactions that take place on neuro-
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nal processes at some distance from the cell body cannot be
visualized using these methods.

It is also possible that R-cadherin is not involved in
axonal guidance within the optic tectum, and other guid-
ance cues which provide specific information about anterior-
posterior and dorsal-ventral polarity are required to medi-
ate retinotopic projections. For example, expression of the
homeobox gene, Engrailed, in the optic tectum correlates
with the topographic projection of retinal axons (reviewed
by Retaux and Harris, 1996), and ectopic expression of this
gene affects the accuracy of the retinotectal projections
(Friedman and O’Leary, 1996; Logan et al., 1996). En-
grailed effects appear to be mediated by several surface
molecules, including Eph-related receptor tyrosine ki-
nases (Logan et al., 1996; Drescher, 1997; Shigetani et al.,
1997).

Nevertheless, the close correlation between the develop-
mental profile of R-cadherin expression in the optic tectum
and the development of the retinotectal projection argues
for the idea that R-cadherin may be involved in the process
of synaptic formation similar to what has been demon-
strated for N-cadherin in chicken (Inoue and Sanes, 1997).
In zebrafish, N-cadherin expression levels (both message
and protein) in the optic tectum are very low between 50
and 80 hpf (Liu and Raymond, unpublished observations)
when retinal axons are covering the tectal lobes (Stuermer,
1988; Burrill and Easter, 1994), whereas R-cadherin mes-
sage levels increase significantly during the same period
(Liu et al., 1999), as does the level of immunoreactivity
with R-cadherin antibodies (Liu, Marrs and Raymond,
unpublished observations). Therefore, it is plausible that
adhesive interactions mediated by both R- and N-cadherin
are important for the formation and stabilization of retino-
tectal synapses in zebrafish.

It is not yet understood how cadherin can mediate both
the much weaker and transient adhesion between migrat-
ing retinal axons and their substrates as well as the much
tighter and more stable bonds required at synapses.
Colman (1997) has suggested at least two possible explana-
tions. First, there is evidence that cadherin molecules exist
in a cell membrane either as monomers or strand dimers
(with the cadherin molecules joined in cis). Colman pro-
poses that strong adhesive interactions responsible for
synaptic formation are mediated by cadherins that assume
the strand dimeric configuration and form what is known
as an “adhesion zipper,” whereas the weaker adhesion
between migrating axons and their substrates is mediated
by adhesive interactions between monomeric cadherin
proteins on adjacent cell membranes (Colman, 1997).
High-resolution images of cadherin-mediated junctional
specializations, such as synapses in the nervous system
and adherens junctions in epithelial tissues, suggest a
highly structured, ordered array (Ichimura and Hashi-
moto, 1988) which would be predicted by the adhesion
zipper. The model proposed by Colman (1997) is therefore
consistent with a multifunctional role for R-cadherin in
both axonal outgrowth and synaptogenesis.

CONCLUSIONS

We have documented a close spatial relationship be-
tween outgrowing retinal ganglion cell axons and cells
expressing zebrafish R-cadherin in the hypothalamus and
the pretectum, suggesting that R-cadherin is involved in
the pathfinding and synaptogenesis of retinal axons in
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zebrafish. Once retinal axons have arrived at the optic
tectum, more specific guidance cues are thought to be
important in the formation of retinotopic projections,
although R-cadherin along with N-cadherin may be in-
volved in stabilization of synapses. Future experiments
will attempt to perturb the function of N-cadherin and
R-cadherin, in order to assess their roles in pathfinding of
retinal axons and formation of synaptic connections in
zebrafish.
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