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SUMMARY

The isolation and characterisation of two zebrafish Eph
receptor ligand cDNAs which we have called zfEphL 3 and
zfEphL4 isdescribed. These genesareexpressed in the pre-
sumptive midbrain of developing embryos from 6 somites.
By 24 hours L3 is expressed throughout the midbrain
including theregion of the presumptive tectum whereasL 4
is strongly expressed in the midbrain caudal to the pre-
sumptive tectum. At later stages of development L3 is
expressed in a graded fashion throughout the tectum and
L4 is maintained at its posterior margin. Growth cone
collapse and pathway selection assays demonstrate that
both these proteins have a collapse activity for retinal
ganglion cells. When faced with a choice of substrate on
which to grow, temporal axons from chick retinal ganglion

cells selectively avoided membranes from Cos cells trans-
fected with L3, whereas nasal axonsdid not. Both temporal
and nasal axons avoided membranes from Cos cells trans-
fected with L4. The expression patterns together with the
functional data suggest that although both ligands may be
ableto guideretinal ganglion cellsaxonsin vitro, they have
different rolesin the guidance of retinotectal projectionsin
vivo. The expression of L3 is consistent with a role in the
guidance of retinal ganglion cells to their targets on the
tectum whereasthat of L4 suggestsarolein delineating the
posterior boundary of the optic tectum.
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INTRODUCTION

During neural development axons make precise connections
with target cells. In the vertebrate brain the most favoured
system for studying how such connections are made has been
that of the retinotectal projection in which axons from the nasal
retina project to the posterior tectum, axons from temporal
retina project to the anterior tectum, ventral axons project to
dorsal tectum and dorsal axons to ventral tectum, thus making
a precise topographic map. In the search for key proteinswhich
could regulate the formation of such a map, a number of
families of proteins, including the netrins (Kennedy and
Tessier-Lavigne, 1995) and semaphorins (Kolodkin, 1996)
have been shown to play a role in controlling axon guidance.
Most recently, the Eph receptor tyrosine kinases (Van der Geer
et a., 1994) and their ligands (Pandy et al., 1995) have aso
been implicated in the control of axon outgrowth and targeting
within the retinotectal system (Drescher et al., 1995; Cheng et
al., 1995). Drescher et al. (1995) have isolated a 25 kD protein
from chick posterior tectal membranes, which shows signifi-
cant homology to the B61-like ligands for the Eph family and
which inin vitro experiments has the properties of an inhibitory
guidance protein for retinal ganglion cell growth cones. They

have called this protein RAGS for repulsive axon guidance
signa. In situ hybridisations with RAGS show it to be
expressed in a graded fashion across the tectum being more
strongly expressed towards the posterior pole. Similarly, in
mouse and chick, Cheng and Flanagan (1994) and Cheng et al.
(1995) have shown that the Eph ligand elf-1 is expressed in a
gradient across the tectum again being more strongly expressed
at the posterior pole and that misexpression of this protein in
the tectum leadsto errorsin retinal ganglion cell axon targeting
(Nakamoto et al., 1996). A potential elf-1 receptor, MEK-4, is
itself expressed in agraded manner across the chick retinawith
the highest expression at its temporal pole. These findings
suggest that these ligands and their receptors may act in concert
to guide retinal ganglion cellsto their targets on the tectum. As
suggested by Cheng et al. (1995), if elf-1 is capable of guiding
retinal ganglion cellsthe existence of complementary gradients
of the receptor within the projection neurons of the retina and
the ligand within the target region fulfills Sperry’s criteria for
the mechanism of axon guidance and the formation of topo-
graphic maps (Sperry, 1963).

We have been studying the role of Eph receptor signalling in
different aspects of zebrafish development (Xu et al., 1994;
Macdonad et a., 1994, 1995; Xu et a., 1995, 1996). The
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zebrafish shows various advantages for the study of develop-
mental neurobiological problems because of its rapid develop-
ment, its relatively simple nervous system — including the
presence of identified neurons, and its transparency (Eisen,
1991). The retinotectal connection has been well characterised
and there is evidence that the growing retinal ganglion cell
axons show growth characteristics upon the tectum consistent
with the presence of a specific axona growth control
mechanism (Stuermer, 1988; Kaethner and Stuermer, 1992;
Burrill and Easter, 1994). In this study we report the isolation
and characterisation of zebrafish homologues of Eph receptor
ligands which we designate ZfEphL X. The two ligands reported
are possibly the homologues of Elf-1 (ZfEphL3) and RAGS
(ZfEphL4) and their expression is described over thefirst 3 days
of development. Their expression in the midbrain, together with
the results of in vitro functional assays, is consistent with arole
in guiding retinal ganglion cells to their targets on the tectum
and in preventing axons entering the caudal midbrain. ZfEphL 3
shows agraded pattern of expression across the midbrain, being
more strongly expressed at the posterior pole. ZfEphL4 is
expressed at the caudal margin of the tectum and the posterior
midbrain. Both ligands show growth cone collapse activity
when presented to growing chick retinal ganglion cell axons.
Furthermore, when faced with a choice of substrate on which
to grow, temporal axons from chick retinal ganglion cells selec-
tively avoided L3 transfected membranes whereas nasal axons
did not. Axons from both nasal and tempora retina avoided
membranes from Cos cells transfected with L4. The widespread
expression of these ligands and their receptors elsewhere in the
embryo suggest that they may play arole in axon guidance in
other regions of the developing nervous system athough other
rolesin cell specification are also possible (Xu et al., 1995).

MATERIALS AND METHODS

Isolation of zebrafish B61 like ligands by degenerate PCR

Degenerate primers designed to conserved regions (sense sequence
VFWSSN and antisense sequence EKFQLFT) within the sequences
of B61 and AL-1 (Bartley et al., 1994) were used in polymerase chain
reactions to amplify fragments from a neurula stage zebrafish library.
1 pl of a 1/5 dilution of the library was used in a 50 pl reaction
together with 150 pmole of each of the sense and antisense primer.
The annealing temperature used was 48°C. The PCR fragments were
cloned into pK'S bluescript, sequenced and those fragments showing
homology to Eph family ligands, of which there were four, used to
screen the neurula stage library. 0.5x10° plagues were screened at
moderate stringency (65°C, 0.5x SSC) with each fragment in turn.
Likely full length clones were sequenced as described previously (Fox
et a., 1995). The sequences have been submitted to GenBank and
have the following accession numbers; ZfEphL 3, Y 09668; ZfEphL 4,
Y 09669.

In situ hybridisation on whole mounts

Whole-mount in situ hybridisation was performed according to the
method of Xu et a. (1994).

Preparation of Cos cell membranes for collapse and stripe
assays

Expression constructs were prepared for each of the ligands L1, L3
and L4 in the CS2+ vector. Kozak sequences (GGAGAGATGC,
which was the L4 Kozak sequence) for these constructs were included
by PCR in an attempt to ensure uniformity of expression within the

cells. Thus dl ligands had the same promoter, Kozak sequence and
poly A tail. Cos 7 cellswere transiently transfected with each of these
ligands or with a CS2+3-gal construct using the calcium phosphate
method. Transfection efficiencies were checked by (3-gal reaction or
by achimeric receptor alkaline phosphatase assay (RAP assay; Cheng
and Flanagan, 1994).

Cos cell membranes were prepared as previously described (Walter
et a., 1987; Drescher et a., 1995). 48 hours after transfection Cos
cells were washed two times in PBS and manually harvested with a
rubber policeman, into 0.5 ml per plate of complete PBS (PBS plus
1.3 mM CaCly, 0.98 mM MgCly) plus protease inhibitors. Membranes
were spun down and resuspended in 0.5 ml homogenisation buffer.
All membranes from one treatment were pooled at this point. The
membranes were manually homogenised by titurating through a 0.2
mm guage needle and then applied to a sucrose gradient consisting of
350 ul 50% sucrose (w/w) and 150 pl 5% sucrose (w/w). Gradients
were spun for 10 minutes at 28,000 rpm, 4°C in a Beckmann ultra-
centrifuge. After centrifugation the membrane layer was removed,
washed with PBS and resuspended in 1 ml of fresh complete PBS.
Protein concentration was determined according to the method of
Walter et al. (1987). The membranes were then aliquoted and either
used fresh or flash frozen before storing at —=70°C.

Collapse assay and stripe assay

The procedures used for the collapse and stripe assays were essen-
tially the same as previously described (Cox et al., 1990; Drescher et
al., 1995). For the collapse assay retinal explantswere allowed to grow
overnight on a poly-D-lysine and laminin-treated surface in F12
medium. Aliquots of sucrose membrane preparations of COS cells
were pelleted (23100 g, 8 minutes, 4°C) and resuspended in F12
cultue medium. After sonication on ice (twice for 15 seconds at 30
W, Branson sonicator) the working concentration was adjusted and a
200 pl membrane suspension was carefully applied to the retina
explants. Axonal growth cones were assessed using a charge coupled
device (CCD) camera. By using acomputer controlled scanning stage,
15 growth cones (8 of the temporal and 7 of the nasal explants) could
be simultaneously observed in a single experiment by time-lapse pho-
tography. Pictures were taken under manua control every 2-5
minutes, starting about 15 minutes before and ending 30 minutes after
application of the mebrane vesicles. Pictures were digitized and stored
on disc. For analysis, the complete sequence was reloaded using the
NIH Image 1.55 program.

The stripe assay experiments also followed previously published
protocols (Walter et a., 1987) with the following modification. Before
preparation of the membrane stripes, nucleopore filters were
incubated in 20 g/ml laminin in Hanks medium for 2-3 hours at 37°C.
Afterwards, filters were washed in Hanks medium and stored in the
same medium until use. In the stripe assay experiments, in which
mock transfected COS cell membranes were tested against various
dilutions of RAGS containing membranes, both membrane types were
diluted using untransfected Cos cells.

Whole-mount RAP in situs

Receptor akaline phosphatase in situ reactions were performed on
whole-mount embryos according to the method of Cheng and
Flanagan (1994). A chick embryo kinase 4 receptor akaline phos-
phatase (Cek4/AP) fusion protein was used to probe 24 hour zebrafish
embryos. Embryos were incubated in CEK4/AP medium for 90
minutes then washed 6 times in HBHA (Hank’s buffered saline plus
0.5 mg/ml BSA, 0.1% NaN3, 20 mM Hepes, pH 7.0), treated for 2.5
minutes with acetone-formaldehyde fixative (60% acetone, 3%
formaldehyde, 20 mM Hepes, pH 7.0), washed three times with HBS
(150 mM NaCl, 20 mM Hepes, pH 7.0) and then incubated at 65°C
for 15 minutes to inactivate endogenous cellular phosphatases. After
rinsing in akaline phosphatase reaction buffer (100 mM Tris-HCI pH
9.5, 100 MM NaCl, 5 mM MgCly) the embryos were stained in the
same buffer containing 0.17 mg/ml BCIP and 0.33 mg/ml NBT.



RESULTS

Isolation of L3 and L4

ZfEphL3 and ZfEphL4 were isolated from zebrafish
embryonic cDNA by PCR using primers designed from
conserved sequences of human Eph ligands B61 and AL-1
(Bartley et a., 1994). Full length cDNAs were subsequently
isolated by screening aneurula stage library. Sequence analysis
(Fig. 1) showed these proteins to be homologous to other
members of the Eph ligand family (Pandey et al., 1995), each
having conserved cysteines in the putative receptor binding
region and a GPI linkage signal. L3 has highest homology
(58% identical at the amino acid level) to EIf-1/Cek7 ligand
(Cheng and Flanagan, 1994; Shao et al., 1995) and L4 highest
homology (76% identicadl at the amino acid level) to
RAGS/AL1 (Drescher et al., 1995; Window et a., 1995).
These homol ogies increase to 69% and 86% respectively if one
excludesthe 5' signal sequence and the signal for GPI linkage.
A further ligand which is the likely zebrafish B61 homologue,
which was termed L1, was also isolated (manuscript in prepa-
ration). This ligand was found not to be expressed within the
CNS and was therefore used as a control for the purposes of
the collapse and stripe assay experiments.

Expression of the ligands

The expression of both genes was assessed by in situ hybridi-
sation in whole embryos.

(i) Expression of L3 and L4 up to the prim 5
stage (24 hours; Kimmel et al., 1995) in the
CNS

L 3. Transcriptsfor L3 first appear at the six-somite  zf L3
stage in a broad domain with borders in the Elf1l
forebrain and a the presumptive  zf L4
hindbrain/midbrain boundary. During devel opment Al
this initial L3 domain resolves into three stripes Bl
(compare Fig. 2A and 2B), by 20 hours the most  ; |5
anterior stripe is present in the cauda dien- Elf1
cephalon, the middle stripe has expanded and is  zf L4
expressed throughout the midbrain (Fig. 2B) and A1l
the third stripe is in the anterior hindbrain. The B61
positioning of these stripes was assessed by

anatomical landmarks and by performing doublein ZIEl ;‘i
situswith pax2 whichisexpressed inastripeatthe ;| 4
caudal midbrain and in the eyestalks (Krauss et al., A1l
1991). In the double labelled specimens, at 15-24 B61
hours the pax2 stripe sits between the two caudal

L3 stripes (Fig. 2B,C). At 24 hours L3 is adso  zf L3
expressed in the hindbrain as narrow stripes at the B f1
centre of each rhombomere and in the otic vesicle 2 AILi
(Fig. 2E). Expression is aso evident at prim 5 (24 B61
hours) in cells around the region of the otic vesicle

(Fig. 4A). In the forebrain the initial stripe  zf L3
becomes more restricted to a region immediately Elf1l
beneath the forming epiphysisin the caudal/dorsal ~ zf L4
diencephalon (Fig. 2D). lei

L4. Asfor L3, L4 transcripts are first evident at
the six-somite stage in a localised stripe of
expression at the midbrain/hindbrain boundary
region (Fig. 2F). Inthe early neural keel expression
is aso seen as a thin stripe in the cauda dien-
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cephalon and in the eye primordia (Fig. 2F) but not the eye
stalks. Expression at the caudal midbrain is maintained and
overlaps with the pax2 domain (Fig. 2G), but expression in the
eye is down regulated by 24 hours but is maintained in cells
that will be nasal retinal ganglion cells (Fig. 2H). L4 can aso
be detected in the anterior hypothalamus (Fig. 21) and within
the otic vesicle at 24 hours (Fig. 2J).

(ii) Expression of L3 and L4 within the visual system

In order to determine if the ligands are expressed in cells of
the visual system during the establishment of neurona con-
nectivity, we examined L3 and L4 expression both in the eye
and the midbrain tectum. In the zebrafish the retinal ganglion
cell axons first leave the retina at 32 hours and arrive at the
tectum about 10 hours later (Stuermer, 1988). It is clear that
both ligands are expressed in different regions of the visual
system at stages earlier than the retinotectal projection is estab-
lished. L3 is first expressed in the eye in the retinal ganglion
cells at 30 hours. This expression is maintained in cells
throughout the period of retinal ganglion cell growth (Fig. 3A).
In contrast, L4 is initially broadly expressed in the eye pri-
mordium from 6 somite stage (Fig. 2F). By 24 hours this
expression has become restricted to neuroepithelial cellsin the
nasal retina (Fig. 2H), a pattern that is maintained throughout
the period of retinal ganglion cell axonal outgrowth (Fig. 3E).

Both L3 and L4 are expressed in the presumptive tectum
prior to and during the period of innervation by retinal ganglion
cells (Figs 2 and 3). At all time points examined the expression

MEL SLVVFTVWCW VSWASDD. . D RI | SDRHAVY

.. MAPAQRPL LPLLLLLLPL RARNEDP.. A RANADRYAVY

VWNSSNSRFEW
VINRSNPRFQV

..... MLQAE M VFVGVI LW MCVFSQEPSS KVMADRYAVE VWWRTNPRFQ
..... M_HVE M_TLVFLVLW MCVFSQDPGS KAVADRYAVY WNSSNPRFQ.
.............. VEFLW . APLLGLCCS LAAADRHTVF WNSSNPKFR.
..... QGEYT VAVSI NDYLD PYYESPQ PHS. RVERYl LFMVNHDGYL
SAVGDGGGYT VEVSI NDYLD | YIQPHYGAPL PPAERVERYl LYMVNGEGHA
..... RGDYH | DVCI NDYLD HYEDSV P. EERTERYV LYMVNYDGYS
..... RGDYH | DVCI NDYLD VAQPHYEDSV P. EDKTERYV LYMVNFDGYS
..... NEDYT | HVQLNDYVD | | [QPHYEDHS VADAAMEQY! LYLVEHEEYQ
HRVRGFK RWBGNRPQSP DGPLRFSEKF OLFTPFSLGF EFRPGHEYYY
RQRGFK RPAAP GGPLKFSEKF QLFTPFSLGF EFRPGHEYYY
AKGFK RPHSP NGPLKFSEKF QLFTPFSLGF EFRPGREYYY
SKGFK RPHSP NGPLKFSEKF QLFTPFSLGF EFRPGREYFY
LIGQPQSKDQV RPSAK HGPEKLSEKF QRFTPFTLGK EFKEGHSYYY
I SSPHPNHAG KPALKLKVYV KPTSS. . ... ...vviinn i
| SATPPNLVD RLKVYV RPTNE. ..\ ooeeeiie e
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.. TLYEAPEP |....FTSNS SCS..GLGGC HLFLTTVPVL WSLLGS*
DDTSHE. AEP S. ... RSDVS TSGLRHQTSR PLLALLLLCI SLYLLL*
DDTVHESAEP S....RGENA AQTPR. .| PS RLLAI LLFLL AMLLTL*
QEKRLAADDP EV.. . ... RV LHSI GHSAAP RLFPLAWIVL LLPLLLLQTP*

Fig. 1. Alignment of the full length protein sequences of zebrafish ligands L3 and
L4 with that of B61, EIf-1 and Al 1. The signal sequenceis overlined and the

putative GPI linkage signal and attachment is underlined. The conserved residues
are marked with a ° and the conserved cysteines are boxed.
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of L3 extends further anteriorly than does that of L4. Thus at
24 hours L3 is expressed throughout much of the midbrain
whereas L4 is restricted to its caudal margin. By 36 hours the
expression of L3 is markedly graded across the region of the
presumptive tectum (Fig. 3B). By 3 days expression of L3 can
be detected throughout the dorsal midbrain except in the region
of the most anterior optic tectum (Fig. 3C). This expression
domain covers much of the forming tectal neuropil (Fig. 3C).
L4 isstill expressed at the caudal extent of the midbrain but by
3 days can be detected as far anteriorly as the caudal margins
of the optic tectum (Fig. 3F).

Expression of L3 and L4 elsewhere in the CNS

In order to assess whether L3 and L4 maybe involved in axon
guidance in regions of the CNS other than the visual system

A

Fig. 2. Expression patterns of L3 (A-E) and L4 (F-J) in
the developing brain assessed by in situ hybridisation. In
all pictures anterior isto the left. A and B are dorsal
views of 8- and 20-somite stage embryos showing the
resolution of theinitial expression pattern into three
distinct stripes. The red colour in B is expression of pax2
which marks the mid-hindbrain boundary and is also
expressed in the eye stalks. (C) The boundary region at
24 hours at higher magnification illustrating expression
of L3 in the anterior hindbrain and graded expression in
the midbrain. (D) A lateral view of a 24 hour embryo
showing the expression of L3 in the diencephal on ventral
to the epiphysis (arrowhead) and in the telencephal on.
The arrow marks the position of the postoptic
commissure. (E) Expression of L3 in the hindbrain also
occurs in the rhombomeres and the otic vesicles
(arrowheads). The small arrows mark the positions of the
rhombomere boundaries. (F,G) Dorsal views of 8- and
24-somite embryos showing the expression of L4 in the
brain. In F transcripts are evident in the eyes and in the
diencephalon and midbrain. However, by the 24-somite
stage expression is reduced to the region immediately
anterior to and possibly overlapping the pax2 domain
(G), which appearsin red. (H) A lateral view of an
embryo at 24 hours showing alimited amount of
expression in the nasal half of the eye. (1) A lateral view
of a24-hour embryo with the eye removed. Expression is
clear in the caudal midbrain but limited expression is also
evident in the forebrain. The arrow marks the position of
the postoptic commissure. (J) A dorsal view of the
hindbrain region at 24 hours showing limited expression
of L4 inthe otic vesicle (arrowhead). €, eye; d,
diencephal on; mb, midbrain rudiment; r1, rhombomere 1;
os, optic stalk; ep, epiphysis; ov, otic vesicle; ah, anterior
hypothalamus. Scale bars, 50 um (A and F) (C)
(B,G,H,D,I,E,J).

we examined expression throughout the CNS. At the prim 5
stage (24 hours) L3 is expressed in the rhombomeres of the
hindbrain. These bands of expression arein the middle of each
segment (Figs 2E, 7C). Both ligands are also expressed by 24
hoursin cellsin the otic vesicle (Fig. 2E,J). L3 transcripts are
also in mesenchymal cells around the otic vesicle at 24 hours
(Fig. 4A) and subsequently, by 48 hours, in the branchial
arches (Fig. 4B,C), making it very likely that these cells seen
at early stages in the lateral hindbrain region are migrating
neural crest.

Identification of sites of ligand protein using
Cek4/AP binding

The in situ labelling of ligand following binding to a Cek 4
receptor-alkaline phosphatase fusion protein (RAP) is a



Fig. 3. Expression of L3 (A-C) and L4 (D-F) in the visual system.
Anterior isupin all pictures except B and E in which it isto the left.
(A,D) Horizontal sections revealing the expression of L3 and L4
respectively in the retinal ganglion cells of the eye at 72 hours. Note
that L4 expression isrestricted to ganglion cells in the nasal half of
the retina and appears to be graded from a high point in the most
nasal retinal ganglion cellsin contrast to L3 which isexpressed in all
retinal ganglion cells. Weak expression of L3 is detected in the
innermost cells of the inner nuclear cell layer which isthe site of the
amacrine cells. (B) Lateral view of a42-hour old embryo showing
graded expression of L3 in the tectum and strong expression in
tegmental regions of the midbrain. Expression of L4 at the same
stage (E) shows that it is not obviously graded in the tectum but is
expressed in the ventral-posterior midbrain region and in the anterior
hypothalamus in the forebrain. (C,F) Dorsal views of the midbrain at
3 days showing the expression of L3 and L4 respectively by in situ
hybridisation in blue, and the axons of the tectum stained by anti-
tubulin antibodies in orange. L3 (C) extends into the optic tectum
(outlined) and extends caudally to the posterior margin of the
midbrain (arrowhead). L4 expression (F) is considerably less
extensive, extending only as far as the posterior margin of the optic
tectum. Arrowheads show the posterior extent of the midbrain.
Labelsasfor Fig. 2 and; gcl, ganglion cell layer; inl, inner nuclear
cell layer; onl, outer nuclear cell layer; pm, proliferating margin; pe,
pigmented epithelium; |, lens; ipl, inner plexiform layer; opl, outer
plexiform layer; pt, presumtive tectum; teg, tegmentum; vm, ventral
midbrain. Scale bar, 50 um.

method for the spatial localisation of bound ligand protein
(Cheng and Flanagan, 1994). This does not discriminate the
different ligands but will identify any ligand able to bind to
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A

T

Fig. 4. Wider expression of L3 and L4. (A) Hindbrain expression of
L3 includes some mesenchymal cells. These are shown (arrowheads)
at 24 hours migrating with respect to the otic vesicle. This expression
is separate from the rhombomeric patterns (arrows). (B) At 48 hours
L3 isexpressed in groups of cellsin the branchia arches
(arrowheads) and in a structure associated with fin attachment
(arrow). (C) At 48 hours L4 is expressed in cellsin the caudal
hindbrain (black arrowheads), in cells of the nasal retina (white
arrowhead) and in a structure associated with fin attachment (arrow).
Scale bar, 50 pm.

Cek 4. Thisreceptor was selected because it is expressed in the
eye and is the homologue of Mek 4 (Sajjadi et a., 1991), the
mouse receptor which is a likely endogenous partner for elf-1
(Cheng et a., 1995). By partial sequence and expression
pattern criteria the most likely zebrafish homologue of
Cekd/Mek4 identified to date is rtk2 (Xu et al., 1994;
Macdonald et al., 1995). Rtk2 was not used for these experi-
ments because the complete cDNA is not yet available.
Nearly all sites which show expression of L3 or L4 by RNA
in situ hybridisation also show active protein as indicated by
RAP in situ (Fig. 5). The combined expresssion of L3 and L4
can account for al regions of Cek4/AP binding in the CNS at
24 and 30 hours. The pattern of binding changes during this
period with a signa appearing in the temporal region of the
eye (Fig. 5A,B). This binding in the complete eye reflects the
expression of L3 in the retinal ganglion cells of the retina as
the retinal ganglion cells differentiate. The only region where
binding was expected but not seen was at the caudal domain
of L3 and L4 expression in the midbrain-hindbrain boundary
region. Binding occurs in this location at 24 hours but fades
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Table 1. The percentage identity at the amino acid level
between zebrafish ligands L3 and L4 and published B61
likeligandsfor Eph receptors

B61 ElIfl All Lerk3 Lerk4
zf L3 45.0 58.4 54.0 44.9 44.1
zf L4 42.0 52.0 76.0 37.6 41.8

away by 30 hours suggesting that the ligand may be compro-
mised in some way.

A strong region of RAP signal also occurs in the region of
the diencephalon immediately ventral to the postoptic com-
missure. Thisis evident at 24 hours and significantly stronger
at 34 hours (Fig. 5C). By the time retinal ganglion cell axons
crossthemidline, ligand isalso localised at the site of the optic
chiasm (Fig. 5D).

Assessment of function of L3 and L4 in growth cone
collapse and stripe assays

To assess the probability that L3 and L4 are involved in axon
guidance in the visual system we used the in vitro growth cone
collapse assay and stripe assay as previously described for the
chicken visual system (Bonhoefer and Huf, 1982; Walter et al.,
1987; Cox et al., 1990). Initial experiments using cell cultures
demonstrated that the zebrafish ligands do recognise chicken
Eph receptors. Using the alkaline phosphatase tag system we
showed that L1, aligand not expressed in the CNS, L3 and L4
al bindto Cek 4 (Fig. 6), 7 and 8 (data not shown), al of which
are expessed in the chick visual system
(Sgjadi and Pasguale, 1993). The
colour reaction was slower to develop
with Cos cells transfected with L1
compared to L3 or L4 (overnight as
opposed to 2 hours). This suggests that
either the protein level of L1 waslower
or the L1 protein had a decreased
affinity for the CEK4 receptor
compared to L3 and L4. Either way, a
differenceis supported by the observa-
tion that membranes from Cos cells
transfected with L1 had no effect on
the behaviour of retinal ganglion cells
in either the collapse or stripe assay.
The function of L3 and L4 was
assessed using the growth cone collapse
and gtripe assays. In the growth cone
collapse assay membranes from Cos
cells transfected with either L3 or L4
caused collapse of axons from retinal
ganglion cells (Table 2). In the stripe
assay in which retinal axons are faced
with a choice of growing over
membranes derived from Cos cdls
transfected with either (3-galactosidase
as a control or ligands L1, L3 or L4,
specific patterns of axon growth were
seen with L3 and L4 (Fig. 7). In both
cases tempora axons preferred to grow
over control membranes than ligand
transfected membranes. In most cases

nasal axons were also inhibited from growing over membranes
from Cos cdlls transfected with L4 but nasal axons were unaf-
fected by membranesfrom L3 transfected Cos cells. Therelative
lack of effect of membranes from Cos cells transfected with L3
on growth of nasal axons in these experiments may result from
alower protein level of L3 relative to L4 or the L3 protein may
have a decreased affinity for the Eph receptor/s present on the
retinal ganglion cells. Alternatively nasal axons may be sensitive
to some other protein carried by the Cos cells which prevented
them from responding to the L3 protein. Nonetheless there was
a clear difference in the behaviour of axons from nasal and
temporal retina when faced with a choice of growth on
membranes from control Cos cells or those from Cos cellstrans-
fected with L3 (Fig. 7). The photomicrograph of axons growing
on L3 transfected Cos cell membranes presented in Fig. 7 shows
this clearly and this pattern was reliably reproduced 3 times and
on each occasion three to six cultures were assessed.

The association of ligand expression and axon
outgrowth in other regions of the embryo

To gain more information about the association of ligand
expression patterns and the sites of axon outgrowth, normal
embryos were labelled to reveal ligand by in situ hybridisation,
and to reveal axons by staining with either anti-acetylated
tubulin or HNK-1 antibodies. As L3 is more extensively
expressed, we have gained more information from examination
of this ligand. Having established that the wider expression
does correspond to active protein using RAP we assessed the
expression of the ligand at 24 hours in the hindbrain, midbrain

Fig. 5. In situ binding of Cek4/RAP fusion protein to the zebrafish embryo to identify active
ligand. Anterior isto theleft in al panels except D in which anterior isup and E which isan
anterior view of the embryo. (A) Dorsal view of a 20-somite embryo showing binding in the nasal
region of the eye which correspondsto L4 (arrow), in the midbrain and the anterior hindbrain (L3
and L4). (B) By 30 hours binding is present throughout the eye reflecting the expression of L3
and L4 in the forming retinal ganglion cells, but is distinctly absent in the anterior hindbrain
(arrow). (C). Lateral view of an embryo at 30 hours with the eye removed. The ligand domainis
present in the anterior hypothalamus immediately ventral to the postoptic commissure (arrow).
(D) A ventral view of Cek4/AP binding in a48-hour embryo showing binding to the optic nerve
(arrows). The optic chiasm can be seen(arrowhead). (E). A view of a 30-hour embryo from the
anterior pole showing RAP binding of Cek4/AP to cells of the anterior hypothalamus (in blue)
and the axons of the postoptic commissure stained with anti-tubulin antibodies (in brown). Labels
asfor Fig. 2 and os, optic stalk; poc, post optic commissure; ac, anterior commissure, rg, retinal
ganglion. Scale bar equals 50 um (A and B) (C-E).



and forebrain with respect to the formation of the early axon
scaffold (Fig. 8 and see Wilson et al., 1990).

From a survey of the growth of axons relative to the L3
expression domains it is not evident that the ligand always acts
to deter axon growth. There are two regions where expression is
associated with sites of axon growth. Inthefirst, in the forebrain,
expression is in the diencephalon, immediately beneath the
epiphysis, which is the site of origin of the epiphyseal projec-
tion (dorsoventral diencephalic tract). On examination, this early
axon pathway is established through the middle of this L3
expression domain (Fig. 8D). In the second example, in the
hindbrain, the rhombomeric bandsof L3 liein themiddle of each
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Fig. 6. Transfection of ligandsinto Cos cells showing comparable
transfection rates. These are CEK4/RAP in situsto Cos cells
tranfected with 3-gal (A), L1 (B), L3 (C) and L4 (D).

Scale bar, 50 um.
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rhombomere as shown by their location adjacent to the HNK-1
positive neurons of the reticulospinal complex (Fig. 8C; Hatta,
1992). These are the regions through which the axons of these
neurons will grow, suggesting that this ligand is not involved in
negative control of reticulospina axon growth.

In contrast, in addition to the retinotectal projection there are
a number of regions where axons grow around the borders of
expression of L3. Thus, the posterior commissure lies between
the caudal diencephalic expression domain and the rostral
tectal and ventral midbrain expression domains. More strik-
ingly, at the caudal end of the midbrain the projection of the
trochlear nerve runsdirectly through the space between the two
L 3 bands of expression. Finally, the ventral nucleus of the lon-
gitudinal fasciculus and its tract are located ventral to the
tegmental expression domain in the midbrain. Antibody
staining also shows that axons are excluded from the L4 zone
at the caudal midbrain (Fig. 3D).

Fig. 7. Results of the stripe assay in which chick retinal ganglion cell
axons are allowed to grow across a carpet of membranes from Cos
cells which have been transfected either with a control (3-
gaactosidase; A), L3 (B), L4 (C). Thered and black stripes beneath
each panel represent the stripes with the control membranes in the
black lanes. Theretinal explants are placed over the striped
substrates with the nasal pole (N) on one side and the temporal pole
(T) on the other. Selectivity occurs with membranes from Cos cells
transfected with L4 or L3 such that temporal axons fail to grow over
membranes carrying these proteins. Nasal axons are apparently less
sensitive to L3 and will grow over membranes from cells expressing
this protein (C). No distinction is evident with the B-gal actosidase
(A) or L1 (not shown) transfected membranes.
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Table 2. Primary data from the growth cone collapse assay
Amount of membrane per dish

10png 20pg 30Hg 40 pg S0 Hg

B-gal

temporal 1/7 (26) 0/10 3/9(3) 0/9

nasal 16 2/8 (20) U7 (7) 0/5
L1

temporal 1/7 (18) 0/6

nasal 0/8 0/5
L3

temporal 1/9(24)  4/6 (20) 5/9(25) 2/7(16)

nasal 0/7 1/4 (28) 0/6 0/7
L4

temporal 11/15 (14) 16/16(5) 10/10 (5.5)

nasal 4/16 (17) 5/10(12) 5/7(21)

Different amounts of membranes from Cos cells transfected with CS2+(3-
gal (control) or one of three ligands, were used to assess growth cone
collapse. Each experiment involved either temporal- or nasal-derived retinal
ganglion cells. The number of growth cones collapsing is given compared to
the number assessed and the mean time taken for this group to collapsein
minutes is shown in brackets.

DISCUSSION

Since Sperry’s formulation of the theory of neurona speci-
ficity, largely based on his work on the amphibian and fish
retinotectal projection (Sperry, 1963), there has been a search
for the molecular basis of such a mechanism. Recent work
suggeststhat Eph receptor signalling isinvolved in this process
(Drescher et al., 1995, Cheng et al., 1995). We show in this
study that not only are two of the zebrafish Eph ligands

Fig. 8. Therelationship of L3 expression to
the formation of axon tractsin the brain.

(A) At 24 hours L3 is expressed in the caudal
diencephal on beneath the epiphysis and more
weakly in the anterior hypothalamus. The
arrow indicates the preoptic commissure.

(B) In acomparable staged embryo double
labelled with HNK-1 antibody the major
tracts can be seen. The nucleus of the medial
longitudinal fasciculus and its tract run
ventral to the tegmental expression in the =l
midbrain, the trochlear nerve (arrowhead)
runs between the expression domains at the
mid-hindbrain border and the tpoc runsin at
the fore-midbrain border in aregion where
the geneis not expressed. (C) Dorsal view of J
a 24-hour embryo double [abelled with HNK - tac g

1. The sites of formation of the reticulospinal \‘
neuronsin the middle of each rhombomere #
lie adjacent to the regions of L3 expression. A

(D) High power view of the region of L3 o
expression ventral to the epiphysis at 28 poc

hours. The projection axons from the
epiphysis, the dvdt (arrows), extend into the
expression domain. Labelsasfor Fig. 2 and;

A

tpoc

expressed in the tectum in amanner that is consistent with this
proposal but that both have a function in the modulation of
axon growth that is based on a repulsive activity. This feature
is common to several other families of proteins involved in
axon guidance including the semaphorins (Kolodkin, 1996)
and the netrins (Kennedy and Tessier-Lavigne, 1995).

There are a number of features of the expression of L3 and
L4 that suggest a role in creation of the retinotectal connec-
tion. Both are expressed prior to and during the period of inner-
vation by retinal ganglion cell axons. Their expression in the
midbrain is nested suggesting that they could act coordinately
in the control of axon growth on the tectum. L3 is graded with
a caudal high point and the transcripts are detected to the
anterior extent of the tectum. In contrast, the L4 expression
domain is discrete, being restricted to the posterior margin of
the tectum. We suggest that retinal ganglion cells from the
temporal half of the retina express high concentrations of the
appropriate L3 receptor and that these axons are progressively
inhibited as they extend into the territory of increasing L3
protein in the tectum. The mgjority of temporal axons then
cease growing and make connectionsin the anterior tectum. By
contrast, the nasal axons, which may express the receptor in
lower amounts, or not at al, are ableto reach the caudal tectum.
This model is consistent with what is known about the devel-
opment of the zebrafish retinotectal map. During its establish-
ment retinal ganglion cell axons make very few mistakes as
they grow across the tectum. It appears from time-lapse studies
of axons growing in the tectum that growth cones grow directly
towards a small region of the field prior to making local
exploratory movements (Kaethner and Stuermer, 1992), a
behaviour that is consistent with the presence on the tectum of
spatialy orchestrated guidance cues. The model is aso con-
sistent with the fact that both L3 and L4 are expressed much

VIVl

tac, tract of the anterior commissure; post optic commissure; tpoc, tract of the post optic commissure; tpc tract of the posterior commissure;
nmif; nucleus of the medial longitudinal fasciculus; V, trigemminal ganglion; pllg, posterior lateral line ganglion; dvdt, dorsoventral

diencephalic tract. Scale bars, 50 um (A,B) (C,D).



earlier in the tectum than the time at which the retinal ganglion
cell axons arrive. Indeed, the midbrain expression for both is
evident from the six-somite stage when the neural keel is till
undergoing morphogenesis in the zebrafish (Papan and
Campos-Ortega, 1994).

A considerable amount is known about the control of
midbrain polarity and it is likely that the nested expression
domans of L3 and L4 are under the control of a signalling
system involving the secreted proteins FGF8 (Crossley et al.,
1996) and Wntl and transcription factors of the Pax and
Engrailed families (Itasaki and Nakamura, 1996; reviewed by
Joyner, 1996). In the zebrafish, three different engrailed genes
are expressed in a coordinate fashion over the mid-hindbrain
boundary region (Ekker et a., 1992) and in the chick, Logan
et al. (1996) have shown that Eph ligands in the midbrain are
regulated by Engrailed. In Xenopus, Retaux et al. (1996) have
reduced the levels of engrailed expression in the caudal
midbrain using antisense oligonuclectides. This causes
abnormal growth of axons from the tectum into the more
caudal hindbrain/midbrain territory. This phenotype could
result from a suppression of L4 expression in this region
leading to an exuberance of axons into the area which is
normally devoid of axons. This would suggest that the normal
function of L4 isto create an axon free zone at the caudal extent
of the midbrain rather than be involved in forming the retino-
topic map. It is aso possible that a third ligand with the
expression characteristics of RAGS in the chick tectum exists
in the zebrafish.

Two observations suggest that the ligands may also play a
role in the formation of the optic nerve. Firstly L3 and L4 are
expressed in the retinal ganglion cell layer at the time of axon
outgrowth. L4 expression islocalised to the nasal retina where
it is graded with a high point in the most nasal ganglion cells
whilst L3 is expressed in al nasal and temporal neurons. It is
possible that the ligands function during axon growth to
maintain order in the optic nerve, at least to keep nasal and
temporal axons apart, a process in which the differential
expression of the two ligands may play a key role. Secondly,
the presence of an Eph ligand at the optic chiasm is revealed
by the Cek 4/RAP treated embryos (Fig. 5D). In the zebrafish,
the retinal ganglion cells from one eye al decussate at the
chiasm so it is an important site for the maintenance of axonal
order. The site of binding coincides with the expression of L3
and L4 in the anterior hypothalamus (compare Fig. 2D and Fig.
5C,D), and lies immediately ventral to the location of the
postoptic commissure and the location of the axons of the
forming optic nerve which reach the chiasm at 34 hours (Burrill
and Easter 1994). This domain of ligand expression, which is
evident at 24 hours and strong at 34 hours (Fig. 5C,D) could
be responsible for maintaning the tract and not allowing axons
to spread into the anterior diencephal on.

It is important to compare the results achieved in this study
with those obtained in chicken and mouse embryos. In the
chick, the L4 homologue, RAGS, has an expression pattern that
islessrestrictive than the comparable L4 expression domain in
the posterior region of the tectum. RAGS transcripts are
present in tectal cells extending more anteriorly (Drescher et
al., 1995). The expression patterns of L3 and chick elf-1 seem
comparable (Chang and Flanagan, 1995). It is very likely that
the coordinate expression of these ligands are performing
similar tasks in the zebrafish and the chick. Mouse elf-1 again
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has a similar graded expression extending to the rostrocaudal
extent of the midbrain although the mouse RAGS expression
pattern has not been described. However, it remains unclear
whether axons entering the zebrafish tectum will interact with
the Eph ligands in the same manner as they do in chick and
mouse. This is because the possible zebrafish Mek 4/Cek 4
homologue, rtk2 (Xu et a., 1994; Macdonald et a., 1995) is
not expressed in a gradient in the temporal half of the eye,
rather the RNA is distributed apparantly evenly over this
region. Furthermore, the zebrafish receptor rtk 1 (Xu et a.,
1994, 1996), homologue of the second receptor known to be
present in the mouse and chick retina, Cek 8/Sek 1 (Cheng and
Flanagan, 1995) is not expressed in the zebrafish eye. In
addition, a second zebrafish receptor, ZDK 1, the homol ogue of
the mouse MDK1 receptor, is also expressed in the temporal
region of the eye (Tangja et al., 1996). However, to date we
have not found a zebrafish Eph receptor which is expressed in
the nasal retina. Thus while the topographic map in the
zebrafish, chick and mouse may be created using the Eph
receptor system the details of this process may be different in
the fish and the amniotes.

Thus far we have concentrated on the role of L3 and L4 in
the visual system. However, it is evident, especialy for L3,
that these ligands may play arole in the navigation of axons
in other regions of the CNS. Clearly, inhibition of axonal
growth will only occur if axons or their targets express the
appropriate receptors. It is not surprising, therefore, that an
analysis of axon growth relative to the expression patterns of
L3 throughout the brain shows that some axons appear to
avoid such expression patterns and others do not. It will be
important to match the expression of Eph ligands and
receptors to understand how thissignalling system isinvolved
in the widespresd creation of topographic neuronal projec-
tions and neuronal circuits.
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