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Development/Plasticity/Repair

Role of Bone Morphogenic Protein 2 in Retinal Patterning
and Retinotectal Projection

Hiraki Sakuta, Hiroo Takahashi, Takafumi Shintani, Kazuma Etani, Akihiro Aoshima, and Masaharu Noda
Division of Molecular Neurobiology, National Institute for Basic Biology and School of Life Science, The Graduate University for Advanced Studies,
Myodaiji-cho, Okazaki 444-8787, Japan

It has been long believed that the anteroposterior (A-P) and dorsoventral (D-V) axes in the developing retina are determined indepen-
dently and also that the retinotectal projection along the two axes is controlled independently. However, we recently demonstrated that
misexpression of Ventroptin, a bone morphogenic protein (BMP) antagonist, in the developing chick retina alters the retinotectal
projection not only along the D-V (or mediolateral) axis but also along the A-P axis. Moreover, the dorsal-high expression of BMP4 is
relieved by the dorsotemporal-high expression of BMP2 at embryonic day 5 (E5) in the retina, during which Ventroptin continuously
counteracts the two BMPs keeping on the countergradient expression pattern, respectively. Here, we show that the topographic molecules
so far reported to have a gradient only along the D-V axis and ephrin-A2 so far only along the A-P axis are both controlled by the BMP
signal, and that they are expressed in a gradient manner along the tilted axis from E6 on in the developing chick retina: the expression
patterns of these oblique-gradient molecules are all changed, when BMP2 expression is manipulated in the developing retina. Further-
more, in both BMP2 knockdown embryos and ephrin-A2-misexpressed embryos, the retinotectal projection is altered along the two
orthogonal axes. The expressional switching from BMP4 to BMP2 thus appears to play a key role in the retinal patterning and topographic
retinotectal projection by tilting the D-V axis toward the posterior side during retinal development. Our results also indicate that BMP2

expression is essential for the maintenance of regional specificity along the revised D-V axis.
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Introduction

Topographic maps are formed in various regions of the brain,
and the projection from the retina to the tectum has been a good
model system with which to understand the development of to-
pographic maps. During development, retinal ganglion cell ax-
ons grow from the eye to the optic tectum [the primary visual
center in lower vertebrates or the superior colliculus (SC) in
mammals] and form a topographic map of visual space. Since
Sperry (1963) proposed his chemoaffinity hypothesis, many to-
pographic molecules have been identified. In particular, Eph
family of receptor tyrosine kinases and their ligands, the ephrins,
have been shown to be involved in sculpturing the topographic con-
nection. EphA receptors and their glycosylphosphatidylinositol-
anchored ephrin-A ligands are expressed in complementary gra-
dients in both the retina and the tectum along the anteroposterior
(A-P) axis and mediate axonal navigation by differential repul-
sion and branching of the nasal (N) and the temporal (T) axons
along the A-P axis (Nakamoto et al., 1996; Monschau et al., 1997;
Brown et al., 2000; Feldheim et al., 2000, 2004; Yates et al., 2001).
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In addition, the EphB receptors and their transmembrane
ephrin-B ligands have been shown to be important for the map-
ping of retinal axons along the mediolateral (M-L) axis (Hindges
et al., 2002; Mann et al., 2002; McLaughlin et al., 2003b).

The graded distributions of these cell surface molecules are
achieved by topographically expressed morphogens and tran-
scription factors in the retina early on in development. Along the
A-P axis, two winged-helix transcription factors FoxG1I (forkhead
box G1) [CBFI (chick brain factor 1)] and FoxDI (CBF2) are
expressed in the nasal and temporal regions of the developing
chick retina at an early stage [peaking at embryonic day 3 (E3)],
respectively, and determine the regional specificity in the retina
by their counteraction (Yuasa et al., 1996; Takahashi et al., 2003).
On the other hand, along the dorsoventral (D-V) axis, the coun-
teraction between bone morphogenic protein 4 (BMP4) in the
dorsal side and Ventroptin in the ventral side governs the re-
gional specification in the retina at the early developmental stages
(stage 11 to E5) (Sakuta et al., 2001). Subsequently, transcription
factors Thx5 (T-box 5) in the dorsal retina and ¢Vax (chick ven-
tral anterior homeobox) in the ventral retina begin to be ex-
pressed under the control of the BMP4 signal (Koshiba-Takeuchi
et al., 2000). At later stages (from E5 onward), in proportion to
the disappearance of BMP4 expression from the dorsal retina,
Ventroptin begins to be expressed in both a nasal high-temporal
low and a ventral high-dorsal low gradient (oblique gradient) in
the retina (V/N-high pattern). At the same time, BMP2 begins to
be expressed in a oblique-gradient pattern complementary to
that of Ventroptin along the two axes (D/T-high pattern). Thus,
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inducible gene expression systems for the
chick. Here, we show that BMP2 controls
the expression of the topographic mole-

cules along the D-V axis and ephrin-A2 in

o
o

B pCS2+luc/BMP2 B
B pCS2+luc/BMP4 RCASDC
100
s [Jus T eagrpoteny us |[us
TR

l integration

TR the developing chick retina and thereby
plays a key role in the topographic retino-
tectal projection along both the A-P and
the M-L axes.

Relative luciferase activity (%) >

Y

gag/pollenv

Hus]lik  Materials and Methods

SLAX-CU6 SLAX-CU6/BMP2 LTR

o

Control Side Experimental Side
Eeleas D

i“ D

{
5
,

gag
BMP2

3

-

\"

Control Side Experim_ental Side

y. D A D :
< 7 o~ g
o o
= X | =
m : )l Fid { m / L3
| ( ' "f, / E b
Ny | _(xﬁ, St ( . ),
Figure1.  The gene-specific knockdown system for the chick. A, Functional analysis of the vector-based shRNA in CEF cells. CEFs

were transfected with a reporter plasmid (pCS2 +luc/BMP2 or p(S2 +luc/BMP4) and an shRNA expression plasmid (SLAX-CU6 or
SLAX-CU6/BMP2). Luciferase activity was measured 48 h after transfection. SLAX-CU6/BMP2 selectively knocked down the lucif-
erase expression from the reporter plasmid containing the BMP2 sequence. Luciferase activity in the cells transfected with an
empty vector SLAX-CU6 was set to 100%. Error bars indicate SD. B, Schematic representation of the RCASDC retroviral vector. The
shRNA-expressing cassette was inserted into the U3 region of the 3" LTR of the RCASDC. The resultant provirus acquires the
shRNA-expressing cassette sequences at both ends by duplication of the LTR during the reverse transcription and integrates them
into the genome of transfected cells. €, Expression of viral gag protein in the right eye transfected. RCASDC-CU6/BMP2 was
introduced to the embryo at E1.5 by electroporation. Viral gag protein was visualized at E8 by immunostaining with monoclonal
antibody 3C2. D, E, Coronal section in situ hybridization of control retinas (left) and RCASDC-CU6/BMP2-electroporated retinas (right).
Expression of BMP2 at E8 was markedly reduced in the retina by electroporation of RCASDC-CU6/BMP2 (D). Expression of BMP4 at E4 was
not altered by electroporation of RCASDC-CU6/BMP2 (). F, Coronal section in situ hybridization of the retinas at E8 electroporated with
RCASDC-CU6/EGFP (right) at E1.5. Expression of BMP2 was not changed by the expression of shRNA for EGFP. The boxed regions in the
control retina (left) and manipulated retina (right) are enlarged on the top right and bottom right sides, respectively (C—F).

the counteraction between BMP4 and Ventroptin is relieved by
that between BMP2 and Ventroptin. Recently, we revealed that
FoxG1 expression in the nasal retina represses BMP2 expression
through inhibition of the BMP signal, and thereby the oblique-
gradient expression patterns of BMP2 and Ventroptin are induced
(Takahashi et al.,, 2003). Furthermore, when Ventroptin was
misexpressed in the developing retina, temporal axons extended
to the posterior end of the tectum as a result of the induction of
ephrin-A2 expression in the temporal retina (Sakuta et al., 2001).
These findings are the first demonstration of functional interac-
tions between the regulatory molecules along the two axes.

In the present study, to gain insight into the details of the
interaction between the two axes underlying control mechanisms
of the retinotectal projection, we investigated the role of BMP2,
which begins to be expressed in a oblique gradient in the retina
from E6 on when the projection indeed occurs. To achieve this
aim, we developed gene-specific knockdown and reagent-
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LTR Plasmid construction. The chick U6 promoter

(CU6) region was PCR amplified from chick
genomic DNA using as primers 5'-GCTC-
— | 3 TAGACCTTAAAGTCCCACCAAAAC-3" and
= CGGATCCCGTCTCCGAATATCTTGACCT-
CCTAG. The PCR product was digested with
Xbal and BamHI and inserted into the Xbal/
o BamHI sites of the vector SLAX-NS (Suzuki et
al., 2000) to yield SLAX-CUS6. The oligonucle-
otides sequences used for the construction of
BMP2 and enhanced green fluorescent protein
(EGFP) short-hairpin RNA (shRNA) were as
follows: BMP2 forward, ATTCGGTCGTACT-
TAAGAACTATTTCAAGAGAATAGTTCTT-
TAGTACGACCTTTTTGGAAA; BMP2 re-
verse, CTAGTTTCCAAAAAGGTCGTACTA-
AAGAACTATTCTCTTGAAATAGTTCTTA-
AGTAC-GACC; EGFP forward, ATTCG-
GAGTTGTCGCAATTCTTGTTCAA-GAGA-
CAAGAATTGGGACAACTCCTTTTTGGAAA;
and EGFP reverse, CTAGTTTCCAAAAAG-
GAGTTGTCCCAATTCTTGTCTCTTGAA-
CAAGAATTGCGACAACTCC. To prevent self-
targeting of the sShRNA to the viral genomic RNA,
asingle mutation (underlined characters) was in-
troduced in the sense strand of the shRNA se-
quence (Yu et al,, 2002). The oligonucleotides
were annealed and cloned into the BsmBI/Spel
sites of SLAX-CUG6 to yield SLAX-CU6/BMP2
and SLAX-CUG6/EGFP, respectively.

To generate the RCASDC vector, we inserted
a polylinker sequence, AATGTAGTCTTAT-
GCGGCCGCGGCGCGCCACTAGT, into the
5" end of the 3’ long terminal repeat (LTR) of
the RCASBP(B) vector (Hughes et al., 1987)
according to a strategy described previously
(Hantzopoulos et al., 1989). The polylinker
contains a 15 bp sequence of the 5’ region of the
U3 region in LTR, which allows the foreign se-
quence to integrate into the host genome
(Aiyar et al., 1996), together with three restriction sites [NotI, Ascl, and
Spel, all unique to the RCASBP(B) vector]. The Norl/Spel fragments of
SLAX-CU6/BMP2 and SLAX-CU6/EGFP were inserted into the Notl/
Spel sites of RCASDC to yield RCASDC-CU6/BMP2 and RCASDC-
CUG6/EGFP, respectively.

pCS2+ (Turner and Weintraub, 1994) was digested with NotI and
Bsp1201, and self-ligated to generate pCS2+ NotI(—). Oligonucleotides,
CTAGGCGGCCGCATCGATACTAGTTCTAGAG (sense), and GATC-
CTCTAGAACTAGTATCGATGCGGCCGC (antisense) were annealed
and inserted into the Xbal/BamHI sites of pGL3-Enhancer (Promega,
Madison, WI) to make Notl, Clal, and Spel sites between. The coding
region of firefly (Photinus pyralis) luciferase was isolated from this plas-
mid with BgllI/Xbal digestion and inserted into the BarnHI/Xbal sites of
pCS2+NotI(—) to obtain pCS2+luc. The coding region of chick BMP2
was cloned into the NotI/Spel sites of pCS2+luc via the SLAX-NS vector
to yield pCS2+1luc/BMP2. The coding region of chick BMP4 was isolated
from SLAX-NS/BMP4 (Sakuta et al., 2001) by NotI/Spel digestion and
cloned into the Notl/Spel sites of pCS2+luc to yield pCS2+luc/BMP4.
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The tetracycline-responsive element (TRE)
linked to the minimal cytomegalovirus pro-
moter was isolated from pTRE2 (Clontech,
Palo Alto, CA) and inserted into the RCAN-
BP(B) vector (Hughes et al., 1987) as an inter-
nal regulatory element to prepare RCAN-TRE.
The Clal fragment of SLAX-NS/BMP2 (Taka-
hashi et al., 2003) was inserted into the Clal site
of the RCAN-TRE vector to yield RCAN-TRE/
BMP2. The protein-coding fragment of
pEGFP-NI1 (Clontech) was cloned into Clal site
of the RCAN-TRE vector via the SLAX-NS vec-
tor to yield RCAN-TRE/EGFP. The protein-
coding fragment of reverse tetracycline-
controlled transactivator (rtTA) of pTet-on
(Clontech) was cloned into the Clal site of the g
RCASDC vector via the SLAX-NS vector to 4
generate RCASDC/rtTA.

The protein-coding fragment of chick
ephrin-A2 was cloned into NotI/Spel sites of the
RCAS-NS (Suzuki et al., 2000) vector via the
SLAX-NS vector to yield RCAS/ephrin-A2.

Luciferase assay. Chick embryonic fibroblasts
(CEFs) were grown to 60% confluence in
96-well microplates. Cells were transfected
with a combination of expression plasmids,
pCS2+1luc/BMP2 or pCS2+luc/BMP4 (10 ng),
and SLAX-CU6 or SLAX-CU6/BMP2 (10 ng),
together with phRL-TK (100 ng; Promega), us-
ing LipofectAmine Plus (Invitrogen, Carlsbad, |
CA). Luciferase activity was measured with a ]
Dual-Glo Luciferase Assay System (Promega)
using Fluoroskan Ascent FL (Labsystems, Hel- I ]
sinki, Finland) 48 h after transfection. Firefly
luciferase activity was normalized using the sea
pansy (Renilla) luciferase activity.

In ovo electroporation and doxycycline treat-
ment. In ovo electroporation was performed as
described previously (Sakuta et al., 2001). Ret-
roviral constructs for the electroporation were
suspended at a concentration of 0.25-1.0 ug/ul
in PBS containing 0.05% fast green (Sigma, St.
Louis, MO). Embryos were electroporated at
Hamburger-Hamilton (HH) stage 8—10 and
incubated in a humidified incubator. For doxy-
cycline (DOX) treatment, DOX (100 ul of 1
mg/ml in PBS) or PBS (100 ul) was adminis-
tered to the embryos twice at E5 and E6.5 after
electroporation. Embryos of normal size and
morphology were used for assays.

In situ hybridization and riboprobes. Section
and whole-mount in situ hybridization was
performed according to protocols published
previously (Suzuki et al., 2000). At least six sec-
tions from an embryo were analyzed to confirm
that all sections have similar signal patterns for a topographic molecule.
We analyzed the expression of topographic molecules by comparing the
signals of the left (control side) and right (experimental side) eyes in the
same section from several embryos (1 = 3-9) for quantification analyses
of a molecule. The templates used for digoxigenin-labeled RNA probes
were as follows: the 557 bp fragment of chick Tbx2 (nucleotide residues
671-1227; GenBank accession number AF033668), the 512 bp fragment
of chick Tbx3 (nucleotide residues 548 —1059; GenBank accession num-
ber AF033669), the 501 bp fragment of chick EphB2 (nucleotide residues
1532-2032; GenBank accession number NM_206951), the 470 bp frag-
ment of chick EphB3 (nucleotide residues 2511-2980; GenBank acces-
sion number Z19061), the 500 bp fragment of chick ephrin-BI (nucleo-
tide residues 345—844; GenBank accession number NM_205035), the
567 bp fragment of chick ephrin-B2 (nucleotide residues 4-570; Gen-
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The effect of BMP2 knockdown on the expression of topographic molecules along the D-V axis. Coronal section in situ
hybridization of control retinas (left) and electroporated retinas with RCASDC-CU6/BMP2 (right) of E8 embryos. Boxed regions
were selected at the dorsal retina (4—E) and the dorsal-limit regions with the expression of the topographic molecules in the
control retina (F-I) to clearly show the alteration in the expression by the manipulation. As for the analyses of the overall
expression, see supplemental Figure 1 (available at www.jneurosci.org as supplemental material). The boxed regions in the
control retina (left) and manipulated retina (right) are enlarged on the top right and bottom right sides, respectively. The expres-
sion of Tbx2 (A), Tbx3 (B), Tbx5 (C), ephrin-B1 (D), and ephrin-B2 (E) was reduced, whereas that of Ventroptin (F), cVax (G), EphB2
(H), and £EphB3 (I) was upregulated and expanded in the retina.

Bank accession number AF227921), and the 1185 bp fragment of mouse
BMP2 (nucleotide residues 161-1345; GenBank accession number
NM_007553). The templates for the probe of BMP2, BMP4, Ventroptin,
cVax, Tbx5, ephrin-A2, ephrin-A5, EphA3, FoxG1, FoxD1, SOHol (sen-
sory organ homeobox protein 1), and GH6 (Gallus gallus homeobox
protein 6) have been described previously (Sakuta et al., 2001; Takahashi
et al., 2003). Images were acquired using the Axioplan 2 microscope
system (Zeiss, Oberkochen, Germany) or a CCD camera (CoolSNAP cf
Color; Roper Scientific, Tucson, AZ).

Immunohistochemistry. Viral gag protein was visualized by immuno-
staining with the monoclonal antibody 3C2 as described previously
(Yuasa et al., 1996). The ephrin-A2 protein was visualized by immuno-
fluorescence method with a monoclonal antibody against chick
ephrin-A2 (Ohta et al., 1996). Tissue sections were incubated for 60 min
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ments, because BMP2 and BMP4 have al-
most the same biological activities
(Padgett et al., 1993) and a certain level of
BMP signal is essential for the retinal neu-
rogenesis itself (Murali et al., 2005). To
overcome this obstacle, we attempted to
selectively knock down BMP2 using a
vector-based shRNA that produces the
RNA interference (RNAIi) effect (Brum-
melkamp et al,, 2002; Paddison et al.,
2002; Yu et al., 2002). First, we performed
a reporter assay to estimate the RNAi ef-
fect of the vector-based shRNA in chick
cells (Fig. 1 A). To quantify the RNAi effect
of the vector-based shRNA, we ligated the
coding region of either BMP2 or BMP4
downstream of the coding region of the
firefly luciferase in the pCS2 +luc vector to
generate an mRNA with both sequences.
When the expression plasmid for BMP2-
specific shRNA (SLAX-CU6/BMP2) was
cotransfected with a reporter construct into
CEFs, luciferase activity was greatly reduced
with pCS2+luc/BMP2 but not with
e pCS2+luc/BMP4 (Fig. 1A). These results
) === indicate that the RNAI effect of the SLAX-
CU6/BMP2 vector acts selectively on BMP2.

H Effect of BMP2 knockdown

To test the RNAI effect of the vector-

Tbx2 v FoxGi - based shRNA in vivo, we generated an

Tbx3 ¥ FoxD1 nd . . . L. .
Tox5 I SOHot N RCAS vector with a unique restriction site
ephrin-B1 |  GH6 N in the U3 region of the 3" LTR to insert the
/ d ephrin-B2 ¢  ephrin-A2 1 shRNA-expressing cassette (Fig. 1B). The
v & / i ; Ventroptin 1 ephrin-A5 provirus produced from the RCASDC

4 e N Dot cVax t  EphA3 - , :

A y 5 —— EphB2 4 vector acquires two copies of the shRNA-
] EphB3 1 expressing cassette because of the duplica-
tion of the LTR at both ends during
Figure3. Theeffect of BMP2 knockdown on the expression of topographic molecules along the N-Taxis. A horizontal sectionin  reverse transcription, and twofold expres-

situ hybridization of control retinas (left) and RCASDC-CU6/BMP2-electroporated retinas (right) of E8 embryos is shown. The
expression of FoxG1 (A), FoxD1 (B), SOHo1 (C), GH6 (D), ephrin-A5 (F), and EphA3 (G) was not changed. In contrast, the expression
of ephrin-A2 (E) was induced all over the retina. The results of BMP2 knockdown in this and Figure 2 are summarized in H.

in 0.3% H,0,/methanol. After washing in PBS, the sections were blocked
for 90 min and incubated overnight with anti-ephrin-A2 monoclonal
antibody at 4°C. After washing, the sections were incubated overnight
with horseradish peroxidase-conjugated secondary anti-mouse I1gG an-
tibody at 4°C. Enhanced fluorescence was achieved with the Alexa-594-
tyramide signal amplification kit (Invitrogen) according to the instruc-
tions of the manufacturer.

Retinal axon tracing in the chick embryos. For retinal axon tracing, we
labeled a small number of the retinal fibers with 1,1’-dioctadecyl-
3,3,3',3'-tetramethyl-indocarbocyanine perchlorate (Dil) (Invitrogen)
at E14.5-E15.5 as described previously (Yuasa et al., 1996). Embryos
were incubated for an additional 2 d to allow Dil to label retinal fibers
from the retina to the tectum. Tecta were cut into lateral and medial
halves and then observed using the Axioplan 2 microscope system.

Results

BMP2-specific knockdown by the vector-based shRNA

We recently demonstrated that misexpression of Ventroptin, a
BMP antagonist, in the developing chick retina altered the reti-
notectal projection not only along the M-L axis but also along the
A-P axis (Sakuta et al., 2001). In that study, we could not discrim-
inate the roles between BMP4 and BMP2, because Ventroptin
antagonizes both of them. It is methodologically difficult to dis-
tinguish their functions using classical misexpression experi-

sion of shRNA is expected in the chick em-
bryos. When RCASDC-CU6/BMP2 was
introduced into the right retina at E1.5 by
in ovo electroporation, the whole area of
the right retina was infected at E8, as was evident from the expres-
sion of gag protein (Fig. 1C). Under these conditions, BMP2
expression was markedly reduced at E8 (Fig. 1D, 17 of 24 em-
bryos), although the degree of the reduction varied to some ex-
tent in individual embryos. In contrast, BMP4 expression was not
affected at all, at E4 when the expression peaked (Fig. 1E, 11 of
11) and at E8 when the expression was almost absent (data not
shown). These results indicate that the RNAi effect of the SLAX-
CU6/BMP2 vector is faithfully selective against BMP2 also in vivo.
In the retinas transfected with RCASDC/CU6-EGFP carrying an
shRNA-expressing cassette against EGFP, the BMP2 expression
was not altered (Fig. 1F, 10 of 10).

Effects of BMP2 knockdown on the expression patterns of
topographic molecules

We next examined the effects of BMP2 knockdown on the expres-
sion pattern of a panel of topographic molecules at E8 (Figs. 2, 3).
In the BMP2 knockdown eyes, the expression of the dorsal-high
molecules Tbx2 (Fig. 2A, 12 of 17), Tbx3 (Fig. 2B, 9 of 12), Tbx5
(Fig. 2C, 7 of 11), ephrin-BI (Fig. 2D, 10 of 15), and ephrin-B2
(Fig. 2E, 6 of 10) was markedly reduced, and the expression do-
main of the ventral-rich molecules Ventroptin (Fig. 2F, 10 of 19),
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cVax (Fig. 2G, 6 of 14), EphB2 (Fig. 2H, 6
of 10), and EphB3 (Fig. 21, 5 of 11) was

A
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significantly expanded. Surprisingly, the RCASDCQ?TA s -DOX
expression of ephrin-A2 was also en- U3 J[usr e gaglpovenv I A >{ s usk
hanced (Fig. 3E, 8 of 17). The degree of LTR LTR
alterations correlated well with the extent o
of reduction in BMP2 expression (data not o
shown). At E4, the expression patterns of RCAN-TRSPE s ca w
these molecules were unaffected in the U3 J]us T gagipolieny PTG3 [
LTR LTR

BMP2 knockdown retina (data not
shown), probably because the expression
of BMP4 was not affected at all and BMP2
expression is not detected in the retina at
E4. In contrast to the molecules men-
tioned above, expression of FoxGl,
FoxD1,SOHol, GH6, EphA3, or ephrin-A5
(topographic molecules along A-P axis)
was not significantly affected in the BMP2
knockdown eyes (Fig. 3). These results of
in situ hybridization were all verified by
quantification of the signal intensity using
NIH Image J (supplemental Figs. 1, 2,
available at www.jneurosci.org as supple-
mental material). In the retinas trans-
fected with RCASDC/CUG6-EGFP, the ex-
pression pattern of all of the topographic
molecules tested was unaltered (data not
shown). These results indicate that all the
topographic molecules along the D-V axis
and ephrin-A2 along the A-P axis are lo-
cated downstream of the BMP2 signal (Fig. 3H).

BMP2

=

Figure 4.

Effects of BMP2 misexpression induced by DOX at later
stages on the expression pattern of topographic molecules
With the decline in BMP4 expression from the dorsal retina,
BMP2 begins to be expressed in the developing retina from E5
(Takahashi et al., 2003). To manipulate the expression of a gene
temporally during development, an inducible system with some
reagent is essential. We took advantage of the tet regulatory sys-
tem, in that the expression of a transgene can be activated by
tetracycline or an analog thereof such as DOX (Gossen and Bu-
jard, 1992; Gossen et al., 1995), to misexpress BMP2 in the retina
only at the later stages (Fig. 4). For this purpose, we prepared two
vectors (Fig. 4A). The TRE-mediated transgene expression de-
pends on the expression level of 1tTA (Kistner et al., 1996). We
used the RCASDC vector for driving rtTA, because a higher level
of the transgene was detected in CEFs with RCASDC than RCAS,
when the transgene was inserted into the Clal site (data not
shown). To examine whether the tet regulatory system functions
in the chick retina, we simultaneously introduced RCASDC/rtTA
and RCAN-TRE/EGFP harboring the EGFP gene into the chick
retina by in ovo electroporation. DOX was administered twice to
the embryos at E5 and E6.5, and the retinas were removed at E8.
Many cells harboring EGFP fluorescence were observed in the
presence of DOX (Fig. 4 B). In contrast, only a few cells expressing
EGFP were observed in the absence of DOX. These results indi-
cate that the fef regulatory system works in the developing chick
retina.

Next, we examined the effect of BMP2 misexpression induced
by DOX on the expression patterns of the topographic molecules
using this system (Figs. 5, 6). After DOX treatment following
coelectroporation of RCASDC/rtTA and RCAN-TRE/BMP2,
many of retinal cells began to express mouse BMP2 transcript
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The reagent-inducible gene expression system for the chick. A, Schematic representation of the RCASDC/rtTA vector
and RCAN-TRE vector. SD, Splicing donor; SA, splicing acceptor; mCMV, minimal cytomegalovirus promoter. B, EGFP expression in
the retinas of E8 embryos with/without DOX treatment. RCASDC/rtTA and RCAN-TRE/EGFP were simultaneously electroporated at
E1.5. EGFP expression was induced only in the retinas treated with DOX. C, D, Coronal section in situ hybridization of the retinas of
E8 embryos with/without DOX treatment. RCASDC/rtTA and RCAN-TRE/BMP2 were simultaneously electroporated at E1.5. The
exogenous mouse BMP2 transcript was detected throughout the right retina with DOX treatment (€). The expression of EphB2 was
not changed without DOX treatment (D). The boxed regions in the control retina (left) and manipulated retina (right) are enlarged
on the top right and bottom right sides, respectively.

throughout the right retina (Fig. 4C). In these embryos, the ex-
pression of the dorsal-high molecules was upregulated and that of
the ventral-high molecules was downregulated in the retina by
BMP2 misexpression (Fig. 5): Tbx2 (Fig. 5A, 6 of 11), Tbx3 (Fig.
5B, 11 of 20), Tbx5 (Fig. 5C, 6 of 14), ephrin-B1 (Fig. 5D, 6 of 10),
ephrin-B2 (Fig. 5E, 6 of 13), Ventroptin (Fig. 5F, 10 of 14), cVax
(Fig. 5G, 7 of 10), EphB2 (Fig. 5H, 11 of 15), EphB3 (Fig. 51, 6 of
10), and ephrin-A2 (Fig. 6 E, 12 of 20). This is the reverse of the
pattern after BMP2 knockdown. The expression pattern of these
genes did not change when BMP2 was not induced without DOX
treatment (Fig. 4 D and data not shown). As in the case of BMP2
knockdown, BMP2 misexpression at later stages did not alter the
expression of FoxG1, FoxD1, SOHol, GH6, EphA3, or ephrin-A5
(Fig. 6). These results further support the view that all of the
topographic molecules along the D-V axis and ephrin-A2 are all
controlled by BMP2 (Fig. 6 H). Quantifications of these results
are shown in supplemental Figures 3 and 4 (available at www.j-
neurosci.org as supplemental material).

Oblique-gradient molecules in the retina

It is known that the counteraction between BMP4 and Ventroptin
along the D-V axis is switched by that between BMP2 and Ven-
troptin along the D/T-V/N axis from E5. We therefore presumed
that the expression of the topographic molecules controlled by
BMP? are also changed to the oblique-gradient pattern in the retina
like Ventroptin and BMP2. So we examined the expression pattern of
a panel of topographic molecules in the chick retina at E8.

Three T-box transcription factors, Tbx2, Tbx3, and Tbx5, are
expressed in the dorsal chick retina during the early stages (HH
stage 14) of the development of the eye (Gibson-Brown et al.,
1998) and contribute to retinal patterning and the formation of
the retinotectal map (Koshiba-Takeuchi et al., 2000; Wong et al.,
2002; Gross and Dowling, 2005). We found that these transcrip-
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Figure 5.

downregulated.

tion factors were expressed in the E8 retina with dorsal-high
ventral-low and temporal-high nasal-low gradients (D/T-high
pattern) (Fig. 7B-D) like BMP2 (Fig. 7A). The expression pat-
terns of these T-box genes were similar, but the expression do-
main of Tbx2 was the widest and that of Thx5 was the narrowest.
The Emx (empty spiracles homolog) homeobox gene cVax is also
implicated in the D-V patterning in the retina (Schulte et al.,
1999). It was found to be expressed in a complementary oblique-
gradient pattern (V/N-high pattern) at E8 (Fig. 8 B) like Ventrop-
tin (Fig. 8 A). This expression pattern is similar to that of Vax2 in
the mouse retina (Mui et al., 2002). EphB2/B3 and their ligands
ephrin-B1/B2 are known to be expressed in the ventral and dorsal
retina, respectively, early on and involved in the retinotectal map-
ping along the M-L axis (Hindges et al., 2002; Mann et al., 2002;

Control Side Experimental Side
D

The effect of BMP2 misexpression on the expression of topographic molecules along the D-V axis. Coronal section in
situ hybridization of the retinas of E8 embryos after DOX treatment is shown. RCASDC/rtTA and RCAN-TRE/BMP2 were simulta-
neously electroporated at E1.5. Control retinas and transfected retinas are shown on the left and right, respectively. Boxed regions
were selected at the ventral limit with the expression of the topographic molecules in the control retina (A—F) and the ventral
retina (F-I) to show the alteration by the manipulation. The expression of Tbx2 (), Tbx3 (B), Tbx5 (C), ephrin-B1 (D), and
ephrin-B2 (F) was upregulated and expanded in the retina, whereas that of Ventroptin (F), cVax (G), EphB2 (H), and EphB3 (1) was
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McLaughlin et al., 2003b). However, eph-
; .4 rin-Bl/B2 (Fig. 7E,F) and EphB2/B3 (Fig.

g ————  8C,D) also showed an oblique-gradient
expression (D/T-high and V/N-high pat-
terns, respectively) at E8. Flat-mount in
situ hybridization of E5 and E8 retinas
clearly indicates that the expression of
ephrin-Bl and EphB2 show a oblique-
gradient pattern at E8 as the result of the
tilting of the D-V axis (supplemental Fig.
5, available at www.jneurosci.org as sup-
plemental material).

The ligands of EphA receptors,
ephrin-A2 and ephrin-A5, have been re-
ported to be expressed in the nasal retina
and control the retinotectal projection
along the A-P axis by modulating EphA
receptor function (Diitting et al., 1999;
Hornberger et al., 1999). Ephrin-A2, but
/ not ephrin-A5, was found to be expressed
\ with a V/N-high oblique-gradient at E8
(Fig. 8E,F). Notably, the gradient of
ephrin-A2 along the D-V axis was rela-
tively small compared with that of any of
the other oblique-gradient molecules. The
oblique-gradient molecules are summa-
rized in Figure 8G. Importantly, no gradi-
[ entalong the D-V axis could be detected in
N the expression patterns of FoxGl, FoxD1,

{ SOHol, GH6, and EphA3 (data not

P shown), which are not under the control

) of BMP2 signal and asymmetrically dis-

tributed only along the A-P axis (Yuasa et

al., 1996; Connor et al., 1998; Schulte and
Cepko, 2000).

Retinotectal projections in BMP2
knockdown and
ephrin-A2-misexpressed embryos

The most faithful readout of retinal pat-
terning is the pattern of the retinotectal
map. Because BMP2 thus appears to be a
key regulator of retinal patterning along
both the D-V and A-P axes, we next ana-
lyzed the retinotectal projection in the
BMP2 knockdown embryos at E16.5—
E17.5, when the retinotectal projection
map is completed in the chick (Nakamura
and O’Leary, 1989). To observe the behav-
ior of the retinal ganglion cell axons, we labeled a small number of
the dorsotemporal retinal axons with Dil (Fig. 9A), in which
BMP2 is most abundant in the normal retina. In the control
embryos electroporated only with RCASDC/CU6-EGFP, the
dorsotemporal axons formed a tight terminal zone near the an-
terior end of the lateral tectum (Fig. 9B,C, 10 of 10). In BMP2
knockdown embryos, in contrast, the dorsotemporal axons did
not form a tight terminal zone at the proper position (Fig. 9D, E,
asterisk): their trajectories shifted to the medial side of the lateral
tectum (Fig. 9D, small arrows, 7 of 12), and some axons projected
to the medial tectum (Fig. 9D, large arrows). These results indi-
cate that the dorsotemporal axons in BMP2 knockdown embryos
showed the profile of the central or ventronasal axons. Quantifi-
cations of these results along the A-P and M-L axes are shown in
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supplemental Figure 6 (available at www.
jneurosci.org as supplemental material).
Importantly, similar to the Ventroptin-
misexpressed embryos (Sakuta et al.,
2001), these axons overshot the proper
position along the A-P axis, although none
of them reached to the posterior end (Fig.
9D, arrowheads). In contrast to the dorso-
temporal axons, the ventronasal axons
projected to the proper place (data not
shown) (11 of 11). This is probably be-
cause BMP2 was not expressed in the ven-
tronasal retina (Fig. 7A). Actually, the ex-
pression of the topographic molecules was
not affected in the BMP2 knockdown em-
bryos, when it was restricted to the vent-
ronasal area (Fig. 2).

We presumed that BMP2 controls the
retinotectal projection along both axes by
regulating the expression of the down-
stream oblique-gradient molecules, in-
cluding ephrin-A2. We next misexpressed
ephrin-A2 in the developing chick retina
to verify that the retinotectal projection is
altered along both axes. When RCAS/
ephrin-A2 was introduced into the retina
by electroporation, the ephrin-A2 protein
was detected throughout the transfected
retina at E8 (Fig. 9F). In the ephrin-A2-
misexpressing embryos, expected projec- e
tion errors were found with a high inci- g
dence (Fig. 9G,H, 9 of 12 embryos). In Iﬁ-
most cases (six of nine), the dorsotempo-
ral axons did not form a tight terminal
zone at the proper position (Fig. 9G, aster-
isk), and most of them overshot the locus
(Fig. 9G, arrowheads). Furthermore, no-
tably, their trajectories shifted to the me-
dial side in the lateral tectum (Fig. 9G,
small arrows). These results indicate that
the dorsotemporal axons in the ephrin-
A2-misexpressing embryos showed the
profile of the central or ventronasal axons. In contrast to the
dorsotemporal axons, the ventronasal axons did not make any
significant targeting errors (data not shown) (seven of seven): this
is probably because the expression of ephrin-A2 is the most abun-
dantin the ventronasal retina (Fig. 8 E), and the overexpression of
ephrin-A2 did not exert any additional effect. Quantifications of
the results are shown in supplemental Figure 6 (available at ww-
w.jneurosci.org as supplemental material).
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Figure6.
of horizontal sections of the retinas of E8 embryos after DOX treatment is shown. RCASDC/rtTA and RCAN-TRE/BMP2 were simul-
taneously electroporated at E1.5. Control retinas and transfected retinas are shown on the left and right, respectively. Expression
of FoxG1 (A), FoxD1 (B), SOHo1 (C), GH6 (D), ephrin-A5 (F), and EphA3 (G) was not changed. In contrast, ephrin-A2 (E) was
downregulated by BMP2 misexpression. The results of BMP2 misexpression in this and Figure 5 are summarized in H.

Discussion

Retinal patterning along the two axes and subsequent topo-
graphic retinotectal projection are thought to be controlled and
established by a series of gene cascades expressed in a region-
specific manner in the developing retina. In the present study, we
revealed that the topographic molecules along the D-V axis in the
chick retina are under the control of BMP4 and then BMP2 dur-
ing development. The axis along the fissure has been defined as
the D-V axis early on in development, but the D-V axis is tilted to
the posterior side at approximately E5 through the switch from
BMP4 to BMP2, along with the corresponding change in the
expression pattern of the downstream topographic molecules:
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The effect of BMP2 misexpression on the expression of topographic molecules along the N-T axis. In situ hybridization

the revised oblique D-V axis (D/T-V/N axis) is not perpendicular
to the A-P axis anymore from E6 onward, when retinal axons
begin to project to the tectum in chick embryos. In addition, we
found that ephrin-A2 is also under the control of BMP2, and its
expression begins from E6 with a gradient along the D/T-V/N
axis in a V/N-high pattern (Takahashi et al., 2003). When the
expression of BMP2 or ephrin-A2 was manipulated in the devel-
oping retina by knockdown or misexpression, the retinotectal
projection was expectedly altered along the two axes.

The presence of oblique-gradient molecules in the retina was
not recognized until our discovery of Ventroptin (Sakuta et al.,
2001). This presumably happened because previous studies of
retinal patterning and retinotectal projection focused on only
either the A-P or the D-V axis individually. However, the
oblique-gradient expression appears not to be specific to the
chick, because mouse Vax2 was also reported to be expressed in a
oblique-gradient (V/N-high) pattern in the retina (Mui et al.,
2002). We now know that many known and unknown topo-
graphic molecules show a oblique-gradient expression pattern at
E8 (Fig. 8G) (Shintani et al., 2004). These include the topographic
molecules that were thought to be differentially expressed along
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expression. The higher side along the N-T and D-V axes was encircled.

the D-V axis and ephrin-A2 that was thought to be expressed
along the A-P axis in a nasal-high pattern. Phenotypic defects in
the topographic mapping along the M-L axis are often accompa-
nied by those along the A-P axis and vice versa [for the pheno-
typic defects caused by altering the expression of individual to-
pographic genes, see review by McLaughlin et al. (2003a)]. We
can now understand the reason. The fact that the revised D-V axis
is not perpendicular to the A-P axis should be the reason why
misexpression or knockdown of the topographic molecules along
the revised D-V axis induces alteration in the topographic map-
ping along the two axes in the tectum (or SC). In support of this
view, ephrin-A2 and Ventroptin misexpression and BMP2 knock-
down in the developing retina indeed induced phenotypic defects
in the topographic mapping along both axes (Fig. 9) (Sakuta et
al., 2001). Hornberger et al. (1999) reported that retinal overex-
pression of ephrin-A2 leads to topographic errors among tempo-
ral axons. Consistent with our findings, according to our obser-
vation, the trajectories in the report appear to shift to the medial
side of the tectum in addition to the defect along the A-P axis.
Moreover, Chandrasekaran et al. (2005) recently reported that
overexpression of BMP2 leads to topographic errors among ven-
tral axons, lateral to their normal target zone, in the eye-specific
transgenic mouse. Consistent with our findings, ventral axons in
their report evidently mistarget in the SC along the A-P axis in
addition to the M-L axis. Thus, the topographic molecules with
the oblique-gradient expression probably control the topo-
graphic mapping along both axes. Here, it should be noted that
tilting of the axis may not be a specific event in the retina, because
ephrin-A2 and ephrin-A5 have been reported to be expressed in a
oblique gradient in the tectum (SC) and lateral geniculate nu-
cleus (Feldheim et al., 1998; Feldheim et al., 2000; Marin et al.,

Identification of oblique-gradient molecules in the chick retina. /n situ hybridization of horizontal (left) and coronal
(right) sections of E8 retinas. BMP2 (A), Tbx2 (B), Tbx3 (C), Tbx5 (D), ephrin-B1 (E), and ephrin-B2 (F ) show a dorsotemporal-high
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2001). This suggests the possibility that the
axes in the retina and tectum are revised in
a concerted manner during development.
We can now present gene cascades of
topographic molecules for retinal pattern-
ing and retinotectal projection as in Figure
10. FoxGI and FoxD1 are expressed in the
nasal and temporal regions of the develop-
ing chick retina at an early stage (peaking
at E3), respectively, and determine the re-
gional specificity in the retina by their
counteraction (Yuasa et al., 1996; Taka-
hashi et al., 2003). Consequently, two ho-
meobox transcription factors, SOHoI and
GHBe, are expressed specifically in the nasal
region: it is known that the two control the
retinotectal projection along the A-P axis
by the repression of EphA3 expression
® (Schulte and Cepko, 2000). Afterward,
| ephrin-A5 and ephrin-A2 begin to show

\ the nasal-high expression and EphA3
temporal-high expression in the retina. In

this process, FoxG1 controls ephrin-A5 via

: a DNA binding-dependent mechanism,
4 ephrin-A2  via a DNA  binding-
independent mechanism, and FoxDI,
SOHol, GH6, and EphA3 via dual mecha-
nisms (Takahashi et al., 2003). Along the
D-V axis, counteraction between BMP4
and Ventroptin governs the regional spec-
ification in the retina: at the early stages of
development from HH stage 11 to E5, dor-
sally expressed BMP4 determines the regional specificity of the
dorsal retina (Koshiba-Takeuchi et al., 2000; Murali et al., 2005),
and ventrally expressed Ventroptin counteracts the activity of
BMP4 (Sakuta et al., 2001). At approximately E5, BMP4 expres-
sion in the dorsal retina rapidly disappears. Concomitantly, Ven-
troptin comes to be expressed in a oblique-gradient manner (V/
N-high pattern from E6 onward). Then, instead of BMP4, BMP2
begins to be expressed in a oblique-gradient manner (D/T-high
pattern), complementary to that of Ventroptin to counteract it
(Takahashi etal., 2003). In that, the inhibitory effect of FoxG1 on
the BMP signaling is thought to be responsible for turning the
expression patterns of Ventroptin and BMP2 ~30° to the poste-
rior side from the first D-V axis (Sakuta et al., 2001; Takahashi et
al., 2003). Switching from BMP4 to BMP2 should occur because
of the difference in their genetic regulatory mechanisms, and this
would be the basis of the tilting of the D-V axis in the developing
retina. Because BMP2 and Ventroptin are located at the top of the
hierarchy of the oblique-gradient molecules, they should control
retinotectal projection most effectively along the two axes. This
view was verified by our experimental results that the retinotectal
projections were severely altered along both axes in the tectum of
the Ventroptin-misexpressed embryos (Sakuta et al., 2001) and
BMP2 knockdown embryos (Fig. 9D). Our results also indicate
that the plasticity of the regional specificity along the first (or-
thogonal) and second (tilted) D-V axes are long maintained by
BMP signaling and that BMP2 accepts responsibility for the
maintenance of the second D-V axis at the later stage in the retina.
In BMP2 knockdown embryos, BMP4 expression was almost
negative after E6 as in the control embryo and was never upregu-
lated at the later stages (data not shown). To maintain the D-V
axis to be orthogonal to the A-P axis, it appears to be necessary to

<
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maintain the expression of BMP with the
dorsal-high pattern in the retina through-

>
@

out later stages. £

Tbx5 and cVax have dorsalizing and °
ventralizing activities in the retina, respec- °
tively (Schulte et al, 1999; Koshiba- c
Takeuchi et al., 2000), counteracting each g

other similar to the relation between ¢
BMPs and Ventroptin (Sakuta et al., 2001;
Takahashi et al., 2003). Although they are
located downstream of BMPs and Ven-
troptin, their expression domains in the E8
retina have a gap of significant width in
which neither of them is expressed (Figs.
7D, 8B). Tbx2 and Tbx3 are expressed
with  dorsal-high  ventral-low and
temporal-high nasal-low gradients, the T
same as Tbx5 (Fig. 7B, C), but they cover
the gap region. They are also involved in
the D-V and then D/T-V/N patterning of

-
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the retina together with Tbx5 (Wonget al., 2 \
2002; Gross and Dowling, 2005). Because - l
these transcription factors are also = i / }
oblique-gradient molecules acting down- 'g_ /" /
stream of BMP2, it is expected that they (H] "' !
are also involved in the regulation of reti- T ': P \
nal patterning and retinotectal projection
along both axes. G Oblique-gradient topographic molecules D
The establishment of retinal polarity is D/T-high V/N-high
the basis for both the topographic expres- BMP2 Ventropin
sion of the axon guidance molecules and Tbx2 cVax
the formation of the retinotectal map as Rig Epﬂgg N T
described above. In addition, it is also ephrin-B1 epr?rin-AZ o
known that many retinal cells are topo- ephrin-B2
graphically organized within the retina.
For instance, chick retinal ganglion cells v

and rod photoreceptor cells show an
asymmetric distribution along the D-V
and A-P axes (Chen and Naito, 1999;
Schulte et al., 2005). The distribution of
these cells in the retina is also thought to
be determined by the topographic tran-
scription factors. This view was supported by the observation that
the V/N-rich distribution of rod photoreceptor cells is severely
disturbed by the ectopic expression of ¢Vax and a dominant-
negative form of Tbx5 (Schulte et al., 2005). Cone cells are also
asymmetrically distributed along both the D-V and A-P axes in
the mouse retina but only along the D-V axis in the rabbit retina
(Szél et al., 1992; Juliusson et al., 1994). The distribution of pho-
toreceptor cells is organized in a region-specific manner but dif-
ferently among the vertebrate species (Waldvogel, 1990; Cepko,
1996; Ahnelt and Kolb, 2000; Peters, 2002). This appears to be the
result of adaptations to the lifestyle of each species during evolu-
tion and must be precisely controlled by a set of genes during
development. Although additional studies are necessary, the de-
gree of inclination of the D-V axis may vary between species to
generate a species-specific distribution of the retinal neuronal
species.

Figure 8.

7 are summarized in G.
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Figure9. Retinotectal projection in BMP2 knockdown and ephrin-A2-misexpressed embryos. In the control embryo, retinal ganglion
cell axons emanating from the nasal (anterior) retina project to the posterior tectum, whereas those from the temporal (posterior) retina
project to the anterior tectum. Likewise, axons from the dorsal retina project to the lateral (ventral) tectum, whereas those from the ventral
retina project to the medial (dorsal) tectum. A, Position of the Dil label in the dorsotemporal periphery of the right retina: the second D-V
(D,~V,) axis is shown, together with the N-T (A-P) and the first D-V (D,~V,) axes. B, A typical projection pattern in the control RCASDC-
CU6/EGFP-transfected embryo at E16.5. The dorsotemporal axons form a tight terminal zone in the anterolateral region of the tectum
(asterisk). D, A typical projection pattern in the BMP2 knockdown embryo at E16.5. Many dorsotemporal axons not only shifted to the
medial side (small arrows) or extended on the medial tectum (large arrows) but also overshot their expected terminal zone (asterisk) along
the A-P axis (arrowheads). The mapping phenotype in the BMP2 knockdown embryos was thus consistent with but less severe than that in
the Ventroptin-misexpressing embryos. This is probably explained by the incomplete loss of BMP2 expression in our knockdown experi-
ments. F, Expression of ephrin-A2 in the E8 retina by electroporation of RCAS/ephrin-A2. The ephrin-A2 protein was visualized by immu-
nofluorescence with monoclonal antibody against chick ephrin-A2. The ephrin-A2 protein was expressed throughout the transfected eye.
G, A typical projection pattern in the ephrin-A2-misexpressing embryo at E16.5. Most dorsotemporal axons overshot their expected
terminal zone (asterisk) along the A-P axis (arrowheads), and their trajectories shifted to the medial side (small arrows). G, E, H, Schematic
drawings of B, D, and G, respectively. Anterior is down.
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