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side of the developing eye (3) and is homol- 
ogous to the Drosophila optonlotor blind 
(ontb) gene, which regulates optic lobe devel- 
opment (4). Therefore, the TbxS gene could 
be a good candidate for a determinant of the 
dorsal-ventral (D-V) axis of the eye. 

Tbx5 expression in the chick eye was first 
detected at stage 11 throughout the retina, 
with the strongest signal in the dorsal retina 
(Fig. 1A). Expression was later confined to 
the dorsal eye cup (Fig. 1, B and C) (5). Tbx5 
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is expressed in both retinal pigment epitheli- 
um (RPE) and neural retina (NR) at these 
early stages. Although expression in RPE 
started to fade out at embryonic day (E) 10, 
robust expression was maintained in the 
dorsal NR (all layers except the nerve fiber 
layer at the inner surface of the retina; Fig. 
1, D to F). 

To analyze the function of TbxS in D-V 
axis determination, we used in ovo electro- 
poration to express the Tbx5 gene in the 
ventral eye (6, 7). This method allows tem- 
porary site-directed expression of foreign 
genes. We used plasmid CAGGS-Tbx5- 
EGFP, which expresses TbxS under the con- 
trol of the cytomegalovirus-$ actin hybrid 
promoter (8). Expression of the transgene can 
be monitored by green fluorescent protein 
(GFP) fluorescence derived from Tbx5- 
EGFP fusion protein. When this plasmid was 
electroporated to the eye vesicles of stage 8 
chick embryos, oval-shaped eyes were 

Fig. 2. Misexpression of TbxS 
gene represses ventral markers 
Pax2 and Vax and induces dorsal 
markers EphrinBl and EphrinB2. 
Misexpressipn was monitored by 
GFP signals derived from the 
TbxS-EGFP fusion gene (A) and 
the section hybridization (D and 
C). (B) Vax expression was re- 
pressed by misexpression of 
Tbx5 (an arrowhead), whereas 
the control eye shows the robust 
expression in the ventral half (C). 
(E) Pax2 was also repressed, 
whereas the control eye shows 
the normal expression (F). (H 
and J) Tbx5 induces dorsal mark- 
ers EphrinB1 and EphrinBZ, which 
are not expressed in the ventral 
side of the normal eye cup (I 
and K). 

formed, presumably because of elongation of 
the eye cup in both dorsal and ventral direc- 
tions (Fig. 1H). In these eyes, the location of 
the lens was shifted dorsally. 

Pax2 is involved in the formation of the 
ventral structures (9). When CAGGS-TbxS- 
EGFP was electroporated into the ventrdl half 
(Fig. 2D), expression of Pax2 was repressed 
(Fig. 2E). Chicken Vax gene expressed in the 
ventral side of the developing eye cup (10) 
was also repressed (Fig. 2B). In addition, 
ventrally expressed EyhB2 and EphB3 were 
also repressed (11). In contrast, the EphrinBl 
and EpkrinB2 genes were expressed only in 
the dorsal side (Fig. 2, I and K). When Tbx5 
was misexpressed, both EphrinB1 and Eph- 
rind2 genes were induced in the ventral ret- 
ina (Fig. 2, H and J). Thus, misexpression of 
Tbx5 in the ventral side of the eye results in 
repression of the ventral markers Pax2, Vax, 
EphB2, and EpkB3 and induction of the dor- 
sal markers Ephri~zBl and EphrinB2 with 

TbxS-iniected control 

Fig. 1. Expression patterns of TbxS gene in 
the developing eye. (A) Expression of TbxS 
ene is detected in a broad area at stage 11. 
B) At stage 14, expression becomes restrict- f 

ed to the dorsal half. (C) Tbx5 is expressed in 
a graded fashion with the strongest signal at 
the dorsal-most end. (D to F) At E10, dorsal 
expression is maintained only in the NR. TbxS 
transcripts were never detected in the ventral 
retina except for a few cells at the inner 
surface of the NR (F). (C and H) Misexpres- 
sion of the TbxS gene in the ventral side 
induces dorsalization of the ventral eye. This 
eye extends both dorsally and ventrally (H). 
The lens was shifted dorsally in this oval- 
shaped eye, whereas the normal eye is round 
and the lens is located ventrally (G). Red lines 
indicate the midline of the oval-shaped eye 
(H). Bars in (G) and (H), 1 mm. 
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Fig. 3. Anterograde and retrograde Dil labeling. (A) Normal ventral retinal axons enter 
the dorsal surface of the tectum and make a tight focus on the retinorecipient layer, 
indicated by an asterisk (B) When Tbx5 was misexpressed,ventral retinal axons did not converge on an appropriate spot (indicated by an asterisk). Instead, 
they passed it and converged to two aberrantspots with abnormal arborization and synapticvaricosities.Some axons were found in the opposite dorsal side 
of the teaurn (red arrowhead). (C and D)Schematicdrawingsof (A) and (B), respectively. Caudalto the left, rostral to the right. (E to  J) RetrogradeDil labeling. 
In normal retina, Dil signalswere found exclusivel in the dorsal half (E) and not in the ventral half (H). When Tbx5-ECFP was misexpressed in ventral retina, 
GFP signalswere observed in the ventral retina (jJand not in the dorsal retina (G).In such retina, Dil signalswere found in both dorsal (F] and ventral retina 
(I). (K) Schematicrepresentation of the areas analyzed (small rectangles). N, nasal; T, temporal (1)A spot made by Dil injeaion is shown (indicated by a red 
arrow). a,cerebrum; cl, cerebellum; e, eye; t, tectum. 

dorsalization of the ventral side of the eye: 
Between E6 and E12, axons of retinal 

ganglion cells begin to enter the optic tectum 
and establish synaptic connections (2). To 
analyze possible involvement of Tbx5 expres-
sion on the formation of retinotectum projec-
tions, we injected RCASBP-TbxS-EGFP ret-
rovirus into the optic cups at stage 8 to 10 
(12) and then analyzed both retinas and tec-
tums by anterograde .DiI (1,l '-dioctadecyl-
3,3,3',3'-tetramethylindocarbocyanine per-
chlorate) labeling (13, 14). Virus injection 
was chosen because ripid transgene expres-
sion by electroporation induces dorsalization 
of the ventral eye, which might interfere with 
the coordinated exit of retinal axons into the 
optic stalk. Injection of retrovinrs did not 
induce morphological changes, perhaps be-
cause there is a time lag (around 16 hours) 
between injection of virus and the full expres-
sion of genes (15). 

Ventral retinal axons normally converge 
on a terminal zone in the retinorecipient 
layer of the dorsal side of the tectum (n = 
15) (2) (Fig. 3A). In contrast, in 7 out of 30 
embryos infected with RCASBP-TbxS-
EGFP virus, axons did not make a tight 
focus (Fig. 3B), converging on two aberrant 
spots where abnormal arborization and syn-
aptic varicosities were observed. Some ax-
onal trajectories were found to be deflected 
from their normal path (11). From these 

results, we conclude that misexpression of 
the Tbx5 gene in the ventral side of the 
retina changes the pattern of axonal projec-
tion in the tectum. 

To investigate this effect further, we also 
studied axonal projection by retrograde DiI 
labeling (2). DiI dissolved in N,N-dimethyl-
formamide was injected once with a sharp 
glass pipette into the ventral tectum to label a 
small subset of retinal axons (Fig. 3L). After 
injection, the embryos were incubated for 2 
days to allow DiI to be carried back to the 
retinal ganglion cells, and then dissected ret-
inas were analyzed (Fig. 3K). In control em-
bryos (tz = lo), 226 (98%) labeled retinal 
cells were found in the dorsal retina and 4 
(2%) labeled cells were found in the ventral 
retina (Fig. 3, E and H). After injection of 
TbxS-EGFP virus, there was a marked in-
crease of DiI-labeled cells in the ventral ret-
ina (31%) (4 out of 10 embryos) (Fig. 3, F 
and I); 223 DiI signals were found in the 
dorsal retina, whereas 101 were found in the 
ventral. Expression of TbxS was confirmed 
by GFP fluorescence (Fig. 35). 

Even with ectopically expressed TbxS, 
some ventral retinal axons projected normally 
to the dorsal side of the tectum. This may 
have been because ectopic expression of the 
Tbx5 gene occurred too late or not all of the 
retinal cells were infected. In fact, the amount 
of TbxS retrovirus injected was limited, be-

cause excessive expression of TbxS caused 
deformities of the brain and premature death 
of embryos (16). Consequently, injected ret-
ina did not show ubiquitous expression of 
TbxS-EGFP. 

Our experiments demonstrate that misex-
pression of the Tbx5 gene can induce dorsal-
ization of the eye, suggesting that TbxS is 
involved in the early determination of the 
D-V axis of developing eye, possibly in con-
junction with the dorsally expressed genes 
EpftrittBI and EpftrittB2 and the ventrally 
expressed genes EpltB2, EphB3, Pa.u2 (9), 
and Vax (10). Our data suggest that both Pax2 
and Vax act downstream of TbxS, as both 
genes were repressed by misexpression of 
Tbx5. However, no effect was observed on 
the expression of Pax2 and Vax in the optic 
stalk (17). Pax2 may therefore not be a direct 
target but may be controlled by other factors 
in the developing eyes. One candidate could 
be retinoic acid (RA) because implantation of 
RA-soaked beads induces ventralization and 
dorsal paxp] expression in ,zebrafish eyes 
(18). Other factors may also be involved in 
the determination of the D-V axis of the eye 
because dorsalization and repression of Pax2 
and Vax were not complete. Such factors 
could be bone morphogenetic proteins 
(BMPs), which are also involved in the D-V 
axis determination (19). Moreover, Drosoplt-
ila ottlb acts in conjunction with dccapctt-

7 JANUARY 2000 VOL 287 SCIENCE www.sciencemag.org 



R E P O R T S  

7. Egg shells of stage 8 to  10 embryos were opened, 
and then membranes were removed to expose the 
embryos. A cathode and an anode were placed on 
the left and right sides of the rostra1 end of the 
embryos, respectively. Plasmid solutions were in- 
jected into the optic vesicles by glass pipettes. 
Then the electric pulses were applied (voltage: 7 to 
9 V; 20 to  SO ms) by the electroporator (BTX, San 
Diego. CA). Egg shells were sealed and incubated in 
a humidified incubator. 
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plified by polymerase chain reaction (PCR) with 
primers that were designed to fit pSLAX 12 Nco 
plasmid (15) and pECFP-N2 vector (Clontech). PCR 
products were subcloned in pSLAX Nco (PSIAX- 
TbxS) and pECFP-N2 vectors (pTbxS-ECFP). pTbxS- 
ECFP encodes a fusion protein of TbxS at the 
NH,-terminal and ECFP at the COOH-terminal. A 
DNA fragment corresponding to TbxS-ECFP was 
gel-purified and then subcloned in pSLAX Nco plas- 
mid (pSLAX-TbxSECFP). pSW-TbxS and pSLAX- 
TbxSECFP were restricted with Cla I, and then DNA 
fragments of Tbx5 and Tbx5EGFP genes were in- 
serted into the Cla I site of modified pCACCS 
expression vector (20) and RCASBP(A) retrovirus 
vector as described (IS). 
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and Pax2 were repressed [red arrowheads in feature/data/10440S3.shl. 
(D) and (F). respeaively]. bhmal expression 12. Cscl-purified retrovirus plasmids (RCASBP-Tbxsl 
patterns of these genes are shown in (A), ECFP) were transfected to d o  chicken embryonic 
(C), and (E). Misexpression of BMP4 induces fibroblast cells by the calcium phosphate method. 
round eyes and deformities of ventral struc- Transfected cells were propagated to allow virus 

tuns [(B), (D), and (F)]. The signaling cascade ~roduaion. men virus Stocks Were prepared as d l -  

is illustrated in (=), BMP4 in the dorsal side scribed (15).Virus solution was injected into eye cups 
at stage 8 to 10. Infection and the expression of 

of the eye cup induces Tbx5* Tbx5 induces TbxS-ECFP gene were monitored by CFP fluores- 
E~hrinB7 and E~hrinB2 and represses the cence. Both TbxS and TbxS-ECFP genes gave the 
Pax2 and Vax genes. This inhibitory effect same results in all experiments. 
establishes the mutually exclusive patterns 13. For anterograde Dil labeling (14). embryos were in- 
of the dorsal and ventral markers. cubated for 14 to 16 days after virus injection, and 

then a tiny Dil crystal was placed in a small spot of 
the ventral retina. Embryos were incubated for an 

taplegic (dpp), which belongs to the same selves were formed normally in virus-infect- additional 2 days to allow Dil to label the retinal 
family of BMP molecules. ed eyes. Hence, we conclude that the signal- fibers from the eye to the tectum. Embryos were 

To investigate the functional mles of ing cascade mediated by Tbx5 plays a key 
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BMPs, we electroporated CAGGS-mouse role in both eye morphogenesis and the visual microscopy. Retrograde Dil labeling (2) was carried 
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mouse BMP4 was misexpressed in the ventral as anterograde labeling. 
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