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Abstract

Upon morphogenesis, the simple neuroepithelium of the optic vesicle gives rise to four basic tissues
in the vertebrate optic cup: pigmented epithelium, sensory neural retina, secretory ciliary body and
muscular iris. Pigmented epithelium and neural retina are established through interactions with
specific environments and signals: periocular mesenchyme/BMP specifies pigmented epithelium and
surface ectoderm/FGF specifies neural retina. The anterior portions (iris and ciliary body) are
specified through interactions with lens although the molecular mechanisms of induction have not
been deciphered. As lens is a source of FGF, we examined whether this factor was involved in
inducing ciliary body. We forced the pigmented epithelium of the embryonic chick eye to express
FGF4. Infected cells and their immediate neighbors were transformed into neural retina. At a distance
from the FGF signal, the tissue transitioned back into pigmented epithelium. Ciliary body tissue was
found in the transitioning zone. The ectopic ciliary body was never in contact with lens tissue. In
order to assess the contribution of the lens on the specification of normal ciliary body, we created
optic cups in which the lens had been removed while still pre-lens ectoderm. Ciliary body tissue was
identified in the anterior portion of lens-less optic cups. We propose that the ciliary body may be
specified at optic vesicle stages, at the same developmental stage when the neural retina and
pigmented epithelium are specified and we present a model as to how this could be accomplished
through overlapping BMP and FGF signals.

Keywords
Ciliary body; development; chick; eye; retina; retrovirus; FGF

INTRODUCTION

The ciliary body is a muscular and secretory tissue, found directly behind the lens. Its main
role is to produce the aqueous fluid that fills the eye and nourishes the lens and cornea. The
continual production of aqueous maintains the eye in a pressurized and inflated state, which is
required for the correct alignment of the visual apparatus (Hart, 1992). Accumulation of
pressure within the embryonic eye has been shown to be essential for its continued growth and
development (Coulombre, 1956; Coulombre and Coulombre, 1957). In addition to fluid
production, the ciliary body is also the source for many of the proteins of the inner limiting
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membrane (ILM), a basal lamina organized by the endfeet of the retinal ganglion cells of the
retina. The assembly and presence of this retinal basal lamina is essential for survival of the
ganglion cells (Halfter et al., 2005b). Likewise, proteins of the vitreous, such as collagenlX
and tenascin-C are synthesized from the ciliary body. The expression of these ciliary specific
proteins begins well before overt differentiation of the ciliary body. These expression data are
among several lines of evidence implying that the ciliary body may be functional before it is
histologically recognizable (Beebe, 1986).

In the chick, the optic cup is formed by embryonic day 2 (e2)/HH stage 14 (Hamburger and
Hamilton, 1992). For the next 3 days of incubation, as the eye enlarges, the presumptive ciliary
body/iris epithelia at the margin of the optic cup are not remarkable in any way. They can be
distinguished by a lack of neurogenesis, as compared to the neural retina. Periocular neural
crest adds itself around the double layered epithelium of the optic cup. In the posterior eye, the
mesenchyme forms the sclera and choroid. In the front of the eye, the mesenchyme coalesces
by e6 on the margin of the optic cup to form the stroma of the ciliary body, and more anteriorly,
the iris. The iris becomes deeply pigmented and the ciliary body develops its characteristic
folded appearance after e8.

The epithelial layers of the ciliary body are a continuation of the retina of the optic cup; thus,
the inner non-pigmented ciliary epithelium is contiguous with the neural retina and the outer
pigmented ciliary epithelium is contiguous with the retinal pigmented epithelium. The abrupt
transition between sensory neural retina and non-pigmented ciliary body epithelium is seen at
the ora serrata in the adult chick eye and becomes noticeable after e7. The bilayered epithelium
of the iris is the further anterior extension and finally the tip of the optic cup-derived
neuroepithelium. As these widely different cell types in the eye share a common origin, one
reasonable explanation for their ontogeny is that the environment that each portion of the optic
cup finds itself is instructive. The tissue interactions in the back of the eye are very different
from those in the front, with the main difference being the presence of the lens in the front of
the eye, in close contact with the lip of the optic cup throughout development. However, two
very different types of tissue differentiate from the neuroepithelium of the anterior optic cup.
Therefore, there isa question as to how the lens can induce the secretory ciliary body epithelium
and the muscular iris epithelium. To date, the molecular mechanism behind the role of the lens
in the development of the anterior optic cup has not been elucidated.

In this report, we describe ciliary body tissue that is found at the edges of patches of induced
neural retina. Neural retina was induced within the pigmented epithelium by infecting
pigmented epithelial cells with an FGF-expressing retrovirus. The pigmented epithelium is
readily converted into neural retina after exposure to FGF or even to activated elements of the
downstream signaling cascade (Azuma et al., 2005; Galy et al., 2002; Hyer et al., 1998; Vogel-
Hopker et al., 2000; Zhao et al., 2002; Zhao et al., 2001). In the optic vesicle the
neuroepithelium is specified as neural retina on one end and pigmented epithelium at the other,
in a linear fashion (Chen and Cepko, 2000; Nguyen and Arnheiter, 2000). We propose that the
introduction of an FGF source into pigmented epithelium recreates the conditions of the optic
vesicle, implying that the ciliary body is specified in the optic vesicle. We test this idea by
isolating the optic vesicle from the influence of the overlying surface ectoderm once the neural
retina has been specified. The optic vesicle continues to develop and forms a lens-less optic
cup. A ciliary body domain can be identified in the resulting eye tissue. We present a model
to explain these findings and discuss them in the context of what is currently understood about
the development of the anterior of the optic cup.
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MATERIALS AND METHODS

In situ hybridization

A plasmid containing a 586 bp fragment specific for the long isoform of the chick
collagenIXal was kindly provided by Drs. David Beebe and Elena Frolova. A plasmid
containing a 1.3 kb fragment of the chicken HuD gene was kindly provided by Dr. James
Weston. Plasmids containing fragments of chicken nidogen and lamininp1 were kindly
provided by Dr. Willi Halfter. A 330-bp full-length thymosinp4 probe was generated by RT-
PCR using cDNA from e14 chicken embryonic brain as template (SuperScriptTM 11 First-
Strand Synthesis for RT-PCR, Invitrogen). The amplified product was cloned into pCR2.1
(Invitrogen), sequenced, and used for making riboprobes (cCRNA). Antisense and control sense
cRNA probes were made using digoxygenin-labelled dUTP (Roche) and RNA polymerases
(Promega), according to standard labeling protocols (Promega). Paraffin and cryo-sections
were prepared at 10 um, dewaxed (for paraffin), and in situ hybridization was performed
according to standard protocols (Nieto et al., 1996; Schaeren-Wiemers and Gerfin-Moser,
1993). Described briefly here: 1-After rehydration/thawing, sections were treated in proteinase
K solution, refixed, acetylated and dried slightly. 2-Approximately 1 ug/ml of indicated probe
was added to hybridization solution (40% formamide, 5X SSC, with additives) and slides were
incubated overnight at 65C. After washing in SSC/formamide solution and treatment with
RNAse to remove any non-specific bound probe, the sections were blocked using Blocking
Reagent (Roche) and incubated overnight with alkaline phosphatase labeled anti-DIG Fab’
fragments (Roche). After extensive washing, the probe was detected using BCIP/NBT (Roche).
Staining was continued until signal could be clearly detected in comparison with the sense
control.

Immunohistochemistry

All tissue was excised, freshly frozen in a mixture of OCT: sucrose and sectioned at 10 um.
Upon thawing, all slides were fixed for 5 min in 4% PFA. Monoclonal antibodies against islet-1
protein (clone 40.2D), collagenIX protein (clone 2c2), tenascin-C protein (clone M1-B4), -
gal protein (clone 40-1A) and were used at a concentration of 1:4. These antibodies were
obtained through the Developmental Studies Hybridoma Bank, under the auspices of the
NICHD and maintained by the University of lowa. Sheep polyclonal antibody against delta-
crystallin was a kind gift from Dr. Joram Piatigorsky and was used at 1:1000. Monoclonal
antibodies against Hu (Molecular Probes, Eugene OR) and rabbit polyclonal antibodies against
B-gal protein (Cappel) were used at dilutions of 1:500 on 10um frozen sections. Monoclonal
antibody against connexin43 (BD Transduction Labs) was used at a concentration of 1:10,000.
Secondary anti-mouse: AlexaFluor 568 (red label) and anti-rabbit: AlexaFluor 488 and anti-
mouse: AlexaFluor 488 (green label) antibodies (Molecular Probes) were used at 1:500.
Secondary anti-sheep: Cy3 antibodies (Jackson Immunologicals) were used at a concentration
of 1:500. Imaging and capture were done on an Olympus AX-70 coupled to a Hamamatsue
cooled-LCD camera using OpenLab software.

Retroviral injection

Biological activities of the FGF construct used in this study have been extensively described
(Itoh et al., 1996; Mikawa, 1995; Mima et al., 1995). The retrovirus used is a replication-
defective variant based on the avian spleen necrosis virus. Retroviral propagation, testing and
injection have been described extensively in Hyer et al. (1997). Briefly, retroviral particles are
collected from the supernatant of packaging cells and centrifuged at 15,0009, 25C for 1.5 hour.
Particles are resuspended at a concentration of 108 virions/ml with 100ug/ml final
concentration of polybrene (Hexadimethrine bromide-Sigma). Testing of infectivity and titer
is done by infecting a test culture and visualizing with X-gal histochemistry. The retroviral
vector called pZid is a new construct based on the Moloney Murine Leukemia Virus, and was
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developed as a method to create high titers of replication incompetent retroviral vectors that
express dominant negative constructs, where it is not possible to create virus producing cell
lines with the construct. A complete description of the system is being prepared for publication.
To inject retroviruses of either type, a small hole is made in the eggshell and the embryo
exposed. A pulled glass needle is filled with viral solution, directed to the desired tissue and
pressure injected (Harvard Apparatus Injector model PLI-100). The embryos are sealed with
Parafilm (American Can) and re-incubated until the desired age.

Experimental lens-less optic cups

RESULTS

Microsurgical techniques and the production of lens-less optic cups have been fully described
in Hyer et al. 2003. Briefly, the embryos are carefully staged such that they have 16 or 17
somites and no lens placode (HH stage 12+). A solution of 1.5% Nile blue sulfate (Sigma) in
water was applied to the ectoderm overlying the optic vesicle. This causes a slight blistering
of the ectoderm, and facilitates its removal with glass needles, without damaging the underlying
neuroectoderm. The embryos are then resealed and reincubated for the specified number of
hours, removed and processed for staining protocols.

The formation of non-neurogenic transition zones

A replication-incompetent retrovirus that co-expresses FGF and beta-galactosidase was
targeted to the pigmented epithelium domain of a stage-10 optic vesicle by microinjection (Fig
1A). The infected cells and their progeny can be followed by staining with X-gal. After
infections, embryos were resealed and incubated for a further 4 days. All studies were done on
infected and normal eyes at embryonic day 5 (e5). Eyes infected with the FGF-expressing
retrovirus had areas of depigmentation on the eye, compared with those infected with control
retrovirus expressing only p-gal (Fig 1B, control data not shown). X-gal staining revealed that
depigmented areas form on the eye, around infected cells (arrow, Fig 1B). Depigmented areas
form at all positions on the orb; areas in the most posterior of the eye cannot be seen in whole
mount view.

Sections generated through the center of depigmented areas (single arrowhead, Fig 1C) were
analyzed for expression of islet-1 and Hu. Islet-1 recognizes differentiating retinal ganglion
cells while Hu expression identifies newly committed neurogenic cells of the neural retina, and
therefore is expressed more robustly at e5. In the eye, Hu is specific for the retina. These stains
revealed that the depigmented regions were areas where the pigmented epithelium has been
converted into neural retina, as expected (Fig 1D,E).

Examination of the edges of the depigmented regions (double arrowheads, Fig 1C) in section
revealed that at a distance from the FGF source/infected cells, visualized with
immunohistochemistry against p-gal, the induced neural retina transitioned back into a
pigmented epithelium (Fig 1F). In the intervening region, between induced neural retina and
pigmented epithelium, was a transition zone that was not neurogenic, as shown by lack of
islet-1 (Fig 1H) or Hu expression (Fig 11). As shown clearly in Fig 1F and H, the transition
zone was not pigmented.

Non-neurogenic transition zones express collagenlX, a ciliary body marker

The non-pigmented, non-neurogenic transition zones, created at the edges of induced neural
retina patches, were reminiscent of the non-pigmented, non-neurogenic epithelium at the lip
of the optic cup. The anterior of the e5 chick optic cup is not anatomically distinguishable from
the rest of the retina. However, it is already expressing collagenlX, a vitreal protein that is
synthesized and secreted from the ciliary body throughout development (Halfter et al.,
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2005a). The collagenlX expressing anterior does not overlap with the forming retina, as
identified with islet-1 (Fig 2A). Although collagen!X is found within the vitreous and in the
forming sclera, the only neuroepithelium tissue to express collagenlX is the optic cup margin.

We next examined adjacent sections through transition zones at the edges of FGF-induced
neural retina patches with these markers. CollagenlX is expressed in the thickened non-
pigmented tissue immediately adjacent to the pigmented epithelium tissue. At a distance from
the transition zone, the contiguous layer could be recognized as an islet-1 expressing induced
neural retina (Fig 2C).

Islet-1 recognizes neurogenic cells only once they have differentiated. We wondered if the
induced collagenlX expression in the transition zones was a unique expression domain, or a
subset of a neural retina domain. We examined e5 eye and transition zones for the expression
of Hu and for the expression of a ciliary body-specific isoform of collagenlIX (formally referred
to as collagenlX al-chain long isoform). Hu expression in the endogenous neural retina was
robust and this was reduced as the tissue continued anteriorly (Fig 2D). CollagenIX expression,
in contrast, showed a strong and unique expression in the anterior optic cup/future ciliary body,
and this expression did not overlap with Hu expression (Fig 2E). The expression of Hu and
collagenlX in the optic neuroepithelium appear to be mutually exclusive.

Using the same pair of markers, we examined adjacent sections through transition zones at the
edges of FGF-induced neural retina patches. We examined patches that formed in the front
half of the orb and patches that formed in the back half, surrounded by the peri-ocular
mesenchyme. In the front of the eye, the induced neural retina does not have strong Hu
expression, but it is still considerably thickened compared to the endogenous neural retina
underneath it (Fig 2F). CollagenlX is expressed in the tissue immediately after it loses
pigmentation, and that expression ceases once the tissue can be identified as retina, by Hu
expression (Fig 2G). This discrete expression of collagenIX in the transition zone was also
seen when the transition zone formed in the back of the eye, at a point removed from any lens
influence (Fig 2H).

Additional markers of the presumptive ciliary body are expressed in transition zones

To determine if the collagenlX expression data was indicating that the transition zone was
ciliary body tissue, we examined several other ciliary body markers on FGF-induced transition
Z0nes.

Lamininl is a component of the inner limiting membrane, a retina specific basal lamina. It has
been demonstrated that the mMRNAs for the 3 distinct protein subunits that make up the lamininl
trimer (alphal, betal and gammal) are each expressed in ciliary body, and not in the sensory
neural retina (Dong and Chung, 1991; Dong et al., 2002; Sarthy and Fu, 1990). Using a probe
directed against lamininp1, we saw high levels of expression in the ciliary margin, compared
with adjacent neural retina (Fig 3A). When we examined the transition zone between pigmented
epithelium and induced neural retina, we saw that expression of laminin1 mRNA was induced
in the non-pigmented tissue immediately adjacent to the contiguous pigmented epithelium (Fig
3B,C).

We next looked at the expression of nidogen in an e5 ciliary margin and transition zone. Like
laminin, nidogen is a component of the inner limiting membrane, and is synthesized and
secreted from the ciliary body (Halfter et al., 2000). Although there is expression of nidogen
inthe adjacent peri-ocular mesenchyme, the message is not detected in the neural retina (Halfter
et al., 2000), Fig 3D). In the transition zone, we saw slight but defined expression of nidogen
MRNA (arrows, Fig 3E,F).

Dev Biol. Author manuscript; available in PMC 2008 April 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

da Silva et al.

Page 6

We also examined the expression of thymosinp4, an actin binding protein. We find that
thymosinB4 mRNA is expressed ubiquitously at low levels throughout the neural retina, lens
and surrounding mesenchyme in the eye. This is not surprising, given that its expected role is
in cytoskeletal rearrangement and the neural retina at this stage of development is actively
organizing. However, there is a striking upregulation of thymosinB4 message in the
presumptive ciliary body, when compared to the neural retina expression (Fig 3G,H). When
we looked for thymosinp4 expression in transition zones, we saw upregulation of thymosinp4
mMRNA, clearly over the endogenous levels of the juxtaposed neural retina. In a unique example
in which the sections revealed two small transition zones separated by pigmented epithelium,
we saw upregulation of thymosinp4 distinctly in each of the transition zones (Fig 3I). This
section did not capture the continuation of the transition zone into induced neural retina (at
approximately 120 um more posterior).

Connexin43 was selected as an additional marker because it is the predominant gap junction
protein in the adult ciliary body in both mammals (Coca-Prados et al., 1992; Coffey et al.,
2002), and chicken (Kubota et al., 2004). One hallmark of the double layered epithelium of
the ciliary body are the many junctional complexes that are elaborated (Raviola, 1971). In the
developing mouse eye, connexin43 is expressed in the pigmented epithelium, but expression
of mMRNA and protein in the non-pigmented layers is only seen in the cup margin; connexin43
is not expressed in the neural retina portion of the eye (Ruangvoravat and Lo, 1992; Yancey
et al., 1992). We also find a similar expression pattern in the e5 chick eye (Fig 4A,B).
Connexin43 protein was highly expressed in the presumptive ciliary body compared to the low
expression levels in the posterior of the eye (Fig 4B). When we examined transition zones, we
found high levels of connexin43 expressed in the transformed non-pigmented tissue, compared
to its neighboring pigmented epithelium (Fig 4C,D).

Finally, we examined the expression of tenascin-C. Tenascin-C is a component of the vitreous,
in addition to being widely expressed throughout the nervous system (Perez and Halfter,
1993; Tucker, 1991). During chick eye development, the protein is first detectable in the
margins of the optic cup (Perez and Halfter, 1994). We found that the e5 ciliary margin was
strongly positive for tenascin-C protein (Fig 4E), while the neural retina was negative (Fig 4F).
The forming sclera also expressed high levels of tenascin-C, and a line of tenascin-C was seen
on the mesenchymal interface with the pigmented epithelium. The ciliary body synthesizes
and secretes tenacin-C, thus a bright band of immunopositive material was usually seen in the
vitreous adjacent to the ciliary body. In transition zones, tenascin-C was expressed within the
transformed tissue (Fig 4G,H), similar to the expression seen in the non-pigmented epithelium
of the ciliary body (Fig 4E). Interestingly, the transition zones sometimes had an associated
bright band of staining (Fig 4G, arrowhead).

The ciliary body is specified in the lens-less optic cup

We were able to show that the addition of FGF as an isolated factor was involved in inducing
ciliary body tissue. Our results indicate that a comparatively low concentration of FGF was
required, since the induction always occurred at a distance from the infection/source. FGF is
one of several growth factors produced in the lens (Lovicu and McAvoy, 2005). We wanted
to assess whether the FGF contribution of the lens was sufficient for ciliary body specificity.
Using techniques established in the lab (Hyer et al., 2003) we removed the pre-lens ectoderm
at stage 12+ prior to formation of the lens placode, in order to create lens-less optic cups (Fig
5A). We had found that the early removal of the ectoderm precludes lens development, yet the
optic vesicle invaginates normal. The embryos were resealed and allowed to incubate for a
further 24 hours/stage 16 (n=10). When they were examined, it was clear that the operated eye
had invaginated but no lens was seen in the whole mount view (Fig 5B,C). Sections were
generated through the eye region and demonstrated that the operated eye had formed a cup,
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but without forming a lens (Fig 5D). Sections through the entire eye region were
immunostained for delta-crystallin, the major avian crystallin, expressed from the point of lens
placode formation through development of a mature lens (Kamachi et al., 2001). No delta-
crystallin was seen at any point in the operated eye, confirming that no lens tissue had formed;
the contralateral control eye served as an internal positive control (Fig 5E,F). We looked for
isletl and collagenlX expression, but no signals could be detected, and we concluded that the
proteins expression was insufficiently robust at HH stage 16.

Therefore, we performed the same experiment, letting the embryos reincubate for further 40
hours until stage 19 (n=15). Sections through the eye region revealed that there was no obvious
lens present (Fig 5G). Isletl staining demonstrated that the lens-less optic cup had correctly
organized a neural retina domain and cells were beginning to differentiate at the back of the
retina (Fig 5H, ). We next looked at the expression of delta-crystallin and collagenIX. This
staining revealed that the tissue in front of the lens-less optic cup was not lens tissue, as it was
completely negative for delta-crystallin throughout all sections of the operated eye (Fig J, K).
Surprisingly, collagenlX staining revealed that the lens-less optic cup was expressing this
protein at the lips of the optic cup, where the ciliary body usually forms. The expression pattern
in the lens-less optic cup was identical to that of the contralateral control eye; that is, the ventral
domain of expression was more robust than the dorsal domain. This is a stage specific
expression pattern that resolves into equal domains by stage 21 (Fig J’).

We examined the collagenlX staining in several lens-less optic cups. All examples were stained
with delta-crystallin antibody to confirm that no lens tissue was present, and all negative
staining results were controlled by positive staining in the contralateral control eye. In the
majority of lens-less optic cups, the lips of the optic cups seemed to form normally, with a
thinner external “pigmented epithelial” layer, a “hinge region” where the epithelium turns back
on itself to create the bilayer, and a thicker internal “neural retina” layer (Fig 6A). Collagenl X
staining was found in the inner layer and excluded from the outer layer (Fig B, C). However,
there were examples, in which the collagenlX expression was found in the outer layer, which
itself appeared abnormally thickened (Fig 6D, E). Additional examples were seen of
invaginations that gave more complex looking tissue, but in which the expression of collagenI X
was fairly normal (Fig 6E,F). Still, in all cases, collagenl X expression was seen in the vicinity
of the optic cup lip and was never seen in the posterior neural retina.

DISCUSSION

Ciliary body tissue is identified at a distance from an FGF source

We found that ciliary body tissue could be induced independently of the lens. We used several
unambiguous markers of the ciliary body to confirm the cell fate of the induced ciliary body.
Laminin and nidogen are proteins of the inner limiting membrane of the eye. Detailed studies
have determined that although the proteins are found throughout the eye, they are both
synthesized in and secreted from the ciliary body and are essential components for the
formation of the membrane and subsequent development of the eye (Halfter et al., 2005a;
Libby et al., 2000). These genes are not normally expressed in the neural retina, or in the
pigmented epithelium. Expression of lamininpl commences at €3.5 in chick and continues into
adulthood; nidogen begins to be expressed in the optic cup margin at e2.5 and is localized in
the ciliary body until at least post hatch day 10 (Dong and Chung, 1991; Halfter et al.,
2005a). We localized message for the beta subunit of lamininl, and the gamma and alpha
subunit are expressed similarly (Libby et al., 2000). Laminin is thought to be the first protein
recognized by the endfeet of the retinal ganglion cells, and so establishes the basal lamina. This
basal lamina is mandatory for normal retinal development; when it is disrupted, the ganglion
cells undergo apoptosis (Halfter et al., 2005b). We found these mMRNAs expressed ectopically
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in the induced transition zones, indicating that the transition zones are unambiguously ciliary
body tissue.

We also localized two specific proteins of the vitreous, collagenlX and tenascin-C, to the
transition zones. These proteins are normally expressed by the ciliary body and secreted into
the vitreous (Halfter et al., 2005a). Within the chick optic cup, collagenlX is a specific marker,
expressed only the ciliary body, from e3/HH stage 20 until after hatching (Halfter et al.,
2005b; Kubota et al., 2004; Swiderski and Solursh, 1992b). CollagenlX protein is also found
in the forming cornea (Linsenmayer et al., 1990), but that did not interfere with our studies.
The in situ probe we used was directed against the ciliary body-specific long isoform of the
alpha subunit, and its expression confirmed all our immunohistochemical data (Hyer, 2004,
Kubota, 2004). Tenascin-C has a slightly more dynamic expression pattern, and by e9 is
expressed within the central retina (Perez and Halfter, 1993), but we restricted ourselves to
examining stages where in the optic cup epithelium it was clearly specific for the ciliary body.
In transition zones we found very robust and clear expression of both collagen IX and tenascin-
C.

Finally, we detailed a ciliary body specific upregulation of connexin43 and thymaosinp4. Under
our experimental conditions, it was possible to discriminate between the low level connexin43
expression of the pigmented epithelium and the high level of expression of the ciliary body.
We saw the same upregulation in transition zones, particularly striking when the entire edge
of a transition was captured, as in Fig 4C. Connexin43 expression in the ciliary body is well
documented (Coca-Prados et al., 1992;Coffey et al., 2002), and it is thought the elaboration of
gap junctions between the two epithelial layers of the ciliary body is essential for aqueous
humor production (Civan and Macknight, 2004). In at least two studies reporting ciliary body
specific differential gene expression, connexin43 was identified (Das et al., 2005;Kubota et
al., 2004). Thymosinp4 expression is also upregulated in the chick ciliary body, but has not
been ascribed a particular ciliary body function. It is widely expressed throughout the nervous
system, and is thought to have a role in those tissues undergoing dynamic rearrangements and
growth. Thymosinp4 has been identified in several studies as being upregulated in the optic
cup margin (Kubo et al., 2003;Thut et al., 2001). We find that thymosinp4 is expressed
throughout the retinal tissue, but that it is highly expressed in the ciliary body. We also find it
upregulated in transition zones, which coordinates the results presented in this study with other
reported studies.

The expression of these proteins and message for proteins in the 5 retina indicates that although
the margin of the optic cup is not histologically identifiable as ciliary body tissue, it is already
producing essential proteins for continued eye development.

Using these markers, ectopic ciliary body tissue was found in various positions in the optic
cup, and most pointedly in the posterior of the cup. However, it is has been demonstrated that
ectopic lenses also induce ectopic ciliary body tissue, identified either histologically (Beebe,
1986; Genis-Galvez, 1966; Giroud, 1957; Stroeva, 1967), or molecularly (Thut et al., 2001).
In order to interpret our finding with these demonstrated results, we consider that the newly
formed chick lens is a source of FGFs, specifically FGF1, FGF2, FGF 19 [called FGF15 in
mouse] (Lovicu and McAvoy, 2005). In fact, lens tissue has been used in classical experiments
as a source of FGF (Lopashov, 1983). FGF is a potent inducer of neural retinal cell fate in the
optic tissue, and almost any member of the family can produce this result: FGF1 and 2 (Hyer
et al., 1998; Park and Hollenberg, 1989; Pittack et al., 1991; Shimogori et al., 2004), FGF8
(Vogel-Hopker et al., 2000), and FGF9 (Zhao et al., 2001). This study used a retrovirus vector
to create ectopic sources of FGF and thus ectopic patches of neural retinal tissue. It may be
that experiments using implanted lenses also created ectopic ciliary body by first inducing
ectopic regions of neural retina.
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The specification of the ciliary body in the absence of the lens (in vivo)

Our previous work on eye development detailed various subtle stages in optic vesicle and
surface ectoderm development (Hyer et al., 2003). From this work, we know that if the surface/
pre-lens ectoderm is removed at HH stage 12+/16-17 somites, it is at a stage when the neural
retina has already been specified, as visualized by Chx-10 expression. The optic vesicle will
still be able to undergo morphogenesis into an optic cup without the concomitant formation of
the lens. We used this information to design an experiment to test if the lens was required to
specify the ciliary body tissue. As we knew that the neural retina domain had been specified,
the removal of pre-lens ectoderm served to isolate the optic tissue from any further interactions
with factors coming from the ectoderm of forming lens. We saw that the optic vesicles treated
in this way did form cups, in isolation from lens tissue, and that the cups did have ciliary body
tissue. Our marker of ciliary body tissue was expressed in a stage appropriate manner. Thus,
it could not be detected in either normal or lens-less optic cup at stage 16, but was expressed
in both normal and experimental cups at stage 19. Analysis with additional markers for older
ciliary body tissue could not be carried out, as the lens-less optic cups do not continue to
maintain a cup like appearance. This is due to continued growth of the neural retina tissue
without growth of the eye as a whole, upon which the entire organization of a cup is lost.
Therefore, we must base our interpretation on just one marker. However, as collagenlX is
expressed only in the ciliary body of all the neuroepithelial derivatives, we can reasonably
conclude that the margins of the lens-less optic cups are correctly specified.

An interesting observation from the lens-less optic cups is that the ciliary body tissue and the
lip of the cup, do not always precisely match up, as they do in the normal eye. For example,
in Fig 6D and F, the collagenlX expression domain is incorrectly placed in the outer layer in
a portion of the optic cup margin. This raises interesting possibilities about the specification
of where the lip will form, and when that event occurs. In all of our FGF created transition
zones, we never observed areas of ectopic invagination, so we would hypothesize that there is
a separate pathway for the establishment of the hinge.

A model for specifying the ciliary body domain

In this study, we first identified that FGF is the probable component of the lens in those classical
experiments in which induced lens tissue induced ectopic ciliary body. However, we also found
that lens tissue itself did not need to be present in order to specify ciliary body tissue, based
on the expression of the ciliary body marker collagenlX. From these two disparate findings,
we propose a model in which the ciliary body is established at optic vesicle stages, perhaps
using the same signaling environment that is in place for the establishment of the pigmented
epithelium and neural retina domains.

The pigmented epithelium cell fate is induced from uncommitted optic vesicle tissue through
exposure to either Activin or BMP. The source of this signal may be the surrounding
mesenchyme, or the future pigmented epithelium, depending on the temporal window
examined (Dudley and Robertson, 1997; Fuhrmann et al., 2000; VVogel-Hopker et al., 2000).
Indeed, high levels of ectopic BMP have been shown to induce ectopic pigmented epithelium,
and are proposed to be required for that cell fate (Hyer et al., 2003; Okubo and Hogan, 2004).

In contrast, FGF is known to induce neural retinal cell fate. The neuroepithelium of the distal
optic expresses receptors for FGF (Ohuchi et al., 1994; Wilke et al., 1997). FGF1 and FGF2
are expressed in the overlying surface ectoderm, where the distal tip of the optic vesicle will
eventually contact (de longh and McAvoy, 1993; Pittack et al., 1991). It has been shown that
FGF1 and FGF2 are not essential for eye development (Miller et al., 2000). However, there is
overwhelming evidence from many groups that a signal transduced through the FGF receptor
induces neural retinal tissue. Although it is not known how their expression is established,
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FGF8, FGF19 (called FGF 15 in mouse) are both expressed in the distal tip of the chick optic
vesicle and remain candidates for the instructive signal (Francisco-Morcillo etal., 2005; Kurose
et al., 2004; Vogel-Hopker et al., 2000).

We hypothesize that the ciliary body is specified through a combination of both FGF and BMP,
which has been shown for other cell fates during development (Barron et al., 2000; Dudley
and Robertson, 1997; Lough et al., 1996). What we have shown in support of this idea is that
introduction of FGF into a BMP-expressing tissue somehow creates both neural retina, and
ciliary body tissue, and these two cell types are formed in response to what we imagine as a
concentration gradient of FGF (Fig 7A). It has already been demonstrated that different
concentrations of FGF have different effects on lens tissue (Lovicu and Overbeek, 1998) and
different levels of BMP signal have recently been shown to have different results for optic cup
patterning (Murali et al., 2005). In addition, it is known that FGF and BMP have antagonistic
effects on important downstream targets during eye specification, namely Mitf and Chx-10
(Horsford et al., 2005; Martinez-Morales et al., 2004).

Alternatively, we can consider that FGF and BMP signaling establishes the ciliary body
indirectly, through a second and distinct signaling center, created at the overlap of FGF and
Activin/BMP signals (Fig 7B). A possible candidate for this signal might be Wnt2b (also called
Wnt13). This Wnt family member, and its receptor are expressed in the pigmented epithelium
and in the extreme edge of the optic cup shortly after the optic cup forms (stage 20 in chick:
Jasoni et al., 1999). As development proceeds, expression continues in the future ciliary body
tissue, in both mouse and chick, into adulthood (Jasoni et al., 1999;Kubo et al., 2003;L.iu et
al., 2003). In considering our model, we find certain similarities between the developing eye
and the developing cerebral cortex, where antagonism between BMP and FGF signals
organizes a wnt2b expression domain (Shimogori et al., 2004). Wnt2b overexpression in the
developing chick eye induced ectopic expression of collagenlX (Kubo et al., 2003;Cho and
Cepko, 2006); When examined in vitro, Wnt2b overexpression did not induce ciliary body in
vitro, as the explants proliferated extensively, which is not a hallmark of the ciliary body tissue
(Kubo et al., 2005). When the Wnt pathway was overactivated in vivo (using an activated p-
catenin retrovirus), the posterior neural retina expressed markers of the ciliary body and iris
(Cho and Cepko, 2006). There are several lines of evidence suggesting that Wnt signal induces
peripheral cell fated in the optic cup, although interfering with Wnt signal led, in the cited
report, to a loss of iris tissue, and did not affect ciliary body tissue that severely. To date we
have not been able to detect ectopic Wnt2b expression in the transition zones described here
(Fig 3K,L), and this illustrates that the role of Wnt signal in the anterior cell fates is more
complex than supposed.

The hypothesis presented in Figure 7 implies that both FGF and BMP are essential signals for
ciliary body cell fate. In order to begin to test this model, we have attempted to inhibit or reduce
signaling through the FGFR1, the main receptor for the eye tissue (Ohuchi et al, 1995), using
dominant negative FGFR1 constructs delivered by replication incompetent retroviral vectors
to optic vesicle tissue. Retroviral delivery of exogenous genes works very well for this system,
as the markers used in this study are expressed after 96 hours of additional development, while
electroporated plasmidial constructs are not expressed strongly after 48 hours in chick. Perhaps
not surprisingly, these attempts did not provide easily interpretable results. The dominant
negative FGFR1 construct caused infected cells to withdraw from proliferation in neural retinal
tissue (Fig 8,9) resulting in a majority of infected clones that only contained one or two cells,
particularly in the nasal hemisphere of the eye. Control viruses, either a full-length version of
the FGFR1 (Fig 8C) or constructs expressing LacZ alone (Fig 8B, Fig 9C), gave rise to a
majority of clones containing significantly more cells, and exhibiting a well defined pattern of
radial expansion (Turner and Cepko, 1990). A withdrawal from proliferation has not been
previously observed in retinas overexpressing DN-FGFR1 constructs (Deng et al., 1997;Celli
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et al., 1998;McFarlane et al., 1998;Zhang et al., 2003), although these studies did not use
retroviral constructs, which are expected to more robustly express the construct throughout
development: Overexpression approximating 100-fold is needed to see an effect with dominant
negative constructs (Ueno et al., 1992). Other studies utilizing retroviruses to overexpress
dominant negative FGFR constructs in muscle tissue also observed reduced proliferation in
infected tissues (Itoh et al., 1996;Flanagan-Street et al., 2000). However, expression of a DN-
FGFR1 in lens tissue had no effect on clone size (Huang et al., 2003), indicating that the effect
may be specific to tissue type. Further work on testing the hypothesis should target signaling
through TGF family members.

What we have been able to demonstrate here is that lens tissue cannot have a unique signal for
the specification of ciliary body, although we should not rule out that there might be a lens-
derived inducer of iris tissue. Also, we cannot rule out a role for the lens in the further
development and maintenance of the ciliary body, as this may depend on the incorporation of
neural crest derived to the epithelium. The lens has been shown to play a central role in
organizing the migration and development of the neural crest in the front of the eye, particularly
those of the developing cornea (Beebe and Coats, 2000). The studies presented here examined
the effect of lens removal prior to corneal formation, and therefore did not assess the maturation
of the ciliary body. In the future, the maturation of the ciliary body in a lens-less model can be
examined, using techniques similar to those presented by Beebe and Coates (2000). As for
further ciliary body development, we suspect that synergistic FGF and BMP signaling remains
crucial: It has been shown that loss of BMP signaling (through noggin overexpression) leads
to a loss of the ciliary body (Zhao et al., 2002). Likewise, FGF9 null mice show an embryonic
mis-specification of the ciliary margin (Zhao et al., 2001). These reports describe effects that
are occurring well after we have documented that the ciliary body is established (stage 19). It
should be noted that the mature ciliary body consists of both a non-pigmented and a pigmented
epithelium. This work, because of the markers employed, describes the establishment of the
non-pigmented portion; the establishment of the pigmented portion remains to be elucidated.
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Figure 1.

Pigmented epithelium transforms into neural retina and a non-neurogenic, non-
pigmented tissue.

(A) Schematic of the operation for introducing FGF-expressing retrovirus into the pigmented
epithelium. The retroviral vector co-expresses FGF and -gal and is introduced into the
pigmented epithelium domain of the optic vesicle. (B) Whole mount chick eye at e5 after
infection as in A. Infected cells (blue: X-gal) found at the center of an area of depigmentation
(arrow). (C) Magnified view of a depigmented patch, single arrow indicates center, double
arrowheads indicate transition zone. (D) Immunohistochemistry on sections through center of
infected portions of eye as in C (single arrow) with antibodies against islet-1 (red) and p-gal
(green). (E) In situ hybridization on sections as in D were examined using cCRNA directed
against Hu (purple). (F) Immunohistochemistry on sections through the edges of infected
portions of the eye as in C (double arrowhead), with antibody against f-gal (brown) to indicate
foci of infection. At a distance from the infected cells, the induced neural retina transitions
back into pigmented epithelium. (G) Transition zone as in F probed with an antibody against
islet-1 (green) and DAPI nuclear stain. (H) Transition zone as in F expressing Hu (purple).
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Brown is endogenous pigmentation. pe: pigmented epithelium, nr: neural retina, vit: vitreal

surface, i-nr: induced neural retina, mes: periocular mesenchyme. Scale: in D-G bar=50 um;
in H, I bar=100 pum.
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Figure 2.

CollagenlX is expressed at the transition from pigmented to neural tissue.
Immunohistochemistry and in situ hybridization on e5 eye tissue. (A) Antibodies against
collagenIX (green) and islet-1 (red) are expressed in unique domains. Blue is DAPI staining.
(B) CollagenlX is ectopically expressed in the transition zone (asterisk). (C) Section adjacent
to B, the transition zone in B is contiguous with an induced neural retina, identified by islet-1
(red). (D, E) HuD and CollagenIX expression on adjacent sections of normal eye, asterisks
indicate mutually exclusive expression of HuD and collagenIX (F) Transition zone, HuD
expression. (G) CollagenlX expression, adjacent section to F. (H) CollagenIX expression in a
transition zone at the extreme posterior of the optic cup. L: lens, vit: vitreal surface, pe:
pigmented epithelium, nr: neural retina, vit: vitreal surface, i-nr: induced neural retina, mes:
periocular mesenchyme. Scale: in A-E bar=150um; in F-H bar =50pm.
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Figure 3.

Expression of ciliary body genes in transition zones.

In situ hybridization on e5 tissue. (A) Lamininf1 is expressed in the presumptive ciliary body
and not in the neural retina. (B,C) Lamininp1 is expressed in the transition zone between
induced neural retina and pigmented epithelium (arrows). (D) Nidogen is expressed in the
presumptive ciliary body and not in the neural retina. (E,F) Nidogen expression is also seen in
induced transition zones (arrow). (G,H) Thymosinp4 is expressed throughout the optic tissue
but in the ciliary body, expression is upregulated (asterisks). (I) Thymosinp4 is upregulated in
the transition zones compared to the endogenous neural retina (asterisks). (J) Wnt2b is
specifically expressed at the tip of the optic cup and in the lens epithelium. (K,L) Induced
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transition zone in the same tissue section as J; wnt2b expression can not be identified.
Abbreviations as in Fig 1. Scale: bar=50pm.
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Figure 4.

Expression of ciliary body proteins in transition zones.(A) Connexin43
immunohistochemistry shows that the protein is highly expressed at the margins of the optic
cup and that expression drops off sharply at the future ora serrata (asterisk). Dashes outline the
extent of neural retina and small brackets indicate where the pigmented epithelium is. (B) View
of the posterior retina of the stained section in A; In comparison to the anterior margin, the
pigmented epithelium expresses low levels of connexin43 (arrowheads) and the neural retina
is completely negative. (C) In a small transition zone, connexin43 is highly expressed. Large
brackets indicate the area shown in D. (D) Higher magnification of the border between
pigmented and non-pigmented tissue in the transition zone shows that high connexin43
expression and a pigmented phenotype are mutually exclusive; pigmented epithelium
expresses low levels of connexin (arrowheads). (E) Tenascin-C immunohistochemistry shows
that the protein is expressed in the non-pigmented epithelium of the ciliary body. Bright staining
on the basal surfaces of the pigmented epithelium (arrowheads) and at the margin (arrow)
indicates sites of secretion. Expression drops off at the future ora serrata (asterisk). (F) A view
of the posterior retina of the stained section in E: the neural retina is completely negative, while
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the sclerais positive. (G) Inasmall transition zone, adjacent to the section shown in C, tenascin-
C is expressed within the non-pigmented tissue of the transition zone. Arrow indicates a
staining that resembles secreted protein, as in E, arrow. Large brackets indicate the area shown
in H. (H) Higher magnification of the border between pigmented epithelium and non-
pigmented tissue. All tissue examined at e5. P: pupil opening, vit: vitreal opening, sc: forming
sclera, other abbreviations as in Fig 1. Scale: bar=50um.
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Figure 5.

The optic cup can form without concomitant lens formation.

(A) Stage 12+ pre-lens ectoderm is surgically removed from over the optic vesicle. (B)
Contralateral control eye, 24 hr after surgery (stage 16). Optic vesicle has formed a cup
(arrowhead) with a centrally located lens. (C) Operated side, the vesicle has invaginated and
no lens is apparent (arrowhead). Dashes indicate the edge of surface ectoderm, as it has not
reformed over the optic tissue. (D) Section (coronal) through the eye region of embryo in B,C.
Operated side formed an optic cup, no lens is seen (asterisk). (E) Delta-crystallin expression
identifies lens tissue, optic cup morphology is seen with DAPI stained nuclei. (F) Delta-
crystallin expression is not seen in the lens-less optic cup. The surface ectoderm is not present
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over the optic cup or the more dorsal portion of the head (dashed line). (G) Low magnification
view of section through the eye region of an embryo removed 40 hr (stage 19) after pre-lens
ectoderm removal at stage 12+. (H,1) Islet-1 expression (arrowheads) confirms that the lens-
less optic cup has been specified correctly into pigment epithelium and neural retina. (J,K)
Delta-crystallin (red) and collagenlX (green) expression on a section adjacent to G. Delta-
crystallin is seen in the contralateral control eye (J), but the lens-less optic cup does not react
(K); the tissue in front of the cup is not lens tissue (double asterisk). Collagen!X is more robust
in the ventral than the dorsal domain at this stage (yellow arrowheads), but by stage 21 both
dorsal and ventral domains are equal (J°). In the lens-less optic cup (K) collagenlX is also
expressed, and in a dorsoventral pattern similar to that of the control eye. Scale: in A, D-E
bar=100um; in B,C bar=100um.
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Figure 6.

The ciliary body marker collagenlX is expressed in lens-less optic cups.

(A) DAPI stained nuclei reveal the morphology of a lens-less optic cup. (B,C) higher
magnification of blocked area in A, with DAPI (B) and collagenlX (C) signal illustrates that
collagenlX staining is specific for the inner layer of the optic cup, even in the absence of lens
tissue. (D-F) Three additional examples of lens-less optic cups, all internally controlled with
delta-crystallin staining in the contralateral eye, not shown, except for F, the control lens of an
adjacent embryo. Scale: bar=100pm.
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Figure 7.

Model for establishment of ciliary body tissue during optic vesicle stages. (A) Ciliary body
tissue is created at the edges of ectopic patches of neural retina, as demonstrated in this study.
Hypothetically, this might occur either directly (i) through overlapping BMP and FGF signals,
or indirectly (ii), through the creation of a second signaling center (red), that itself is created
through overlapping BMP and FGF signals. (B) Extrapolation of experimental result to the
establishment of the ciliary body at the border between the neural retina and the pigmented
epithelial domains in the optic vesicle.
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Figure 8.

Overexpression of truncated FGFR1 causes reduced proliferation in neural retinal cells
by embryonic day 4.(A) Infection at stage 11 with a retrovirus overexpressing a kinase domain

Page 27

B zid:
LacZ
i .:;f.m-._._..-}-____ .
\
ke N
f
C
pZid:
LacZ+FL FR1
) OB II ot e DA
r -

-l v

truncation of FGFR1 and co-expressing LacZ (pZid: LacZ+DN FR1). Infected cells

(blue:Xgal) in the nasal compartment were found as isolated cells or as groups of two (arrows),

as seen by examining isolated clones in several adjacent sections (sections are 10um each,

higher magnification views revealed that at 10um there was a single blue cell and at 30 um
there were a pair of blue cells). (B) In cells infected with control virus overexpressing only the

LacZ gene (pZid: LacZ), infected cells give rise to progeny that demonstrated well-
characterized clonal growth pattern in the nasal compartment. (C) Likewise, control virus

overexpressing the LacZ gene and a full length version of the FGFR1 (pZid: LacZ+FL FR1)

gave rise to infected cells that proliferate and extend radially.
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Figure 9.

Overexpression of truncated FGFR1 causes reduced proliferation in neural retinal cell
by embryonic day 7.(A, B) Infection at stage 11 and examination of clones arising in the
temporal domain demonstrates that infected cells were mainly found as isolated cells or pairs.
Again, adjacent 10um sections were examined to determine size of clones. (C) Control
retroviral infection gaves rise to large clones of cells by e7 that extended radially throughout
the neuroepithelium.
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