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Lens-regulated retinoic acid signalling controls expansion of the
developing eye

ABSTRACT
Absence of the developing lens results in severe eye defects,
including substantial reductions in eye size. How the lens controls eye
expansion and the underlying signalling pathways are very poorly
defined. We identified RDH10, a gene crucial for retinoic acid
synthesis during embryogenesis, as a key factor downregulated in the
peripheral retina ( presumptive ciliary body region) of lens-removed
embryonic chicken eyes prior to overt reductions in eye size. This is
associated with a significant decrease in retinoic acid synthesis by
lens-removed eyes. Restoring retinoic acid signalling in lens-removed
eyes by implanting beads soaked in retinoic acid or retinal, but
not vitamin A, rescued eye size. Conversely, blocking retinoic acid
synthesis decreased eye size in lens-containing eyes. Production
of collagen II and collagen IX, which are major vitreal proteins, is
also regulated by the lens and retinoic acid signalling. These data
mechanistically link the known roles of both the lens and retinoic acid
in normal eye development, and support a model whereby retinoic
acid production by the peripheral retina acts downstream of the lens to
support vitreous production and eye expansion.
KEY WORDS: Ciliary body, Vitreous, Collagen II, Collagen IX, RDH10,
Vitamin A

INTRODUCTION

It has long been established that the lens is a crucial signalling
centre controlling normal expansion and development of the eye
(Coulombre and Coulombre, 1964). Any perturbation that affects
the development or presence of the lens has a profound effect on eye
development in all vertebrate species studied to date. This includes the
rare human condition of aphakia (Johnson and Cheng, 1997), physical
lens removal in chicken embryos (Beebe and Coats, 2000; Coulombre
and Coulombre, 1964; Genis-Galvez et al., 1967; Zinn, 1970), toxininduced target lens ablation in mouse embryos (Breitman et al., 1989,
1987), genetic mutations affecting mouse lens development, such as
Pitx3−/− (Semina et al., 2000), Foxe3−/− (Blixt et al., 2000) or Pax6+/−
(Collinson et al., 2001), and evolution-driven lens loss in species of
cave fish (Yamamoto and Jeffery, 2000). In the absence of a normal
lens, the eye fails to expand [resulting in microphthalmia (small eyes)],
the neural retina becomes highly folded within the vitreal cavity and
the anterior segment of the eye develops abnormally. Replacing the
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lens with a cellulose bead or a lens that has been killed by boiling
does not support normal eye development, demonstrating that the
role of the lens is not simply mechanical (Beebe and Coats, 2000;
Coulombre and Coulombre, 1964). However, despite the highly
conserved role of the lens in regulating eye expansion, the
underlying mechanisms are very poorly understood.
Based on classical experiments in the 1950s/1960s, it has been
proposed that the lens controls expansion of the eye through
regulating production of the vitreous: the gel-like relatively acellular
substance that fills the posterior chamber of the eye (Coulombre,
1956; Coulombre and Coulombre, 1964). Vitreous accumulation
is thought to drive expansion of the eye akin to air producing
inflation of a balloon. Consistent with this idea, the vitreous fails
to accumulate in lens-removed chicken eyes (Coulombre and
Coulombre, 1964), and developing chicken eyes in which the
vitreous has been drained display a similar phenotype to lensremoved eyes (Coulombre, 1956). Altering the composition of the
vitreous through enzyme-mediated digestion of vitreal proteins or
injection of specific glycosaminoglycans also affects chicken eye
size (Halfter, 2008; Halfter et al., 2006). Assembly of the vitreous
occurs embryonically (Halfter et al., 2005). However, the role of the
lens in controlling production of the vitreous is little understood.
The major source of vitreal proteins is the ciliary body, not the
lens (Bishop et al., 2002; Dhawan and Beebe, 1994; Halfter et al.,
2005; Linsenmayer et al., 1990). The ciliary body develops at the
periphery of the optic cup between the iris and neural retina, and
short-range signals from the lens induce expression of ciliary body
markers in cultured mouse neural retina (Thut et al., 2001). This
raises the possibility that the lens acts indirectly to control eye
expansion through regulating development and function of the ciliary
body. However, this idea has not been investigated previously.
The eye is extremely sensitive to levels of vitamin A (Warkany
and Schraffenberger, 1946; Wilson et al., 1953), and vitamin
A deficiency during development results in a range of severe
ocular defects, including anophthalmia, microphthalmia, coloboma,
failure of vitreous development, abnormal development of the eye
lids, conjunctival sacs, anterior chamber, iris and ciliary body, and
disorganisation and folding of the retina (Maden et al., 2007;
Warkany and Schraffenberger, 1946; Wilson et al., 1953). Vitamin
A is oxidised to its active metabolite retinoic acid in a two-step
process: retinal dehydrogenases of the alcohol dehydrogenase and
short chain dehydrogenase/reductase families convert vitamin A
(retinol) to retinal (retinaldehyde) and retinaldehyde dehydrogenases
subsequently convert retinal to retinoic acid (Duester et al., 2003;
Shannon et al., 2017).
Here, we show that the lens plays an essential role in patterning
the presumptive ciliary body region, including regulating
expression of RDH10, a gene that is crucial for the first step in
retinoic acid synthesis (Sandell et al., 2007). Retinoic acid synthesis
is decreased in lens-removed chicken eyes and restoring retinoic
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acid signalling in lens-removed eyes is sufficient to rescue eye size.
Furthermore, both the lens and retinoic acid regulate the synthesis
of vitreal proteins by the peripheral retina. These data advance
substantially our understanding of the mechanisms by which the
lens controls expansion of the eye and provide a functional link
between two classical paradigms known to be essential for normal
eye development: lens-mediated and retinoic acid signalling.
RESULTS
The lens regulates patterning of the peripheral retina
(presumptive ciliary body region)

To test the idea that the lens controls expansion of the eye through
regulating patterning of the peripheral optic cup, we used in situ
hybridisation to analyse expression of several genes implicated in
regulating ciliary body development [BMP7, OTX1, RDH10 and
WNT2B (Cho and Cepko, 2006; Kubo and Nakagawa, 2009; Kubo
et al., 2003; Martinez-Morales et al., 2001; Zhao et al., 2002)] in
control and lens-removed eyes (Fig. 1). Lenses were removed or, as
a damage control, removed and replaced immediately from one eye
of HH stage 23 [HH23; embryonic day (E) 4] chicken embryos and
the heads fixed, sectioned and stained 24 h later. The contralateral
unoperated eye also acted as a control. E4 is the earliest stage at
which the lens induces consistent changes in gene expression in the
optic cup (Thut et al., 2001).
Removal of the lens resulted in substantial downregulation within
the peripheral retina in expression of all genes analysed. In
contralateral unoperated eyes, BMP7, OTX1, RDH10 and WNT2B
were expressed strongly in the peripheral retina region that gives rise
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to the ciliary body and iris (Fig. 1C). In contrast, 24 h following
removal of the lens, expression of BMP7, OTX1, and RDH10 was
virtually undetectable in the peripheral retina, whereas WNT2B
appeared to be expressed at lower levels and restricted to a
smaller domain (Fig. 1C). Real-time PCR confirmed significant
downregulation of WNT2B expression in lens-removed eyes
(Fig. 1D). Confirming that the loss of gene expression in lensremoved eyes was not due to damage to the eye, expression of BMP7,
OTX1, RDH10 and WNT2B was maintained in eyes in which the
lens was removed and replaced immediately (Fig. 1C,D). These
findings demonstrate an essential role for the lens in maintaining
gene expression within the peripheral retina, and are consistent
with the idea that the lens controls expansion of the eye through
regulating peripheral retina identity and function. The downregulation
in the peripheral retina of RDH10, a gene essential for embryonic
retinoic acid synthesis (Sandell et al., 2007), raised the possibility that
retinoic acid signalling may be impaired in lens-removed eyes.
Because regulation of retinoic acid levels is essential for normal eye
development (Maden et al., 2007; Sandell et al., 2007; Warkany and
Schraffenberger, 1946; Wilson et al., 1953), subsequent experiments
focused on establishing whether RDH10 is a key factor downstream
of the lens essential for normal development of the eye.
RDH10 expression is downregulated rapidly in the peripheral
retina, but not the retinal pigmented epithelium (RPE), of
lens-removed eyes

RDH10 is expressed in peripheral, but not more central, retina, as
well as in the central RPE (Fig. 2A). Removal of the lens at HH23
Fig. 1. The lens regulates peripheral retina identity.
(A) Schematic diagram illustrating the sectioning plane. (B) Brightfield image of a section through an unoperated HH26 retina.
Box indicates the region of each retina imaged in C. (C) In situ
hybridisation with probes specific for BMP7, OTX1, RDH10 and
WNT2B on sections through contralateral unoperated control
eyes, eyes in which the lens was removed, or eyes in which the
lens was removed and replaced immediately at HH23, and fixed
24 h later. (D) Real-time PCR for WNT2B using cDNA prepared
from control, unoperated HH26 eyes or eyes in which the lens was
removed or removed and replaced immediately at HH23 and
re-incubated for 24 h. Results are mean (±s.e.m.) of three
independent experiments. **P<0.01; one-way ANOVA with
Tukey’s post-hoc comparison. L, lens; PR, peripheral retina;
VC, vitreal cavity. Scale bars: 500 µm in B; 50 µm in C.
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revealed no significant difference in eye size 3 or 6 h following
lens removal compared with unoperated or lens-replaced eyes
(Fig. 3A,C). By 24 h following lens removal, eye size was decreased
significantly (Fig. 3A,C). These findings demonstrate that
downregulation of RDH10 in lens-removed eyes (Fig. 2B) occurs
prior to overt changes in eye size. Removing and immediately
replacing the lens had no significant impact on eye size at all time
points, confirming that the smaller size of lens-removed eyes is not
the result of damage or the healing response (Fig. 3A,C).
Analysis of eye size at later time points following lens removal
revealed that the reduction in eye size was permanent, with no
evidence of recovery (Fig. 3D,E). From HH23 (E4) to E10 control
unoperated and lens-replaced eyes displayed a linear increase in size
and by E10 had increased in diameter approximately eightfold
compared with E4 (Fig. 3D,E). In contrast, eyes in which the lens
was removed at E4 failed to increase in size and by E10 were not
significantly different in size from E4 unoperated or lens-replaced
eyes (Fig. 3D,E).
The retina continues to expand in lens-removed eyes

resulted in substantial downregulation of RDH10 expression in the
peripheral retina within 3 h of lens removal compared with the
unoperated contralateral eye or with eyes in which the lens was
removed and replaced immediately (Fig. 2B; n=5/5). RDH10
continued to be expressed at reduced levels in the peripheral retina
of lens-removed eyes compared with unoperated and lens-replaced
eyes for at least 24 h following lens removal (Figs 1C and 2B; 6 h,
n=5/5; 24 h, n=6/6). In contrast, expression in the RPE was not
altered obviously (Fig. 2C; Fig. S1A). Attempts to confirm the
downregulation of RDH10 in the peripheral retina of lens-removed
eyes using real-time PCR on cDNA prepared from the whole eye
proved inconclusive, likely due to the maintained expression of
RDH10 in the RPE (Fig. S1). Nevertheless, these findings
demonstrate an essential role for the lens in maintaining RDH10
expression in the peripheral retina but not the RPE.
Downregulation of RDH10 in the peripheral retina precedes
significant changes in eye size

To determine whether downregulation of RDH10 in lens-removed
eyes precedes changes in eye size, lenses were removed or removed
and replaced immediately from HH23 chicken embryos and eye size
was determined 3, 6, or 24 h later (Fig. 3A). Quantification of eye
size (mean of the horizontal and vertical diameters; Fig. 3B)

Retinal lamination and patterning are maintained in
lens-removed eyes

To determine whether the loss of peripheral retina identity (Fig. 1C)
in lens-removed eyes reflects a general disruption of eye
development, we analysed retinal lamination and patterning in
sections through eyes in which the lens was removed at HH23 and
fixed 2 (E6; HH28) or 6 (E10; HH35) days later. In HH28
unoperated and lens-replaced eyes, islet-positive retinal ganglion
cells and amacrine cells were located at the inner vitreal surface of
the retina, whereas phosphohistone H3-positive mitotic cells were
located at the ventricular surface, adjacent to the RPE (Fig. 4B).
This was also the case in lens-removed eyes, including in regions
3
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Fig. 2. The lens controls expression of RDH10 in the peripheral retina but
not the RPE. (A) Section through a control, unoperated HH26 eye stained by
in situ hybridisation with a probe specific for RDH10. Boxed regions in the
peripheral retina (black) and central retina (white) are shown at higher
magnification in the right-hand panels. (B,C) RDH10 expression in the
peripheral retina (B) and central retina (C) in contralateral unoperated control
eyes or in eyes in which the lens was removed or removed and replaced
immediately, and fixed 3, 6 or 24 h later. RPE is towards the top of each panel in
the peripheral retina images and towards the bottom in the central retina
images. L, lens; PR, peripheral retina; R, neural retina; RPE, retinal pigmented
epithelium; VC, vitreal cavity. Scale bars: 100 µm in A; 50 µm in B,C.

Sections through the eye demonstrated that, whereas overall eye
size is severely impaired, the retina continues to grow in the
absence of the lens. Lenses were removed or removed and replaced
immediately from HH23 chicken eyes and the heads fixed and
sectioned 24 h later. Both unoperated and lens-replaced eyes had a
large vitreal cavity and the neural retina was closely associated
with the RPE along its entire length (Fig. 4A). In lens-removed
eyes, the vitreal cavity was reduced substantially in size and, in
places, the neural retina had become detached from the RPE
and folded within the vitreal cavity (Fig. 4A). Quantification
demonstrated that retinal cell number increased from HH23 (E4) to
E6 in both control and lens-removed eyes, but that the total number
of cells was significantly lower in retinas from E6 lens-removed
eyes compared with retinas from control eyes (Fig. S2A,B). These
findings demonstrate that the retina continues to grow for at least
48 h following removal of the lens, but its growth is impaired
compared with control eyes. Because during this period lensremoved eyes do not increase significantly in size (Fig. 3D,E), we
cannot exclude the possibility that the reduced number of retinal
cells in lens-removed eyes results from the restricted space
available into which the retina can expand rather than from a
direct effect of loss of the lens. Consistent with the idea that the
lens is not a key regulator of retinal growth, the number of
phosphohistone-H3-positive mitotic cells per mm of the whole
retina or within the peripheral 200 µm of the retina was not altered
significantly 3, 6 or 24 h following lens removal (Fig. S2C-E).
Because the retina continues to expand in the absence of the lens,
disproportionate to other ocular tissues, growth of the retina is
unlikely to be a major driving force for eye expansion.
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Fig. 3. Overt changes in eye size occur on a slower timescale than downregulation of RDH10. (A) Whole-mount views of contralateral unoperated control
eyes, or eyes in which the lens was removed or removed and replaced immediately at HH23, and fixed after 3, 6 or 24 h re-incubation. (B) Eye diameter was
calculated as the mean of the vertical (VD) and horizontal (HD) diameters. (C) Mean (±s.e.m.) diameter of unoperated, lens-removed and lens-replaced eyes fixed 3,
6 or 24 h after operation at HH23. Numbers on bars indicate numbers analysed for each condition and time point. ns, not significant, ***P<0.001. One-way
ANOVA with Tukey’s post-hoc comparison. (D) Whole-head images, viewed from the front of chicken embryo heads fixed immediately following removal of the
right lens at HH23 (E4) or 1 (E5; HH26), 2 (E6; HH28), 3 (E7; HH31) or 6 (E10; HH35) days after lens removal. (E) Mean (±s.e.m.) diameter of unoperated,
lens-removed and lens-replaced eyes 0 days (immediately following lens removal at HH23) to 6 days post lens removal. Scale bars: 500 µm in A; 1 mm in D.

Expression of RALDH1-RALDH3 is maintained in lensremoved eyes

Retinoic acid is produced from vitamin A (retinol) in a two-step
process: retinol dehydrogenases, such as RDH10, oxidise vitamin A
to produce retinal (retinaldehyde), which is subsequently oxidised
by retinal dehydrogenases (RALDH1-RALDH3) to produce
retinoic acid (Fig. 5A). Using in situ hybridisation on sections
through heads in which the lens was removed at HH23 and fixed
24 h later, we found that expression of RALDH1-RALDH3
(ALDH1A1-ALDH1A3) is maintained in lens-removed eyes,
including in the peripheral retina (Fig. 5B). In both contralateral
unoperated eyes and lens-removed eyes, RALDH1 was expressed

strongly in dorsal retina and RALDH3 in ventral retina (Fig. 5B).
In control eyes, RALDH2 was expressed in two distinct domains
flanking the lens. RALDH2 expression was maintained following
lens removal, but the RALDH2-positive domains were brought
together (Fig. 5B). We conclude that, in contrast to RDH10,
maintenance of ocular RALDH1-RALDH3 expression is not
dependent on signals from the lens.
Retinoic acid synthesis is reduced in lens-removed eyes

To investigate whether retinoic acid synthesis is impaired in lensremoved eyes, we used retinoic acid-reporter cells (Sil-15 cells;
Wagner et al., 1992) to quantify retinoic acid production by
unoperated, lens-removed and lens-replaced eyes (Fig. 6A). These
cells have been stably transfected with β-galactosidase under the
control of a retinoic acid response element (RARE) and,
consequently, respond to retinoic acid with proportional increases
in β-galactosidase activity (Fig. 6B).
Lenses were removed or removed and replaced immediately from
HH23 embryos and the embryos re-incubated for 24 h. The operated
and contralateral control eyes were dissected out and cultured
overnight in serum-free medium. The conditioned medium was
added to a confluent layer of the reporter cells, incubated for 24 h
and the cells assayed for β-galactosidase activity (Fig. 6A). In each
experiment, cells were exposed in parallel to conditioned medium
from cultures of unoperated, lens-removed and lens-replaced eyes,
as well as known concentrations of retinoic acid (Fig. 6B-E).
4
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where the retina had become highly folded (Fig. 4B). By E10, the
mature retinal layers are beginning to form. Staining with anti-islet
1/2 or with DAPI demonstrated that these layers developed
relatively normally in lens-removed eyes, although the layers
appeared thicker and slightly disorganised in regions where the
retina was folded (Fig. S3).
Dorsal-ventral patterning also appeared normal in lens-removed
eyes. TBX5 is expressed normally in the dorsal retina and cVAX in
ventral retina (Fig. 4C). Despite the smaller size of the eye and
folding of the retina, the restricted expression of TBX5 to the dorsal
retina and cVAX to the ventral retina was maintained in lensremoved eyes (Fig. 4C). We conclude that retinal lamination and
patterning is not altered substantially in the absence of the lens.
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Staining for β-galactosidase activity revealed a significant
reduction in retinoic acid synthesis by the lens-removed eyes
(Fig. 6D,E). In cultures of reporter cells exposed to medium
conditioned by lens-removed eyes, many fewer β-galactosidasepositive cells were detected compared with cultures incubated with
medium conditioned by unoperated or lens-replaced eyes (Fig. 6D).
Accordingly, quantification of retinoic acid concentration by
measuring the absorbance of the cells and comparing this with
the standard curve, demonstrated that the retinoic acid concentration
in medium conditioned by lens-removed eyes was significantly
lower compared with medium conditioned by unoperated or lensreplaced eyes (Fig. 6E). These findings demonstrate that ocular
production of retinoic acid is decreased in the absence of the lens.
Exogenous retinoic acid and retinal, but not vitamin A,
rescue eye size in the absence of the lens

Next, we asked whether adding exogenous retinoic acid could
rescue expansion of lens-removed eyes. The lens was removed from
one eye of HH23 chicken embryos and replaced with an AG1-X2
bead (BioRad) soaked in all-trans-retinoic acid (0.1 mg/ml in
DMSO) or vehicle alone (DMSO). These beads continuously
release retinoic acid for at least 24 h, creating a local tissue gradient
of retinoic acid in the picomolar to nanomolar range (Tickle et al.,
1985). Embryos were re-incubated for 24 h and eye size measured in
comparison with the unoperated contralateral eye. Beads soaked in
retinoic acid, but not control (DMSO) beads, rescued eye size in the
absence of the lens (Fig. 7A,D). The morphology of the eye was also
restored (Fig. 7B). Similar to lens-removed eyes, eyes in which the
lens was replaced with a bead soaked in DMSO had a small vitreal

cavity, the retina and RPE were detached in places, and the retina
was folded within the vitreal cavity. In contrast, the morphology of
eyes in which the lens was replaced with a bead soaked in retinoic
acid was indistinguishable from unoperated eyes, with a large vitreal
cavity, and the neural retina unfolded and in contact with the RPE
along its entire length (Fig. 7B). Consistent with our finding that
expression of RDH10 (oxidises vitamin A to retinal) but not that of
RALDH1-RALDH3 (oxidise retinal to retinoic acid) is decreased
substantially in lens-removed eyes, beads soaked in retinal
(1 mg/ml) also rescued eye size and morphology in the absence
of the lens (Fig. 7A,B,D). Conversely, beads soaked in vitamin A
(retinol; 1 mg/ml), were unable to rescue eye size or morphology in
lens-removed eyes (Fig. 7A,B,D), consistent with the idea that
RDH10-mediated conversion of vitamin A to retinal is impaired
in lens-removed eyes. Importantly, implanting beads soaked in
retinoic acid or retinal in wounded, lens-containing eyes had no
significant effect on eye size (Fig. 7C,E). This demonstrates that
rescue of eye size in lens-removed eyes by retinoic acid or retinal is
unlikely to be the result of a non-specific effect on the wounding
response or cell proliferation. We conclude that increasing retinoic
acid levels in lens-removed eyes is sufficient to rescue eye size and
restore normal morphology.
Inhibiting retinoic acid synthesis decreases eye size

To test whether retinoic acid is essential for normal expansion of the
eye, small pieces of gelatine sponge soaked in DMSO or disulfiram
(1, 10 or 25 mg/ml in DMSO) were applied on top of one eye of
HH23 embryos and eye size determined 24 h later. Disulfiram
inhibits aldehyde dehydrogenases and is a potent inhibitor of
5
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Fig. 4. Retinal lamination and patterning is normal in lens-removed eyes. (A) Sections through contralateral unoperated, lens-removed and lens-replaced
eyes fixed 24 h after surgery at HH23. Arrowheads indicate detachment of the retina from the RPE and folding into the vitreal cavity in the absence of the lens.
(B) Sections through unoperated, lens-removed and lens-replaced eyes fixed 48 h after surgery at HH23 and stained using antibodies against phosphohistone H3 to
label mitotic cells (red) or islet 1/islet 2 to label retinal ganglion and amacrine cells (green). Boxed regions are shown at higher magnification in the lower panels.
(C) Sections through unoperated and lens-removed eyes fixed 24 h after surgery at HH23 stained by in situ hybridisation using probes specific for TBX5 or cVAX. C,
cornea; D, dorsal; L, lens; R, neural retina; RPE, retinal pigmented epithelium; V, ventral; VC, vitreal cavity. Scale bars: 250 µm.
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retinoic acid synthesis in developing chicken embryos (Vermot and
Pourquié, 2005). In agreement with the idea that retinoic acid is
essential for generating normal eye size, application of sponges
soaked with disulfiram, but not vehicle (DMSO) alone, induced a
significant decrease in eye size in a concentration-dependent
manner (Fig. 8A,C). However, sectioning of the eye revealed
differences in the morphology of the small eyes resulting from
disulfiram treatment compared with lens-removed eyes (compare
Figs 8B and 4A). Whereas in lens-removed eyes the retina grew
disproportionate to other eye tissues and tended to become folded
within the vitreal cavity (Figs 4, 5B, 7B, Fig. S1A), in disulfiramtreated eyes retinal folding was not observed and growth of the
retina appeared proportionate to overall eye size (Fig. 8B). A
possible explanation for this difference is that RDH10, and
consequently retinoic acid synthesis, is maintained in the RPE of
lens-removed eyes, (Fig. 2B,C, Fig. S1A), whereas disulfiram likely
reduces retinoic acid synthesis in all ocular tissue.
Localisation of collagens, but not tenascin C, to the
peripheral retina is regulated by the lens and retinoic acid
signalling

To test the idea that the lens regulates eye size indirectly through
controlling assembly of the vitreous, we analysed the ocular
localisation of three major vitreal proteins: tenascin C, collagen II
and collagen IX (Bishop et al., 2002; Halfter et al., 2005) (Fig. 9A).
Tenascin C and collagen IX are produced almost exclusively by the
presumptive ciliary body region, whereas collagen II is produced
both by the ciliary body and, early in development, by the neural
retina (Bishop et al., 2002; Dhawan and Beebe, 1994; Halfter et al.,
2005, 2008; Linsenmayer et al., 1990).

Following removal of the lens at HH23, localisation of tenascin C
to the presumptive ciliary body region was maintained 24 and 48 h
later (Fig. 9B,C), demonstrating that the ciliary body retains some
aspects of its identity in lens-removed eyes. In contrast, within 3 h of
lens removal, collagen II immunolocalisation was decreased
substantially (Fig. 9D,E). Collagen IX immunolocalisation to the
presumptive ciliary body also was decreased in lens-removed eyes,
but on a slower timescale than collagen II. At 3 and 6 h following
lens removal, collagen IX immunolocalisation to the presumptive
ciliary body was indistinguishable from contralateral, unoperated
eyes (Fig. 9F). However, 24 h after lens removal at HH23, collagen
IX immunolocalisation was reduced substantially in lens-removed
eyes (Fig. 9G).
Next, we asked whether addition of exogenous retinoic acid or
retinal could rescue collagen synthesis in lens-removed eyes. For
these experiments, we focused on collagen IX because this protein
is produced almost exclusively by the presumptive ciliary body
region. Similar to lens-removed eyes, replacement of the lens at
HH23 with a bead soaked in DMSO (vehicle control) resulted in a
substantial reduction in collagen IX immunolocalisation to the
presumptive ciliary body region 24 h later (Fig. 10A). In contrast,
beads soaked in either retinoic acid (0.1 mg/ml) or retinal (1 mg/ml)
abrogated the reduction in collagen IX immunostaining seen in lensremoved eyes (Fig. 10A).
Collagen IX is composed of three chains encoded by different
genes: COL9A1, COL9A2 and COL9A3. To investigate whether
the loss of collagen IX immunolocalisation to the peripheral
retina of lens-removed eyes results from defective deposition of
the protein or downregulation of gene expression, we analysed
expression of COL9A1 and COL9A3 in control and lens-removed
eyes. We were unable to generate a probe for COL9A2.
Lenses were removed from HH23 chicken eyes and the eyes
fixed and stained 24 h later. Compared to the contralateral
unoperated eye and eyes in which the lens was removed and
replaced immediately, expression of both COL9A1 and COL9A3
was decreased substantially in the peripheral retina of lensremoved eyes (Fig. 10B). Implanting a bead soaked with retinoic
acid (0.1 mg/ml) rescued COL9A1 and COL9A3 expression in
lens-removed eyes (Fig. 10B). Expression of TNC also was
downregulated in lens-removed eyes, and this loss of expression
was abrogated by retinoic acid (Fig. 10B). The maintained
localisation of tenascin C protein to the peripheral retina of
lensless eyes (Fig. 9B,C) therefore likely reflects decreased
secretion from the peripheral retina and/or increased protein
stability compared with collagen IX. Taken as a whole, these
findings demonstrate that production of vitreal components is
regulated both by the lens and retinoic acid signalling.
DISCUSSION

Although it has been known for over 50 years that the lens is
essential for normal expansion and development of the eye
(Coulombre and Coulombre, 1964), the underlying mechanisms
have proven elusive. Our findings support a model whereby the lens
acts indirectly to control expansion of the eye through regulating
patterning of the peripheral optic cup, including maintenance of
RDH10 expression, a gene essential for the first step in embryonic
retinoic acid synthesis. In turn, RDH10 is essential for ocular
retinoic acid synthesis, which regulates both vitreal collagen
production and expansion of the eye (Fig. 10C). These findings
provide an unexpected link between two classical signalling
paradigms that are important for eye development: lens-mediated
and retinoic acid signalling.
6
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Fig. 5. Expression of RALDH1-RALDH3 is maintained in lens-removed
eyes. (A) Schematic showing the retinoic acid synthesis pathway. (B) In situ
hybridisation with probes specific for RALDH1, RALDH2 and RALDH3 on
sections through contralateral unoperated eyes and eyes in which the lens
was removed at HH23 and fixed 24 h later. D, dorsal; V, ventral. Scale bars:
250 µm.
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Consistent with the idea that RDH10-mediated conversion of
vitamin A to retinol acts downstream of the lens to drive expansion
of the eye, we found that retinoic acid synthesis is decreased by lensremoved eyes (Fig. 6). Moreover, beads soaked in retinoic acid or
retinal, but not vitamin A, rescued the size and morphology of lensremoved eyes (Fig. 7A,B). Eyes from rat embryos made vitamin A
deficient after initial induction of the eye has occurred (E10.5
onwards) also display many phenotypic similarities to chicken eyes
in which the lens has been removed following initial development of
the eye, including failure of vitreous accumulation, retinal folding
and anterior segment defects (See and Clagett-Dame, 2009).
RDH10 is the primary enzyme that catalyses the first oxidative
reaction in embryonic retinoic acid synthesis: the conversion of
vitamin A to retinal (Farjo et al., 2011; Rhinn et al., 2011; Sandell
et al., 2007; Shannon et al., 2017). Rdh10 mutant mice die by midgestation (E12-E13), likely due to vascular defects, and display
severe defects in the development of multiple tissues and organs,

including the eyes. In Rdh10 mutants, the eyes are often not visible
from the surface, are smaller than normal, and the cornea and ventral
half of the retina fail to develop (Rhinn et al., 2011; Sandell et al.,
2007). The eye defects in Rdh10 mouse mutants are more severe
than we have found in lens-removed chicken eyes. This likely
reflects that, in our experiments, RDH10 expression is maintained
during initial stages of eye development, prior to lens removal,
whereas, in the Rdh10 mouse mutants, RDH10 will be absent from
the outset. Consistent with this idea, rescue experiments in vitamin
A-deficient rat embryos have demonstrated distinct temporal
requirements for vitamin A during eye development. During early
stages of eye development, vitamin A is essential for ventral retina
formation and closure of the choroidal fissure, and at later stages for
development of the vitreous and preventing retinal folding (See and
Clagett-Dame, 2009; Wilson et al., 1953). In lens-removed chicken
eyes, RDH10 expression also is not lost completely, but is
maintained in the RPE (Fig. 2, Fig. S1A), which may alleviate the
7
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Fig. 6. Retinoic acid synthesis is reduced in lens-removed eyes. (A) Schematic diagram of the method used to quantify retinoic acid synthesis. Lenses were
removed, or removed and replaced immediately, from HH23 eyes and the eggs re-incubated for 24 h. The eyes were removed and cultured for 24 h, five per
well in four-well plates containing 500 µl serum-free medium. The culture medium was transferred to 96-well plates containing Sil-15 retinoic acid-responsive
reporter cells, cultured overnight and β-galactosidase activity quantified. For each experiment, cells also were exposed to different concentrations of retinoic acid.
(B) β-Galactosidase activity in Sil-15 reporter cells exposed to medium containing retinoic acid concentrations from 10−12.5 M to 10−7.5 M. Increasing the
concentration of retinoic acid in the medium results in a proportional increase in β-galactosidase activity in the reporter cells. (C) Absorbance reading in cells
increases as retinoic acid concentration increases. (D) β-Galactosidase activity in Sil-15 cells exposed to medium from cultured unoperated, lens-removed
and lens-replaced eyes. (E) Mean (±s.e.m.) retinoic acid concentration in medium from cultured unoperated, lens-removed and lens-replaced eyes. The retinoic
acid concentration in the medium was calculated from a standard curve generated in parallel for each individual experiment. *P<0.05. One-way ANOVA with
Tukey’s post-hoc comparison. Scale bars: 100 µm.
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severity of the eye defects. Taken as a whole, our findings are
consistent with RDH10-mediated retinoic acid synthesis playing an
essential role downstream of the lens in controlling eye expansion.
Further experiments will be required to establish whether other lensregulated peripheral retina genes, such as WNT2B and BMP7
(Fig. 1C), also are essential for expansion of the eye acting either in
the same pathway, upstream or downstream of RDH10, or in parallel
signalling pathways.
The vitreous is a virtually acellular gel-like substance that fills the
posterior chamber of the eye and, at E10, comprises ∼40% of
the weight of the developing chicken eye (Halfter et al., 2008). The
vitreous is composed predominately of water (∼98%) and a loose
network of fibrils (collagen fibrils as well as non-collagenous
proteins, including versican, fibronectin, tenascin and fibrillin).
Collagen II is the major fibrillar collagen of the vitreous and is
important for conferring the gel-like properties of the vitreous.
Collagen IX localises at regular intervals along the collagen II fibrils
and helps link together and regulate the spacing of the collagen II
fibrils to form a loose meshwork (Bishop, 2000; Wright and Mayne,
1988; Yada et al., 1990). Through its bound chondroitin sulphate
side chains, the major glycosaminoglycan of the avian vitreous,
collagen IX also is important for the hydration of the vitreous (Yada
et al., 1990). Intravitreal injection of chondroitin sulphate increases

eye size in chicken embryos, whereas intravitreal injection of
heparin decreases eye size and vitreous body weight through
interfering with collagen fibril formation, demonstrating the
important relationship between vitreous composition and eye size
(Halfter, 2008). Mutations in human collagen II and IX genes cause
Stickler syndrome, characteristic phenotypes of which include
myopia, vitreoretinal degeneration and retinal detachment (Ahmad
et al., 1991; Baker et al., 2011; Nikopoulos et al., 2011; Richards
et al., 2006; Van Camp et al., 2006). Owing to the failure of vitreous
expansion and the folding of the retina within the vitreal cavity,
we have been unable to analyse the composition of the vitreous
in lens-removed eyes. Nevertheless, our finding that collagen II
and collagen IX levels are decreased in the peripheral retina
( presumptive ciliary body region) of lens-removed eyes is
consistent with the idea that secretion of collagen II and
collagen IX into the vitreous is decreased in lens-removed
eyes, and contributes to the failed expansion of the vitreous and,
consequently, reduced eye size.
Retinoic acid has a well-characterised role in regulating collagen
production in a range of different cell types, including corneal
endothelial cells and keratocytes, RPE cells, fibroblasts and
chondroctyes (Ahadome et al., 2016; Beach and Kenney, 1983;
Cohen et al., 2006; Gouveia and Connon, 2013; Zhang et al., 2017).
8
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Fig. 7. Exogenous retinoic acid or retinal,
but not vitamin A, rescues expansion
of lens-removed eyes. Whole-mount
views (A) and sections (B) of unoperated
contralateral control eyes or eyes in which
the lens was removed (LR) at HH23 and
replaced with a bead (arrowheads) soaked
in DMSO (vehicle control), 0.1 mg/ml
retinoic acid (RA), 1 mg/ml retinal or 1 mg/ml
vitamin A in DMSO, and fixed 24 h later. The
eye is smaller and the retina has become
detached and folded (asterisks in B) in eyes
in which the lens was replaced with a bead
soaked with DMSO or vitamin A, but has
similar size and morphology to unoperated
eyes following replacement of the lens with
a bead soaked in retinoic acid or retinal.
(C) Whole-mount views of untreated
contralateral control eyes or eyes, with the
lens left in place (LI), implanted with a bead
(arrowheads) soaked in DMSO, 0.1 mg/ml
retinoic acid (RA) or 1 mg/ml retinal, and
fixed 24 h later. (D,E) Mean (±s.e.m.)
relative eye size 24 h after replacement of
the lens (D) or after implantation into
normal lens-containing eyes (E) of beads
soaked in DMSO, 0.1 mg/ml retinoic acid
(RA), 1 mg/ml retinal or 1 mg/ml vitamin A at
HH23. Relative eye size was determined for
each embryo by calculating the ratio of the
mean diameter of the operated eye and
contralateral untreated eye. Numbers on
bars indicate numbers analysed for each
condition. **P<0.01, ***P<0.001. One-way
ANOVA with Tukey’s post-hoc comparison.
Scale bars: 500 µm in A,C; 250 µm in B.
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Fig. 8. Inhibiting retinoic acid synthesis
reduces eye size. Whole-mount views
(A) and sections (B), and mean (±s.e.m.)
relative eye size (C) of untreated
contralateral control eyes or eyes 24 h after
application of a gelatine sponge soaked
in DMSO or disulfiram (Disulf.; 1, 10 or
25 mg/ml in DMSO) at HH23. Relative eye
size was determined for each embryo by
calculating the ratio of the mean diameter of
the operated eye and contralateral
untreated eye. Numbers on bars indicate
numbers analysed for each condition.
**P<0.01. One-way ANOVA with Tukey’s
post-hoc comparison. Scale bars: 500 µm
in A; 250 µm in B.

production of vitreal collagens in the absence of the lens. These
data provide a mechanistic explanation for the requirement of the
lens in establishing normal eye size and an unexpected link between
two classical factors long known to be important for eye
development: the lens and retinoic acid signalling.
MATERIALS AND METHODS
Chicken embryos

Fertilised White Leghorn chicken embryos were obtained from Henry
Stewart (Herefordshire, UK). Eggs were incubated on their sides in a
humidified incubator at 37°C until the desired embryological stage. All
embryos were staged according to Hamburger and Hamilton (HH;
Hamburger and Hamilton, 1951). All experiments were performed in
accordance with University of Aberdeen and UK Home Office Guidelines.
In ovo lens removal and drug application

Lenses were removed from HH23 chicken embryos according to the method
of Coulombre and Coulombre, (1964). The egg was windowed and the
membranes covering the embryo removed around the eye. Using forceps, a
small slit was made in the eye opposite the ventral fissure, the lens grasped
and removed from the eye. As a damage control, lenses were removed and
replaced immediately. The eggs were sealed with Sellotape and re-incubated
until the desired postoperative time point.
AG1-X2 beads (Bio-Rad) were soaked in 10 µl of either DMSO, retinoic
acid (0.1 mg/ml; Sigma-Aldrich), retinal (1 mg/ml; Sigma-Aldrich) or
retinol (vitamin A; 1 mg/ml; Sigma-Aldrich) in DMSO for 1 h in the dark
and washed with DMEM. The lens was removed from HH23 embryos and a
bead implanted under the cornea close to the optic cup rim. Beads were also
implanted in normal lens-containing eyes. To block retinoic acid signalling,
small pieces of gelatine sponge (Sigma-Aldrich) were soaked in DMSO or
disulfiram (1, 10 or 25 mg/ml in DMSO; Sigma-Aldrich) for 1 h, washed
with DMEM and applied on top of normal, lens-containing HH23 eyes.
Embryos were re-incubated for 24 h before imaging and fixation.

Conclusions

The mechanism by which the lens controls eye expansion has
remained unknown for over 50 years. We have found that the lens
acts indirectly to control eye growth through patterning of the retinal
periphery. A key lens-regulated gene in the peripheral retina is
RDH10, which encodes an essential enzyme in the retinoic acid
synthesis pathway. Retinoic acid synthesis by lens-removed eyes is
decreased and adding exogenous retinoic acid, or its immediate
precursor retinal, is sufficient to rescue eye size as well as

Counts of total retinal cell number

Lenses were removed or removed and replaced immediately from HH23
chicken eyes and the eggs re-incubated for 24 h. If still present, the lens was
removed and the whole eye excised from the orbit and transferred to HBSS
without calcium/magnesium (Thermo Fisher Scientific) at 37°C for 30 min.
The RPE was removed, the isolated retina incubated in 200 µl trypsin
for 20 min (Thermo Fisher Scientific) and the cells dissociated. The
cell suspension was centrifuged, excess media removed and the cells
re-suspended in 600 µl DMEM/F12 (Thermo Fisher Scientific). Using a
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Both direct and indirect activation of collagen genes by retinoic acid
has been reported. In chick prehypertrophic chondrocytes, retinoic
acid binds to RAREs in the promotor region of the collagen X gene
to directly activate transcription (Cohen et al., 2006). In contrast,
retinoic acid-induced stimulation of COL9A1 expression in deer
antler chondrocytes occurs indirectly through activation of a BMP2WNT4-RUNX1 pathway (Zhang et al., 2017). Consistent with an
indirect mode of action, expression of BMP7 and WNT2B also is
downregulated in the peripheral retina of lens-removed eyes
(Fig. 1C). Moreover, analyses of conditional mouse knockouts
lacking Rar genes in the periocular mesenchyme, and Raldh1,
Raldh2 and Raldh3 single and triple knockout mice, has
demonstrated that retinoic acid acts primarily in a paracrine
fashion to regulate eye morphogenesis (Matt et al., 2005;
Molotkov et al., 2006).
The identity of the signal(s) released by the lens are not known.
Beads soaked in growth factors known to be expressed by the lens,
including TGFβ1, TGFβ2, FGF2, PDGF, TGFα and BMP7 cannot
substitute for the lens in mouse optic cup cultures (Thut et al., 2001).
However, knockout of TGFβ receptor type 2 from neural crest cells
has implicated TGFβ2 released by the lens in the development of the
cornea and anterior eye structures, including the ciliary body (Ittner
et al., 2005). Although we have shown that beads soaked in retinoic
acid can rescue lens-removed eyes, no expression of any of the
genes essential for the second step in retinoic acid synthesis
(Raldh1, Raldh2 or Raldh3) were detected in the developing lens
(Fig. 4B), making it unlikely that retinoic acid is the lens-derived
signal. Further experiments will be required to establish the identity
of the lens-derived signal(s) and whether RDH10 is a direct target of
these signals.
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haemocytometer, cells were counted, two samples per eye, to calculate the
average number of cells within each retina (Fig. S2A).
Cryosectioning

Embryonic heads were fixed in 4% formaldehyde in PBS overnight
and cryo-protected in 30% sucrose in PBS. The heads were placed in the
desired orientation in a mould containing Cryo-M-Bed (TAAB) and frozen
at −20°C. Sections were cut at 25 µm on a cryostat (Leica) and mounted on
SuperFrost Plus slides (VWR). The slides were left to air dry overnight and
stored at −20°C.
In situ hybridisation

Frozen sections were thawed at room temperature, washed with PBT
(PBS+0.1% Tween-20; Sigma-Aldrich), post-fixed with 4% formaldehyde
in PBS for 20 min, washed with PBT and incubated in hybridisation
solution [50% formamide, 5× SSC (750 mM NaCl, 75 mM Na3Citrate
dihydrate at pH 4.5), 50 µg/ml tRNA, 1% SDS (sodium dodecyl sulphate),
50 µg/ml heparin] for 60 min at 65°C. Diluted riboprobes (15 µl/ml of
hybridisation solution) were added to each slide and hybridised overnight at
65°C. Slides were washed three times with 50% formamide, 5× SSC and 1%
SDS at 65°C, three times with 50% formamide and 2×SSC ( pH 4.5) at
60°C, washed with TBST (Tris-buffered saline+1% Tween-20) at room

temperature and blocked with 10% sheep serum in TBST. Slides were
incubated with anti-digoxigenin-AP fragments (Sigma-Aldrich; 1:2000 in
1% sheep serum in TBST) overnight at 4°C, washed extensively with TBST,
three times with NTMT [100 mM NaCl, 100 mM Tri-HCl ( pH 9.5),
50 mM MgCl2, 1% Tween-20] and incubated in colour reaction
[NTMT+337.5 µg/ml Nitrotetrazolium Blue chloride (NBT; SigmaAldrich)+175 µg/ml 5-bromo-4-chlor-3-indolyl-phosphate, 4-toludine salt
(BCIP; Sigma-Aldrich)]. Once the reaction was judged complete, the slides
were washed with PBS, post-fixed with 4% formaldehyde in PBS and
mounted in 90% glycerol in PBS.
To generate templates for the RALDH1-RALDH3 (ALDH1A1-3),
COL9A1, COL9A3, tenascin C (TNC), OTX1 and WNT2B riboprobes,
RNA was extracted from HH23 chicken eyes using the Qiagen RNeasy Mini
kit and cDNA synthesised using Superscript III (Thermo Fisher Scientific)
according to the manufacturers’ instructions. DNA fragments were isolated
by PCR (94°C for 5 min, 35 cycles of 94°C for 40 s, 55°C for 1 min, 72°C
for 90 s, followed by a final extension at 72°C for 5 min) and cloned into
pGEM-T Easy (Promega). The following primers were used: RALDH1
forward, TTGCAGAAGGTGACAAGGCA; reverse, ACCCTTGTTTCCCCATGGAC; RALDH2 forward, ATGCATCGGAAAGAGGCCAA;
reverse, CAGCTACCACCCAAAGTC; RALDH3 forward, TCTGAGGGGTTTGGAGGTGA; reverse, CACCACACTCCAGCTTAGCA; COL9A1
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Fig. 9. The lens regulates collagen II and collagen IX, but not tenascin C, protein localisation to the peripheral retina. (A) Sections of HH26 unoperated
contralateral control eyes imaged using bright-field or following immunofluorescent staining with antibodies specific for tenascin C, collagen II or collagen IX.
White arrowheads indicate protein localisation in the peripheral retina (presumptive ciliary body region). (B-G) Horizontal sections of unoperated contralateral
control eyes or eyes in which the lens was removed at HH23 and fixed 3, 6, 24 or 48 h later, and stained using antibodies specific for tenascin C (B,C), collagen II
(D,E) or collagen IX (F,G). Images are of the peripheral retina region indicated by the box in the bright-field image in A. Dotted lines indicate the outline of the retina.
L, lens; PR, peripheral retina; VC, vitreal cavity. Scale bars: 100 µm in A; 25 µm in B-G.
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Fig. 10. Retinoic acid regulates collagen IX synthesis in the peripheral retina. (A) Immunofluorescence for collagen IX on representative sections of
unoperated contralateral control eyes or eyes in which the lens was removed (LR) at HH23 and replaced with a bead soaked in 1% DMSO (vehicle control),
0.1 mg/ml retinoic acid or 1 mg/ml retinal and fixed 24 h later. Dotted lines indicate the outline of the retina. VC, vitreal cavity. (B) In situ hybridisation with probes
specific for COL9A1, COL9A3 or TNC (tenascin C) on sections of unoperated contralateral control eyes or eyes in which the lens was removed, removed and
replaced immediately, or replaced with a bead soaked in retinoic acid (0.1 mg/ml) and fixed 24 h later. Scale bars: 25 µm. (C) Schematic illustrating the proposed
lens-regulated mechanism controlling expansion of the eye. Signals from the lens maintain peripheral retina identity, including expression of RDH10 in the
presumptive ciliary body region (brown). RDH10 is required for production of retinoic acid, which, in turn, controls synthesis of vitreal collagens and eye expansion.
Further experiments will be required to establish whether retinoic acid regulates collagen production directly or acts in a paracrine fashion (dotted arrows).

forward, GATGGACAAGTCAGCAGGCTC; reverse, CCTTTTGGGCGCTTTACACG. GAPDH was used as a reference gene: forward, TGCTAAGGCTGTGGGGAAAG; reverse, CAGCAGCCTTCACTACCCTC). For
each sample, 3 µl of cDNA was added to a well of a 384-well plate followed
by 17 µl of the mastermix. Experiments were run using the SYBR-Green
384-I protocol on a LightCycler 480 Real-Time PCR machine. Results were
analysed using the Light Cycler software and Microsoft Excel. For each
sample, three independent wells were run. Results are the mean from three
independent experiments.
Immunofluorescence

Real-time PCR

RNA was extracted from chicken eyes using the Qiagen RNeasy mini kit
and cDNA prepared using the Superscript III first-strand synthesis system
(Thermo Fisher Scientific) according to the manufacturer’s instructions. The
final yield was diluted 1:5 with H2O. A master mix was prepared containing
for each sample SYBR Green 1 (10 µl; Sigma-Aldrich), H2O (5 µl) and the
relevant primers (2 µl of a 10 µM stock; RDH10 forward, GCACTGCTGGAGTAGAGGATT; reverse, CGGTGGAAGGAAAGGCTCAA; WNT2B

Frozen sections were thawed at room temperature, blocked with 10% goat
serum (Sigma-Aldrich), 0.2% Triton X-100 (Sigma-Aldrich) in PBS and
incubated in primary antibodies diluted in blocking solution overnight at 4°C.
The following antibodies were used: anti-islet1 and -islet2 (Developmental
Studies Hybridoma Bank 39.4D5, 1:50), anti-phosphohistone H3 (Millipore
06-570; 1:100), anti-collagen IX (Developmental Studies Hybridoma
Bank 2B9; 1:5), anti-collagen II (Developmental Studies Hybridoma Bank
II-II6B3; 1:50) and anti-tenascin C (Developmental Studies Hybridoma

11

DEVELOPMENT

forward, AGTCATTCTGGGTGCTCGTC; reverse, GGAGCTCACCACAACCTTCT; COL9A3 forward, AACTGGGTCCAAAAGGTGCT; reverse,
CCCATGCAAGCTGATGTGTC; TNC forward, AGACTGGCTGGGATGGTTTC; reverse, TCGGGTTCTGCCTCTGTTGTA; OTX1 forward,
CACCGCGCTGCCCTTCAACT; reverse, GTGCAGCCCAGGAGCGTCAG; WNT2B forward, CCCGCGGATTTGCCTTCCCT; reverse, TGGTCCAACCACTCGGCCCT. Other probes used were: TBX5 (Therapontos
et al., 2009), cVAX (a gift from Professor Paola Bovolenta, Center for
Molecular Biology Severo Ochoa, CSIC-UAM, Madrid, Spain.), BMP7
(Yang et al., 1997) and RDH10 (Reijntjes et al., 2010).
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Retinoic acid bioassay

Lenses were removed or removed and replaced immediately from HH23
chicken eyes and the eggs re-incubated for 24 h. Control and lens-removed
eyes were removed from the orbit and incubated in four-well plates (Nunc)
5 eyes/well in serum-free medium [DMEM/F12, 1% penicillin/streptomycin,
1% bovine serum albumin, ITS supplement (Sigma-Aldrich); 500 µl/well]
overnight. Sil-15 cells (a gift from Prof. Peter McCaffery, University of
Aberdeen, UK) were plated at a density of 80,000 cells/well in a 96-well plate
coated with 0.2% gelatine (Sigma-Aldrich) in PBS and incubated until
confluent. Medium conditioned by dissected eyes was added to the confluent
cells, 100 µl/well, and incubated overnight. On the same plate, a standard
curve of retinoic acid was included in triplicates at concentrations from 10−12.5
M to 10−7 M at 10−0.5 M intervals as positive controls. All wells were fixed in
1% gluteraldehyde (Sigma-Aldrich)/25 mM MgCl2 and washed with PBS.
Reaction solution [1 mg/ml X-gal, 5 mM potassium ferric-cyanide (SigmaAldrich), 5 mM potassium ferro-cyanide (Sigma-Aldrich), 2 mM magnesium
chloride; 100 µl] was added to each well and incubated at 37°C overnight. The
absorbance was read on an Emax microplate reader at 650 nm.
Image capture and analysis

Images of whole eyes were captured using a Nikon SMZ1500 microscope
with Nikon DS-SM camera. Images of immunofluorescence staining and
bright-field sections were captured using a Zeiss Axiophot microscope with
Nikon DXM1200 camera and ACT-1 software and SiL-15 cells using an
Evos XL microscope. For quantification of eye size, Image J (https://imagej.
nih.gov/ij/) was used to measure the horizontal and vertical diameters of
operated and control eyes and mean eye diameter calculated (Fig. 2B).
Phosphohistone-H3-positive mitotic cells were counted manually from
images of stained sections captured at 20×. Retinal length in each section
was measured using Image J and the number of labelled cells per mm of
retina calculated. To quantify the number of phosphohistone-H3-positive cells
within the peripheral retina, all labelled cells in the most peripheral 200 µm of
the retina were counted. Figures were prepared using Adobe Photoshop.
All data sets were analysed using the Shapiro-Wilk Normality Test and
found to be normally distributed. Statistical comparisons were made by oneway ANOVA with Tukey post-hoc analysis or Student’s unpaired t-test.
Acknowledgements
We thank Timothy Davies, William Garrett, Louis-Pierre Girard, Naseem Givzad,
Jennifer McClure and Katherine McLellan for assistance with experiments; Peter
McCaffery for providing the SiI-15 retinoic acid reporter cells and his advice on
designing the retinoic acid quantification assay; Veró nica Murcia-Belmonte for helpful
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