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Abstract

Heterozygous Bmp4 mutations in humans and mice cause severe ocular anterior segment
dysgenesis (ASD). Abnormalities include pupil displacement, corneal opacity, iridocorneal
adhesions, and variable intraocular pressure, as well as some retinal and vascular defects.
It is presently not known what source of BMP4 is responsible for these defects, as BMP4 is
expressed in several developing ocular and surrounding tissues. In particular, BMP4 is
expressed in the ciliary margins of the optic cup which give rise to anterior segment struc-
tures such as the ciliary body and iris, making it a good candidate for the required source of
BMP4 for anterior segment development. Here, we test whether ciliary margin-derived
BMP4 is required for ocular development using two different conditional knockout ap-
proaches. In addition, we compared the conditional deletion phenotypes with Bmp4 hetero-
zygous null mice. Morphological, molecular, and functional assays were performed on adult
mutant mice, including histology, immunohistochemistry, in vivo imaging, and intraocular
pressure measurements. Surprisingly, in contrast to Bmp4 heterozygous mutants, our anal-
yses revealed that the anterior and posterior segments of Bmp4 conditional knockouts
developed normally. These results indicate that ciliary margin-derived BMP4 does not have
a major role in ocular development, although subtle alterations could not be ruled out. Fur-
thermore, we demonstrated that the anterior and posterior phenotypes observed in Bmp4
heterozygous animals showed a strong propensity to co-occur, suggesting a common, non-
cell autonomous source for these defects.

Introduction

Ocular development requires precise interactions between the neuroepithelium, surface ecto-
derm, mesoderm and neural crest. These cell types work in concert throughout embryonic
and early postnatal development to form the multiple, specialized tissues of the eye [1,2].
Abnormalities in ocular tissue morphogenesis can lead to congenital diseases of both the ante-
rior and posterior eye [3]. Anterior segment dysgenesis (ASD) is defined by ocular defects
affecting the lens, cornea, iris, trabecular meshwork, ciliary body, and/or Schlemm’s canal [4].
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In the posterior segment, abnormalities in retinal development often present as retinal colo-
boma or optic nerve hypoplasia [3]. Genetic studies have provided great insight into the iden-
tity of several molecules that control ocular development and dysgenesis [5], though the
precise spatial and temporal function of many of these genes remains unclear. Furthermore,
we have yet to fully understand how the multiple molecular networks act in concert to regulate
specific inductive interactions between the diverse tissue types throughout eye development.

The Bone Morphogenic Protein (BMP) signaling pathway is involved in embryogenesis
throughout the body (reviewed in [6]). In the eye, BMP signaling is required for development
of the lens [7], ciliary body [8], and retina [9]. However, the specific spatiotemporal require-
ments of individual BMP ligands, receptors, and effector proteins are not yet fully understood.
In humans, haploinsufficiency caused by heterozygous Bmp4 mutations results in ASD and
retinal anomalies, at times occurring within the same eye of a patient [10,11]. Similarly, mice
heterozygous for a null allele of Brmp4 have multiple phenotypes characteristic of ASD, such as
irregular pupils, corneal haze, iridocorneal adhesions, and increased intraocular pressure [12].
Defects in the posterior segment are observed in these mice as well, including aberrant retinal
vasculature, optic nerve abnormalities, and disrupted retinal lamination [12]. Thus, analysis of
heterozygous mutations in both humans and mice indicate that BMP4 plays an important role
in ocular development, though in which tissue type(s) and at what developmental time points
BMP4 expression is required remains to be determined.

In the mouse, BMP4 is expressed early in the dorsal optic vesicle and subsequently in the
developing central and peripheral optic cup, which gives rise to retinal neuroblasts and the aque-
ous humor-producing ciliary body, respectively [7,13,14]. Recently, a report showed that prior to
optic cup formation, targeted deletion of Bmp4 in the optic vesicle using RxCre, led to a marked
decrease in retinal-specific genes, which were replaced by retinal pigmented epithelium markers
[9]. Importantly however, the early Bmp4 deletion also led to a failure of lens induction [9], consis-
tent with previous reports demonstrating that lens induction requires optic vesicle-derived BMP4
around embryonic day (E)9.0 [7,15,16]. The RxCre used in the prior study has additionally been
shown to be expressed in the lens, preventing a definitive conclusion as to which tissue is provid-
ing the required source of BMP4 [9,17,18]. Thus, because it has previously been shown that lens
induction must proceed normally to establish proper neural retinal cell fates [19-21], it is unclear
whether loss of neuroepithelial identity was caused directly by deletion of BMP4 in the optic vesi-
cle or whether it was caused secondarily by failure of lens induction.

Following optic vesicle invagination and lens induction, BMP4 is expressed in the optic cup
and in the ciliary margin, an embryonic tissue that gives rise to the ciliary body and iris
[7,8,14,20,22]. As these structures are often affected in ASD, we were interested in determining
whether BMP4 is critical for their development. Thus, to explore the role of BMP4 in the ciliary
margin, we conditionally deleted Bmp4 using two spatiotemporally targeted Cre recombinase
mouse lines expressed in the optic cup. At the time of deletion, lens formation has already
been induced [15], but ciliary epithelium and retinal cell fate determination have not yet
occurred [23,24]. Thus, our mouse models directly tested the role of BMP4 in optic cup-
derived tissues, in addition to possible non-cell-autonomous effects on neighboring structures.
To our surprise, optic cup-derived BMP4 was found to be dispensable for the formation of all
ocular tissues.

Materials and methods
Animals

All experiments were conducted in adherence with the Association for Research in Vision and
Ophthalmology’s statement on the use of animals in ophthalmic and vision research and were
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approved by the University of Rochester’s University Committee on Animal Resources. Mice
carrying a floxed allele of Bmp4 [25], aCre [19], Six3Cre [26], CMVCre [27], and Rosa26--
CAGTdtomato [28] have been previously described. Peripheral optic cup neuroepithelium-
specific conditional mutants were obtained by crossing animals carrying a.Cre; Bmp4"”* and
Bmp4™ genotypes. Central optic cup neuroepithelium-specific conditional mutants were
obtained by crossing animals carrying Six3Cre; Bmp4”* and Bmp4™" genotypes. All condi-
tional knockout animals were genotyped for the Bmp4 recombined allele, and those with
germline deletion were excluded from further analysis (S1 Fig). Crossing animals carrying a
ubiquitous, non-inducible CMVCre and Bmp4™ genotypes resulted in Bmp4 germline hetero-
zygous mutants. aCre, Six3Cre, CMVCre and Bmp4ﬂ/ﬂ were each maintained on a C57BL/6]
background (backcrossed >7 generations for aCre, >25 generations for Six3Cre, >25 genera-
tions for CMVCre, and >3 generations for Bmp4™/). Cre-negative littermates were used as
controls in each experiment. Established PCR protocols were used to genotype DNA samples
extracted from the toes of P7 pups with allele-specific primer sets. Mice were housed in a 12-hr
light/dark cycle and were fed chow and water ad libitum. Housing and handling of animals
was performed in accordance with the Association for Research in Vision and Ophthalmol-
ogy’s statement on the use of animals in ophthalmic research and approved by the Committee
on Animal Resources at The University of Rochester Medical Center.

Tissue processing and histology

Eyes were enucleated from adult mice and fixed in either 4% paraformaldehyde in 1XPBS for
two hours (for subsequent cryo-preservation) or 2.5% paraformaldehyde; 2% glutaraldehyde
in 1XPBS overnight (for subsequent plastic embedding). Prior to cryo-sectioning, the posterior
segment was removed below the limbus and the lens was extracted. Eyes were submerged in
30% sucrose in 1XPBS for two days, embedded in tissue freezing medium, sectioned at 14y
(HM550 Microm Cryostat), and prepared for immunohistochemistry. Eyes to be sectioned in
plastic were left intact after enucleation, dehydrated with a series of ethanol washes, embedded
in Technovit 7100 hardener (Kulzer), sectioned at 2.5u (HM 355S Automatic Microtome), and
stained with hematoxylin and eosin (Multiple Stain Solution, Polysciences). Retinas taken for
wholemounts were removed from the fixed eye and processed for immunohistochemistry.

Immunohistochemistry

For sections, 14 pm cryo-sections were blocked for two hours with 10% horse serum in 0.1%
Triton-X in 1XPBS followed by primary antibody staining with mouse anti-a-smooth muscle
actin (Chemicon International; 1:100) overnight at 4° C. A secondary antibody conjugated
with Alexa Fluor 488 (Donkey anti-Mouse Alexa 488, Thermo Fisher Scientific; 1:1000) was
used the following day for two hours at room temperature. Three 1XPBS washes were per-
formed between antibody incubations. Retinal wholemounts were blocked overnight with 10%
horse serum in 0.1% Triton-X in 1XPBS followed by primary antibody staining with mouse
anti-TUJ1 (Covance; 1:1000) for three nights at 4° C and incubation in Alexa Fluor 488 sec-
ondary antibody for two nights at 4° C. Following staining, wholemounts were cut allowing
retinas to lie flat with the inner nuclear layer facing up. All fluorescent images were visualized
and photographed on a Zeiss M1 Epifluorescent microscope with Axiovision software. Cell
counts on retinal wholemounts were performed as described previously [29].

In situ hybridization

Perinatal heads (P1) were fixed in 4% paraformaldehyde in 1XPBS for 24 hours, then sub-
merged sequentially in 10%, 20%, and 30% sucrose, each for 24 hours at 4° C prior to
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embedding in tissue freezing medium. Heads were sectioned at 14 and processed using
digoxygenin (DIG)-labeled antisense probes (as described previously [30]) followed by enzy-
matic detection according to manufacturer’s protocols (Roche). The Bmp4 plasmid was kindly
provided by Dr. Rulang Jiang [31].

In vivo imaging

Imaging of the anterior segment was performed on awake mice using a slit lamp biomicro-
scope (Topcon) equipped with digital camera (Nikon). Photographs of the retinal vasculature
were obtained with a Micron III mouse retinal imaging system (Phoenix Research Labs). Mice
were first anesthetized with an intraperitoneal injection of ketamine/xylazine mix (5uL/g) and
then injected with fluorescein (25% Fluorescein Sodium; 0.2uL/g) immediately prior to fundus
angiography.

Intraocular pressure measurement

IOP measurements were obtained with a TonoLab tonometer. IOP was taken approximately 3
minutes after anesthesia administration (intraperitoneal injection of ketamine/xylazine mix
(5uL/g)) as previously described [32].

Optic nerve wholemount

Adult animals were euthanized and decapitated, and heads were submerged in pre-filled buft-
ered 10% formalin containers (Fisherbrand) overnight. The next day, brains were dissected
with optic nerves kept intact, and photographed under a dissection microscope using an
iPhone 6S camera.

Statistical analysis

P values < 0.05 were considered significant for all experimental analysis. Graphpad Prism was
used for statistical analysis and graph production. One-way ANOVA’s were performed on
IOP measurements and retinal ganglion cell counts followed by Tukey’s post-hoc analysis to
perform multiple comparison tests. Experimenters were masked to genotype during quantifi-
cation of retinal ganglion cell density. Standard error of the mean was used to define error bars
in all graphs. Cre negative controls from each strain did not differ from one another in IOPs
or cell counts, and were thus pooled for analysis.

Results

Ciliary margin Bmp4 ablation

Chang et al. previously examined Bmp4 heterozygous null mice on multiple genetic back-
grounds and found that only those on a C57BL/6] background consistently presented with
ASD phenotypes [12]. Thus, to ensure our mice were on the same C57BL/6] background for
direct comparison to the haploinsufficient Bmp4 mouse model, the Bmp4 floxed allele and all
Cre alleles were backcrossed between 3 and 7 generations onto the C57BL/6] genetic back-
ground prior to experimental crosses (see methods). In order to examine the role of BMP4 on
anterior segment formation, without affecting lens induction [9,15,33], Bmp4 was deleted
from the ciliary margin of the optic cup using a Cre recombinase driven by the peripheral ret-
ina-specific regulatory element “o” of the murine Pax6 gene (referred to as aCre*; Bmp4™".
From the onset of its expression at E10.5 through early postnatal ages, aCre is expressed in the
peripheral optic cup neuroepithelium [34]. To ensure this was the case in our hands, aCre
mice were also bred to a Rosa26-CAGTdtomato reporter mouse. At postnatal day (P) 3, aCre-
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aCre*; tdTomato

Cre negative control

aCre*; Bmp4™

Fig 1. Bmp4 is efficiently removed from the ciliary margin in conditional knockouts. Strong reporter expression is driven by aCre in the
ciliary body of P3 mice with spotty tdTomato expression observed in the central retina (A, A’, A”). Cre negative controls display no reporter
expression throughout the retina (B, B’, B”). Sections of P1 WT and aCre*; Bmp4™" mice were hybridized with a probe specific for Bmp4. In
WT eyes, Bmp4 mRNA (blue) is present in the developing ciliary body (C, C’). No signal is detected in the ciliary body of conditional mutants
(D, D). [Note: Bmp4 mRNA expression in the central retina is much less robust than in the ciliary body, and was barely detectable in these
experiments.] n = 3 was used per genotype per experiment. Dashed boxes in (A), (B), (C), and (D) are enlarged in panels to the right.
Consecutive sections are displayed in C and C’ as well as D and D’ due to processing artifacts. Scale bars represent 200um in (A, B, C, D), and
100um in all other panels.

https://doi.org/10.1371/journal.pone.0197048.9001

induced reporter expression was observed in the developing ciliary body (Fig 1A”) with patchy
expression in the central retina (Fig 1A’) in aCre*; Rosa26-CAGTdtomato™; mice. No reporter
expression was observed in Cre-negative littermate controls (Fig 1B-1B”).

To assess deletion efficiency in the aCre*; Bmp4™' conditional mutants, in situ hybridiza-
tion was performed using a probe specific to the floxed region of the Bmp4 allele [31]. At P1,
Bmp4 mRNA was detected in the ciliary margin of controls (Fig 1C and 1C’), but absent in
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aCre*; Bmp4™ conditional mutants (Fig 1D and 1D’), indicating efficient deletion by the
oCre allele. Additionally, genotyping analysis of tail and retinal/ciliary body DNA confirmed
Bmp4 was removed from the neuroepithelial tissue in aged conditional knockouts, but had not
undergone Cre-mediated germline recombination (S1 Fig).

Expression of BMP4 in the ciliary margin of the optic cup is not critical for
anterior segment development or IOP regulation

Several groups have associated aberrant BMP4 activity with ASD phenotypes [10,12,35]. How-
ever, the spatiotemporal requirements of BMP4 for the morphogenesis of specific anterior
segment structures are unknown. To compare the eyes of aCre"; Bmp4™ mice to Bmp4 hetero-
zygous mice displaying known ASD phenotypes, a ubiquitous CMVCre was crossed to the
Bmp4™" mouse to create a germline heterozygote (referred to as Bmp4™'™). Severe ciliary body
dysgenesis is commonly detected in Bmp4 heterozygous mice [12], thus it seemed likely that
BMP4 expression in the ciliary margin [14] was necessary for ciliary body development. In addi-
tion, because BMP4 is a secreted molecule, it is possible that it is required for nearby tissues
such as the trabecular meshwork and cornea, which often fail to develop properly in Bmp4®'*
mice. The ASD phenotypes observed by Chang et al. were phenocopied in our Bmp4®* mice:
including corneal opacity, iris hypoplasia, displaced pupils, and iridocorneal adhesions (Fig 2B
and 2D). Adult aCre™; Bmp4ﬂ "M mice and their littermate controls (>P35) were assessed using
in vivo slit-lamp analysis in order to detect any obvious structural or functional defects and to
compare them to the eyes of similarly aged Bmp4** mice. Surprisingly, while approximately
75% of Bmp4”"* mouse eyes demonstrated ASD-associated defects, analysis revealed no overt
ASD phenotypes in aCre*; Bmp4™" mice as compared to controls (Fig 2A-2D).

To determine whether there were morphological defects that could not be detected by slit
lamp examination, we prepared hematoxylin and eosin (H&E) stained semi-thin plastic sec-
tions of control, Bmp4*'*, and aCre*; Bmp4"" adult mice (Fig 3A-3C). Similar to the slit lamp
findings, histological examination revealed no detectable abnormalities in the aCre*; Bmp4™"
mutants (Fig 3C), in contrast to the Bmp4®’* mutants, which often displayed an underdevel-
oped ciliary body, closed iridocorneal angle, and lack of trabecular meshwork and Schlemm’s

WT Bmp4~*+

aCre*; Bmp4™

D WT Bmp4~* aCre*; Bmp4f
Normal 64/64 13/50 43/44
ASD 0/64 37/50 1/44

Fig 2. Loss of ciliary margin-derived BMP4 does not cause overt ASD. Slit lamp photographs show multiple ASD
phenotypes in Bmp4*’* mice, including iris hypoplasia shown in (B), however aCre"; Bmpﬁﬂ mice (C) are
indistinguishable from controls (A). The total number of eyes examined for each strain is indicated in the table below
(D). ASD was characterized as the presence of one or more of the following: iris hypoplasia, iridocorneal adhesion,
corneal opacity, corneal neovascularization, displaced pupils, cataracts, microphthalmia, and anophthalmia. One
aCre*; Bmp4™ mutant displayed slight pupillary displacement (D), however minor ASD is also occasionally observed

in wild-type animals on the C57BL/6] background.
https://doi.org/10.1371/journal.pone.0197048.g002
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Fig 3. Tissues involved in IOP regulation do not require ciliary margin-derived BMP4. Semi-thin plastic sections of Brmp

stained with H&E show several morphological abnormalities including a hypoplastic ciliary body (arrow #1), trabecular meshwork (arrow

#2), and iris, and an absence of Schlemm’s canal (arrow #3; B). Note normal morphol:/“gy of ciliary body (double arrowhead), iridocorneal
/fl

A
4" eyes

angle (solid arrowhead), and Schlemm’s canal (asterisk) in WT as well as aCre*; Bmp4™” eyes (A, C; n = 3 per genotype). Note there is
some variability in the appearance of ciliary processes and the extent of visible Schlemm’s canal in both WT and aCre*; Bmp4™ mice,
however both represent normal iridocorneal angles. Extensive expression of a-SMA is observed in the trabecular meshwork (white
brackets) of WT and aCre*; Bmp4"" mice (D, F), whereas a smaller area of immunostaining is noted in Bmp4*'* mice (E; n = 3 per
genotype). There was no significant difference between IOP measurements in adult mice between any of the three groups (G; WT n = 37,
oCre™; Bmp4ﬂ/ﬂn =22m,p =0.8237; WI'n =37, Bmp4‘\/+ n = 26; one-way ANOVA, p = 0.0502). Means and SEM are displayed. Scale bars

in (A-F) represent 100um.
https://doi.org/10.1371/journal.pone.0197048.9g003
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canal (Fig 3B). To examine the trabecular meshwork more closely, frozen sections of the ante-
rior segment were stained for a-SMA, a marker for trabecular meshwork cells [36,37]. This
analysis revealed no differences in the staining between controls and aCre*; Bmp4™ mutants
(Fig 3D and 3F), whereas in Bmp4”/* mutant eyes, a smaller domain of o-SMA was frequently
observed (Fig 3E). The trabecular meshwork is a critical tissue for maintaining intraocular
pressure (IOP) in healthy eyes. Increased IOP is often observed in children with ASD and is a
leading risk factor for adult-onset open angle glaucoma [38]. Similarly, in congenital glaucoma
which is frequently categorized as an ASD subtype, IOP is elevated due to a physical blockage
of aqueous humor drainage [39]. Thus, in addition to histological examination of the tissues
required for IOP regulation, it was also important to assess their collective functional output.
IOP measurements were performed on adult aCre*; Bmp4™/ mice, Bmp4** mice, and litter-
mate controls from both strains (average ages +/- SEM: aCre*; Bmp4""' = 3.5 +/- 0.56 mos;
Bmp4™* mice = 3.9 +/- 0.61 mos; pooled wild-type controls = 4.1 +/- 0.48 mos). No significant
differences in IOP were observed between any of the groups (Fig 3G; aCre*; Bmp4™'n = 22,
Bmp4A/ "n =26, Cre controls n = 32, p>0.05). Taken together, these results indicate that dele-
tion of Bmp4 in the ciliary margin does not disrupt anterior segment development or function.

Ablation of Bmp4 from the central optic cup neuroepithelium does not
disrupt posterior segment development

Although BMP4 did not appear to be involved in formation of the anterior segment, it
remained possible that because there have been reports of BMP4 expression within the retina
at multiple time points, and because Bmp4”* mutants also display posterior defects, BMP4
derived from the central optic cup neuroepithelium could be necessary for retinal differentia-
tion and optic nerve development [13,40]. Since aCre" has limited recombination efficiency in
the central retina (Fig 1A” and [33,41]), we additionally employed Six3Cre (regularly used by
our group [29,32,42] and many others for retinal-specific conditional deletion) to remove
Bmp4 in the central optic cup neuroepithelium (S2 Fig). This conditional knockout (referred
to as Six3Cre*; Bmp4™" also provided further confirmation of the aforementioned anterior
segment findings, as it yields modest deletion of Bmp4 mRNA in the ciliary margin (S2 Fig).
Similar to our anterior segment methodology, adult aCre*; Bmp4™™ and Six3Cre*; Bmp4™"
mice were examined to detect any retinal defects in the mature posterior segment. Adult mice
heterozygous for the Bmp4 null mutation display abnormalities in retinal lamination, optic
nerve formation, and retinal vasculature [12]. We found similar abnormalities within our
Bmp4™* mice, which often exhibited disruptions in all retinal layers (Fig 4B) and optic nerve
malformation (Fig 5B and 5E). We also found a significant decrease in retinal ganglion cell
density (Fig 4F and 4M; Bmp4”* n = 12, Cre controls n = 17, p<0.0001) and misdirected
axon targeting (Fig 4]) in the majority of heterozygotes, not previously reported.

Unlike the Bmp4®* mutants, however, the posterior segments of both aCre*; Bmp4™" mice
and Six3Cre"; Bmp4™"" mice displayed normal morphology. In both conditional mutants,
H&E stained plastic sections showed proper retinal lamination (Fig 4C and 4D), retinal whole-
mounts stained with TUJ1 revealed normal retinal ganglion cell density (Fig 4G, 4H and 4M;
aCre*; Bmp4""'n = 9, Six3Cre*; Bmp4""'n = 10, Cre controls n = 17, p>>0.05), and retinal gan-
glion cell axons were appropriately targeted to the optic disc (Fig 4K and 4L).

To examine the optic nerve morphology after exiting the eye, brains from each group were
removed to examine the optic nerves in wholemount (n = 8 per genotype). Bmp4*/*
often show an absence of one or both optic nerves (Fig 5B and 5G), whereas in contrast,
Six3Cre*; Bmp4™" mice displayed normal optic nerve formation (Fig 5C and 5G). The eyes
corresponding to each nerve were analyzed by plastic histology to more closely assess the

mice
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Fig 4. Optic cup neuroepithelium-derived BMP4 is dispensable for retinal formation. Bmp4”* mice display abnormalities in retinal
lamination (arrow) (B), retinal ganglion cell density (F, M), and retinal ganglion cell axonal targeting (J). Retinas of both aCre"; Bmp4ﬂ/ﬂ
mice and Six3Cre*; Bmp4™ conditional mutants developed normally. Plastic sections show proper retinal lamination (C, D). Retinal
wholemounts stained with TUJ1 reveal both normal retinal ganglion cell density (G, H, M) as well as proper axon targeting to the optic disc
(OD) (K, L). n = 4 per genotype was used for plastic sections. One-way ANOVA analysis revealed a significant difference in retinal
ganglion cell counts between Bmp4”* mice (n = 12) and all other groups (* p<0.0001). Neither aCre*; Bmp4™ (n = 9; p = 0.986) nor
Six3Cre*; Bmp4™ (n = 10, p = 0.8026) retinal ganglion cell counts differed from WT controls (n = 17). Note: the top two data points in the
Bmp4™”* column represent retinas from eyes with normal phenotypic appearance prior to sacrifice. Means and SEM are displayed. Scale
bars in (A-L) represent 100pum.

https://doi.org/10.1371/journal.pone.0197048.g004
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configuration of the optic nerve head. The axons of retinal ganglion cells appropriately coa-
lesced to form the optic nerve and exit the eye in controls as well as in Six3Cre*; Bmp4™"
mutants (Fig 5D and 5F). However, the retinal ganglion cell axons of some Bmp4** mice failed
to establish a normal optic nerve and thus did not exit the eye (Fig 5E). Three of the nine
brains examined, however, displayed two normal optic nerves (Fig 5G), as seen in both whole-
mount and section (images not shown).

An additional cohort of mice underwent fluorescein angiography to visualize retinal vascu-
lature patterning. Fundus images revealed several abnormalities in Brp4®/*
vessel leakage, vessel protrusion into the vitreous, and overlapping vessels (Fig 6B), previously
reported by Chang et al [12]. The vasculature of aCre*; Bmp4"" and Six3Cre*; Bmp4™/
mutants was indistinguishable from controls (Fig 6C-6E).

mice, including

Anterior and posterior dysgenesis are linked in Bmp4 heterozygous mice

Several Bmp4**

to be anatomically and quantitatively normal. This raised the interesting question of whether
the anterior and posterior phenotypes in the Bmp4** mice correlate with each other, or alter-
natively occur independently. Thus, we assessed an additional cohort of Bmp4*'*
rior and posterior phenotypes via slit lamp, fluorescein angiography, and gross histology on a
per eye basis. Intriguingly, we found a 100% correlation between anterior and posterior pheno-
types in Bmp4 heterozygous mice. Each eye examined either had both anterior and posterior
segment abnormalities, or had no defects in either segment (Fig 7). Slit lamp images displaying

mice in both the anterior segment and posterior segment analyses appeared

eyes for ante-

Bmp4~*+

Six3Cre*; Bmp4™

0 _u

G WT Bmp4~* Six3Cre*; Bmp4™f
2 Nerves 9/9 3/9 8/8
0-1 Nerves 0/9 6/9 0/8

Fig 5. Central optic cup neuroepithelium-derived BMP4 is not required for optic nerve formation. Control animals display normal

gross optic nerve and optic chiasm morphology (A), as well proper axonal exit at the optic nerve head shown in plastic sections (D).

Bmp4”™"" mice are often missing one (arrow) or both nerves (B), and retinal ganglion cell axons do not properly exit the eye (E). Optic

nerves of Six3Cre*; Bmp4™" mice appear indistinguishable from controls (C, F). The total number of brains examined for each strain is
shown in the table below (G). At least 4 eyes per genotype were sectioned for histology. Scale bars in (D-F) represent 100p.

https://doi.org/10.1371/journal.pone.0197048.9005
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Bmp4~+

aCre* Bmp4™

Six3Cre* Bmp4™

WT Bmp4* aCre*; Bmp4f/f Six3Cre*; Bmp4if
Normal Vessels 24/24 5/28 10/10 14/14
Abnormal Vessels 0/24 23/28 0/10 0/14

Fig 6. The retinal vasculature is properly organized following loss of optic cup neuroepithelium-derived BMP4. Fundus exams
using fluorescein angiography reveal highly abnormal vasculature patterning in Bmp4®* mice (B), however all aCre*; Bmp4™" and
Six3Cre*; Bmp4"" mutants examined display normal vasculature formation (C, D). The total number of eyes examined for each strain
is shown in the table below (E). Abnormal vessels were defined as blood leakage, irregularly arranged retinal capillaries, and vessel
protrusion into the vitreous body.

https://doi.org/10.1371/journal.pone.0197048.9006

ASD phenotypes such as iris hypoplasia, pupil displacement, and corneal opacity (Fig 7A-7C)
were always predictive of abnormal retinal vasculature observed in fundus examination (Fig

7A’-7C), as well as the absence of that optic nerve (Fig 7A”-7C”). Conversely, animals with

normal anterior segments in vivo (Fig 7D) displayed proper retinal vasculature patterning (Fig
7D’) and the presence of that optic nerve (Fig 7D”). An additional cohort of Bmp4®’* animals
was assessed with both in vivo imaging and plastic histology, further confirming that anterior
and posterior phenotypes are correlated, with dysgenesis often occurring in only one eye of a
mutant (Fig 7F-7G™). These results suggest a linkage between anterior and posterior defects,

and may indicate a common origin of these abnormalities.

Discussion

The present study has demonstrated that from the optic cup stage on, retinal neuroepithelium-
derived BMP4 does not play a critical role in the development of the mouse eye. We analyzed
both anterior and posterior segment tissues in the eyes of aCre*; Bmp4™"and Six3Cre*;
Bmp4™" mutant mice. Despite reported embryonic BMP4 expression in the ciliary margin and
retinal neuroepithelium throughout development, as well as severe dysgenesis in Bmp4 hap-
loinsufficient mice, targeted Bmp4 ablation from the peripheral and central optic cup neuroe-
pithelium had no major deleterious effects on the formation of the anterior segment, retina,
optic nerve, or retinal vasculature.

Previously, we found evidence suggesting BMP signaling was involved in ciliary body for-
mation. In outer ciliary epithelium-specific Notch2 knockout mice, the ciliary body failed to
develop and increased levels of BMP inhibitor mRNA were noted [43]. Furthermore, the addi-
tion of a Chrdll, a pan BMP inhibitor, resulted in misfolding of the ciliary epithelium [43]. The
most likely ligand to mediate this signaling is BMP4, given its expression in the embryonic cili-
ary margin and developing ciliary body [7,8,14,20,22]. In addition, loss of one copy of Bmp4
was reported to cause defects in the ciliary body [12]. To our surprise however, deletion of
both copies of Bmp4 specifically within the ciliary margin of the optic cup did not affect ciliary
body formation. This finding does not necessarily contradict previous evidence suggesting
BMP signaling is required for proper ciliary body development [8,14,43]—only that optic cup-
derived BMP4 is not the required molecular mediator.
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Fig 7. Anterior and posterior abnormalities occur concurrently or not at all. Slit lamp images, fundus exams, and gross optic nerve
morphology was assessed sequentially in 42 eyes of Bmp4®* mice. 30/42 eyes displayed each of the following: ASD, abnormal vasculature,
and absence of an optic nerve (A-C, A’-C’, A”-C”). The remaining 12 eyes appeared normal in each category (D-D”). None of the eyes
examined presented with only anterior segment dysgenesis or only posterior segment dysgenesis (E). An additional cohort (n = 6 eyes; 3
phenotypically abnormal and 3 with phenotypically normal based upon in vivo imaging) was assessed with plastic histology following slit
lamp and fundus examination. Representative images from the same animal illustrate that the phenotypic presentation of the anterior
segment (F, G) always predicts the presence or absence of morphological disruption in the posterior segment (F”, F’*, G”, G™). Arrows
represent: hypoplastic ciliary body (#1, F’), iridocorneal adhesion (#2, F’), persistent hyaloid vasculature (#3, F”), disrupted retinal
lamination (#4, F”), and obstructed optic nerve exit (#5, F). Scale bars represent 100

https://doi.org/10.1371/journal.pone.0197048.9007

In order to assess whether other anterior segment structures might be affected by ciliary
margin-specific loss of BMP4, we examined the gross morphology of the cornea, trabecular
meshwork, and Schlemm’s canal. Though not specifically expressed in these tissues, the
secreted nature of BMP4 could elicit critical downstream effects on proximate tissues. How-
ever, each of these structures was histologically normal in aCre*; Bmp4™" mutants. No histo-
logical defects were observed in the cornea, lens, or iris, consistent with the slit lamp analysis
in vivo. Additionally, functional readout of the structures required for IOP regulation (ciliary
body, trabecular meshwork, and Schlemm’s canal) showed no statistical difference between
mutants and controls, or among mutants over time. This too correlated with histological find-
ings—evidenced by normal morphology and a standard expression pattern of the mature tra-
becular meshwork marker, o-SMA, in aCre*; Bmp4"/ mice. However, as histological analysis
was not performed at the EM level, it is possible that subtle defects in the iridocorneal angle tis-
sues were present but not detected. It is also worth considering that the anterior segment struc-
tures in aCre*; Bmp4™" and Six3Cre*; Bmp4™ mice may be more susceptible to cellular stress
or aging due to subtle developmental defects and/or a requirement of ciliary body-derived
BMP4 to maintain proper function. Thus, aged mice might have a greater propensity for
impaired aqueous outflow and ocular hypertension. Since all mice examined were young (3-4
months old) we cannot rule out this possibility. In the future, it will be important to age these
mice to fully assess the role of ciliary body-derived BMP4 in anterior segment physiology.

It was also surprising to find a complete lack of retinal dysgenesis in both aCre*; Bmp4™"
and Six3Cre"; Bmp4"" adult mice, given the extensive defects seen in Bmp4 haploinsufficient
mutants. BMP4 is expressed in retinal neuroblasts, and levels of retinal Bmp4 mRNA are dras-
tically reduced in a mouse model of photoreceptor degeneration [13,40]. We showed—consis-
tent with Chang et al [12]—that somatic Bmp4 haploinsufficiency resulted in several retinal
defects including aberrant retinal lamination, optic nerve abnormalities, and improper retinal
vasculature arrangement. Unreported by Chang et al [12] however, was our discovery of a
quantified reduction in retinal ganglion cell density and impaired axon targeting in the major-
ity of Bmp4 heterozygotes. However, upon analysis of both conditional knockouts, no retinal
irregularities were detected. As with the anterior segment analysis, aged and/or stressed ani-
mals were not examined in this study. Therefore, it remains an open question whether retinal
phenotypes could emerge following stressors such as aging, neuronal injury, or the presence of
disease that affects RGCs (e.g. diabetic retinopathy or glaucoma).

It is possible that optic cup ablation of Bmp4 can be compensated for by BMP2 or BMP7, as
these ligands have similar expression patterns in the optic cup and ciliary margin respectively
[13,22,44,45]. BMP7 supplementation can rescue ciliary body defects elicited by addition of
the BMP inhibitor, Noggin, and thus may play a distinct or cooperative role in ciliary body
morphogenesis [44]. Additionally, compound heterozygous mice for Bmp4 and Bmp2 present
with microphthalmia and retinal degeneration [46]. This possibility seems unlikely, however,
considering genetic compensation by other BMP ligands does not prevent the dysgenesis
observed in optic vesicle-depleted Bmp4 conditional mutants or in Bmp4®* mice [9,12].
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Genetic background can also play an important role in phenotypic penetrance [47-49].
Because Chang et al determined that ocular abnormalities in Bmp4™*
tently present on the C57BL/6] background, we sought to ensure the background strain was
consistent when comparing our conditional and haploinsufficient mutants. All aCre*; Bmp4"”
. Six3Cre*; Bmp4™", and Bmp4®’* mice examined in the present study were backcrossed for at
least three generations onto C57BL/6]. Since no anterior or posterior segment abnormalities
were observed in the conditional mutants, we are confident that the developmental ASD and
retinal defects detected in Bmp4 haploinsufficient mice on the C57BL/6] background are not
due to the loss of optic cup neuroepithelium-derived BMP4. Interestingly, Van der Merwe &
Kidson showed that nearly half of the Bmp4 heterozygous null mice they examined on an ICR
background (a strain absent from Chang and colleagues’ study) displayed missing portions of
Schlemm’s canal [35], suggesting that ASD phenotypes caused by Bmp4 mutations are not
exclusive to C57BL/6] mice. The identification of strain-dependent phenotypic penetrance, as
well as possible genetic modifiers of BMP4, requires additional study.

Our data rule out an essential cell-autonomous role of BMP4 in the optic cup, despite well-
documented expression in the ciliary margin and retinal neuroepithelium [7,13,20]. The lack
of an ocular phenotype in our conditional mutants is surprising given that loss of only one
copy of Bmp4 causes widespread ocular defects in the heterozygous mice. Previous studies
have demonstrated that BMP4 is required at the optic vesicle stage for retinal specification
and/or lens-induction [9]. Thus, the ocular phenotypes arising in the Bmp4 heterozygous
mutants could result from a reduction of BMP4 at the optic vesicle stage, or from a diminished
source of BMP4 outside the optic cup. It is currently unclear which tissues outside the optic
cup could be providing a critical source of BMP4. It is possible that subtle defects in lens induc-
tion arising from insufficient expression of BMP4 intrinsically in the lens or extrinsically in the
optic vesicle might contribute to the later anterior and posterior segment abnormalities in the
affected Bmp4™'* eyes; however, we did not observe any overt lens malformation in our analy-
sis of these mice. BMP4 is also expressed in the ocular mesenchyme [7,22,50], which is well
established in contributing to ASD phenotypes (reviewed in [2]), although how mesenchymal
BMP4 could affect the posterior segment is less clear. Additional work should investigate the

mice were most consis-

role of retinal vascular endothelial cells as a critical source of BMP4 as well [51]. Overall our
studies have established that BMP4 is not required cell autonomously in the optic cup for sub-
sequent physiological eye development. Further studies should reveal whether there is a yet
unidentified source of BMP4 that is critical for ocular morphogenesis.

Supporting information

S1 Fig. PCR validation. Germline deletion does not occur in conditional knockouts. Genotyp-
ing results show presence or absence of Cre, Bmp4flox, WT, and Bmp4 recombined alleles in
DNA extracted from the tail and the retina of adult WT mice, aCre*; Bmp4" mice, Six3Cre*;
Bmp4™"" mice and mice heterozygous for a null allele of Bmp4. Note the absence of the deleted
band in tail DNA from aCre*; Bmp4™" mice and Six3Cre*; Bmp4™" mice, indicating germline
recombination had not occurred.

(TIF)

S2 Fig. Six3Cre recombination efficiency. Bmp4 is efficiently removed from the central retina
in Six3Cre-mediated conditional knockouts. TdTomato reporter expression driven by Six3Cre
is detected throughout the central retina (A, A’) and sporadically in the peripheral retina and
ciliary body (A, A”) in P3 mice. No reporter expression is seen in Cre negative controls
(B-B”). Brackets denote ciliary body. (C-D”) Sections of P1 WT and Six3Cre*; Bmp4™" mice
were hybridized with a probe specific for Bmp4. In WT eyes, Bmp4 mRNA is present at low
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levels throughout the central retina (C, C’) and robustly in ciliary body (C”). Bmp4 mRNA is
absent in the retina of Six3Cre™; Bmp4ﬂ/ﬂ mice (D, D’) and reduced in the ciliary body (D”).
Arrows point to ciliary body. n = 3 per genotype per experiment. Dashed boxes in (A), (B),
(C), and (D) are enlarged in panels to the right. Different sections from the same eye are
shown in C-C” as well as D-D” due to sectioning/processing artifacts. Scale bars represent
100pm in all panels.

(TIF)
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