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Bmp signaling is required for development of primary lens fiber cells
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SUMMARY

We have investigated the role of Bmp signaling in lens vesicle at E12.5. Despite the distinctions between the
development of the mouse lens using three experimental transgenes, they caused primary fiber cell differentiation
strategies. First, we have shown that the Bmp ligand defects that were essentially identical, which implied that
inhibitor noggin can suppress the differentiation of the equatorial lens vesicle cells were responding to Bmp
primary lens fiber cells in explant culture. Second, we have signals in permitting primary fiber cells to develop.
expressed a dominant-negative form of the type 1 Bmp Importantly, E12.5 equatorial lens vesicle cells showed cell-
family receptor Alk6 (Bmprlb - Mouse Genome surface immunoreactivity for bone-morphogenetic protein
Informatics) in the lens in transgenic mice and shown that receptor type 2 and nuclear immunoreactivity for the
an inhibition of primary fiber cell differentiation can be active, phosphorylated form of the Bmp responsive Smads.
detected at E13.5. Interestingly, the observed inhibition of This indicated that these cells had the machinery for Bmp
primary fiber cell development was asymmetrical and signaling and were responding to Bmp signals. We conclude
appeared only on the nasal side of the lens in the ventral that Bmp signaling is required for primary lens fiber
half. Expression of the inhibitory form of Alk6é was driven  cell differentiation and, given the asymmetry of the
either by the aA-cystallin promoter or the ectoderm  differentiation inhibition, that distinct differentiation
enhancer from the Pax6 gene in two different transgenes. stimuli may be active in different quadrants of the eye.
These expression units drive transgene expression in

distinct patterns that overlap in the equatorial cells of the  Key words: Bmp, Mouse, Len8Jk6

INTRODUCTION Chamberlain, 1989; Robinson et al., 1995a; Robinson et al.,
1995b; Stolen and Griep, 2000), and the Igfl pathway that can
The mature lens is a polarized structure consisting of a mitotiegulate fiber cell differentiation in the chick (Beebe et al.,
epithelial layer that covers the anterior surface and terminall¥980; Beebe et al., 1987) and epithelial cell proliferation in the
differentiated lens fiber cells that occupy the interior volumemouse (Shirke et al., 2001). Involvement of PBGlkgands
and the posterior surface. In 1963, it was shown that if the lems lens development has recently been uncovered by the
of a chick embryo was removed and rotated 180° so that ttetenuated fiber cell differentiation phenotype observed when
epithelial layer faced the retina, it would completely repolarizea dominant-negative TG#receptor is expressed in the lens (de
over a few days (Coulombre and Coulombre, 1963). Thisongh et al., 2001).
implied that all of the signals necessary for the establishment Several bone morphogenetic protein (Bmp) family ligand
of lens polarity are present in the ocular media. Since thigenes are expressed during early development of the eye. These
experiment, the identity of lens polarization signals has beeincludeBmp4andBmp7(Furuta and Hogan, 1998; Wawersik
of interest. et al., 1999), each of which is believed to play an important
One element of lens polarization is the differentiation of theearly role. Bmp7 has a role in lens induction (Wawersik et
lens fiber cells that express crystallin proteins and impart thal., 1999) where it cooperates with Fgf receptor signaling
features of transparency and refractility (McAvoy, 1978).(Faber et al., 2001). Bmp4 has also been implicated in lens
Evidence that fiber cell differentiation signals have their origirdevelopment and differentiation as it is genetically upstream of
in the retinal cup comes from experiments showing that rotateflox2 (Wawersik et al., 1999), a transcription factor that
mouse lenses are only able to repolarize in the presence refjulates expression of crystallin genes (Kamachi et al., 2001).
retinal tissue (Yamamoto, 1976). Several signaling pathwayBheBmpd4transcript is present in both the presumptive lens and
have been implicated in the regulation of lens polarity. Thespresumptive retina but is expressed predominantly in the dorsal
include the Fgf signaling pathway, which is important foroptic cup as primary fiber cell differentiation begins at E11.5
fiber cell differentiation (Chow et al., 1995; McAvoy and (Furuta and Hogan, 1998). Within the lens linedgmp7is
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expressed in the presumptive lens ectoderm, lens pit and leperaformaldehyde at 4°C. Antisense RNA probes were labeled with
vesicle but is downregulated thereafter (Wawersik et al., 19999igoxigenin during in vitro transcription and whole-mount in situ
Based on characterized expression patternsQadf6, for hybri_diza@ion performe_d_as _describ_ed prev_iousl_y (Nieto et al., 1996).
example) (Chang and Hemmati-Brivanlou, 1999), it might be>ection in situ hybridization using radioactively labeled SV40
expected that many other Bmp family ligands will have a roleduence probes was performed as described previously (Robinson et
in different aspects of eye development. Bmp signaling occun@" 1995b).

by means of Iigand .binding a primary (type 2) receptor, yistological analysis

complex formation with a transducer, a (type 1) receptor angisses for histological analysis included staged mouse embryos of
consequent phosphorylation of Smad proteins (Massagughole eyes from postnatal animals. Tissue samples were prepared and
1998; Piek et al., 1999). Three known type 2 recepBmpf2,  stained either with Hematoxylin and Eosin (H/E) using conventional
Actr2a (Acvr2 — Mouse Genome Informatics) amkctr2b  methods (Culling et al., 1985). Figures in this paper were prepared
(Acvr2b— Mouse Genome Informatics)] and four known typedigitally using a Sony DKC1000 digital camera and Adobe Photoshop

1 receptorsActrl (Acvrl— Mouse Genome Informatics; also software.

known asAlk2), Bmprla(also known a®\lk3), Bmprlb(also

known as Alk6), Actrlb (Acvrlb — Mouse Genome Immunohistochemistry

. - . taged embryos fixed were fixed in 4% PFA in PBS and
Informatics)] are expressed in the developing eye (Dewulf & munofluorescently labeled according to conventional methods

al., 1995; Feijen et al,, 1994; Furuta a}nd Hogan, 1998; Oba arlow and Lane, 1988). Polyclonal rabbit antisera for MIP26
et al.,, 1999; Verschueren, 1995; Yoshikawa et al., 2000). %Horwitz and Bok, 1987) v3as us)(/ed at a dilution of 1:200, Polyclonal
In this study, we have investigated the involvement of Bmpapbit antisera foy-crystallin (Zigler and Sidbury, 1976) were both

signaling in development of the lens. We show that the Bmpsed at a dilution of 1:500. The anti-Bmpr2 (Gilboa et al., 2000) and
binding and inhibition protein noggin can suppress primaranti-phospho-Smad (ltoh et al., 2001) antibody are affinity-purified
fiber cell elongation and lens size in explant culture. We alstbbit polyclonals from ten Dijke and P. Knaus that were used at a
expressed a dominant negative Bmp type 1 receBtop(lh  1:500 and 1:1000, respectively.

also known a#\lk6) in the developing lens in transgenic mice.

Both the Pax6 ectoderm enhancer (Kammandel et al., 1999'3D reconstructions

Williams et al., 1998; Xu et al., 1999) and thA crystallin Reconstructions were created by tracing digital images of 15-20 H/E

; . stained histological sections of wild-type and transgenic lenses in the
promoter (Chepelln_sky et al, 19.85) were used to _d”V rogram Canvas. Canvas tracings were then converted to simple line
transgene expression. These mice show defects in thg,yings and imported into the 3-D program FormZ. Individual

differentiation of primary lens fiber cells, suggesting that Bmpsection tracings were stacked alongaxis and carefully aligned in
ligands are important for this aspect of lens developmenboth thex andy dimensions. The ‘skin’ command was then used to
Importantly, we show using anti-Bmpr2 (Gilboa et al., 2000)mold a skin over the aligned sections. The resulting lenses were then
and anti-phospho-Smad (ltoh et al., 2001) antibodies that &tentified as whole objects that could then be rotated in three
embryonic day (E) 12.5, when primary fiber cell differentiationdimensions so that all sides of the lens could be observed.

is beginning, equatorial lens cells have Bmp signalin%
machinery and are responding to Bmp signals. Finally, w

ShO.W that the primary lens flbgr Ce”. differentiation def('ect. 'Srotocol described elsewhere (Wawersik et al., 1999). Briefly, E10.5

radlally ?‘Symm?t”c"’?" pgrhaps Implylng that there are distin mbryos were dissected under a dissecting microscope in PBS at

differentiation stimuli active in different quadrants of the eye.soc and the eyes placed in DMEM at 4°C. When eyes from an entire
litter had been collected, the presumptive retinal pigmented
epithelium was carefully removed with needles. Eyes were then

xplant culture
xplants of wild-type E10.5 lenses were made following the

MATERIALS AND METHODS placed in 33% rat-tail collagen (two-thirds DMEM pH 4.0, one third
) o rat-tail collagen, made basic with 0.8M NagO16ul/200 pl 33%
Generation of transgenic mice collagen), and left to gel for about 10 minutes. After hardening, the

A restriction fragment encoding a dominant negative mutant form (axplant collagen gel was immersed in DMEM + 10% FCS with or
point mutation resulting in K231R) (Zou and Niswander, 1996) of thevithout human recombinant Noggin (Regeneron Pharmaceuticals)
rat Alké cDNA (Bmprlh was sub-cloned into the polylinker of the at 300 ng/ml. Cultures were left to grow for 48 hours then fixed with
plasmidpaASPLONO(Chow et al., 1995) to generate the transgenequick-fix (Culling et al., 1995) and processed for paraffin wax
aA-AlkePN (Fig. 2A). A second transgene, designaféf-1.0-K-  sectioning.

Alk6PN (Fig. 2A) was generated gSPLONQ(Chow et al., 1995) by

subcloning a 340 bp, PCR amplified fragment encodingPt6

ectoderm enhancer (Kammandel et al., 1999; Williams et al., 1998

adjacent to a 1 kigpe-Xhad fragment containing the PO promoter of ESULTS

Pax6 Subsequently, the cDNA encoding dominant-negalié and

containing a Kozak consensus (Kozak, 1986) translational start coddX vivo inhibition of Bmp activity results in smaller

was subcloned downstream of the PO promoter. The oligonucleotidenses

used to add the efficient start codon was of the sequence ACTAGkg an initial test of the involvement of Bmp signaling in

GGATCC-TACGTA-CCACCATGG. Transgenic FVB/N (Taketo et _ . . : L :
al., 1991) mice were generated and screened according to establistadary lens fiber cell differentiation, we performed a series of

methods (Hogan et al., 1986). explant _experime_nts vyhere Bmp activity was inhibi'ged by the
antagonist noggin (Zimmerman et al., 1996). This general
In situ hybridization strategy has previously been used to assess lens responses

Whole-mount in situ hybridization was performed as described (NietQWWawersik et al., 1999). We performed this analysis with E10.5
et al., 1996). All embryos were washed in PBS and fixed in 4%issues that have already been through the induction phases of
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were dissected, the retinal pigment epithe
removed (to allow good survival of retil
cells), and the tissue placed in rat-tail colle
gel submerged in defined media. A
incubating at 37°C for 48 hours, spherical le|
with elongated and histologically identifia
lens-fiber cells develop.

The addition of the Bmp antagonist noggi
whole eye explants at E10.5 resulted in
development of smaller lenses after 48 hou
culture. We measured the total area (in arbi 17" - _
units) of the largest lens section of five nog noggin  control
treated and six control explants and showec e
there was a statistically significant differe
(Fig. 1A). The smaller size of the lenses ct C
also be seen in histological sections of col
(Fig. 1B) and noggin-treated (Fig. 1C
explants. As primary fiber cells make up n
of the area of a lens section at the stage
explant assay was performed, these
indicate that directly or indirectly, Bmps
required for primary fiber cell developme
Difficulty in orienting explants of this si
precluded a meaningful analysis of prirr
fiber cell development asymmetries.

lens development. E10.5 mouse eye prim¢ A

100 - - -~ J.

BO =t =2aon

area of largest lens section

40 -

Generation of transgenic mice B e R g
expressing Alk6PNin the lens 099N +Noggin
To address the question of whether E  Fig. 1.Noggin-treated lens explants have reduced development of primary lens fiber
receptor activity was important for le cells. E10.5 mouse eye primordia were explanted into collagen gel in culture either in
development using a second experime the absence [A (red bar) and B] or presence [A (blue bar), C,D] of the Bmp inhibitor
strategy, we generated transgenic mice noggin at 300 ng/ml. Quantification of the area of the largest lens section (in a series)
expressed a dominant-negative form of the in control and experimental explants indicated that noggin treatment reduced lens
1 receptoAlk6. Alk6is normally expressed or growth (A). At this stage of development, primary lens fiber cells make up most of the
- - area in a lens section. The larger size and improved development of primary lens fiber
at low levels in the developing eye (Furut'a cells in untreated explants (B) can be observed by comparison with those that were
Hogan, 1998) but would be expected to inl

o . noggin-treated (C,D).

the activity of some Bmp ligands (Massa
1998). Transgenic mice were generated ol
FVB/N background (Taketo et al., 1991) using the constructs In order to examine transgene expression, in situ
designatedEE-1.0-K-Alk&N and aA-AlkePN (Fig. 2A). The  hybridization analysis was performed (Fig. 2C-K). Whole-
EE-1.0-K-AIk®N construct takes advantage of the ectodernmountP6 5.0-lacZembryos (Williams et al., 1998) provided a
enhancer fronPax6that has activity in the presumptive lens positive control for lens hybridization signal at E13.5 using a
ectoderm, primary lens fiber cells as well as the early angrobe to the SV40 sequences included inAl transgenes
mature lens epithelium (Williams et al., 1998) (Fig. 2B). By(Fig. 2C). Negative controls included wild-type whole-mount
contrast, thexA-AlkePN construct carries a portion of té\- embryos hybridized with follistatin (Fig. 2D) or noggin (Fig.
crystallin regulatory region that has activity only in primary2E) probes and these provided contrasting patterns of
and secondary lens fiber cells from about E11.5 (Chepelinskyybridization where the lens was negative. An SV40
et al., 1985) (Fig. 2B). Thus, these constructs provide distindtybridization signal was detectable in the lens of whole-mount
patterns of transgene expression and were designed to indicat&-AlkéPN transgenics from E11.5 and later [Fig. 2F (E13.5)
whether different lens regions were responding to Bmp signaland Fig. 2G (E11.5)] and BE-1.0-K-Alk®N transgenics from

To test the consequences for lens developmertlidPN E9.5 (for example, E11.5, Fig. 2H). Section in situ
expression, we generated transgenic mice with bottEEe hybridization of E12.5 control and transgenic tissues were also
1.0-K-AIk&PN and aA-AlkePN constructs. As phenotypes were performed using radioactively labeled SV40 sequence
mild in heterozygous mice, we bred a number of lines t@ntisense probes (Fig. 21-K). Matched brightfield and darkfield
homozygosity. The most severe defects were observe@-n micrographs indicate that, as would be anticipaiet1.0-K-
A6PN line 11 and ofEE-AN line 48 homozygous animals. AIk6PN transgenics show hybridization signal throughout the
Homozygous mice from these two lines were used in allens but primarily in the developing lens epithelium (Fig. 2I).
subsequent analysis. For brevity, homozygous mice aiy contrastaA-AlkéPNtransgenics show transgene expression
referred to by the transgene designation. A summary of the the differentiating primary lens fiber cells (Fig. 2J).
phenotypes in transgenic lines is given in Table 1. Importantly, there is no indication of differences in
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A EE P6 1.0 Alk6"  Sv40

EE-1.0-Kozak-Alk6™ JIH |}~

CCACCATGG

Alk6”

aA-Alk6™

E 10.5 E 11.5 E 135 Adult

EE 1.0-K-Alk648

Sv40

Fig. 2. AlkePN transgene constructs and lens
expression. (A) ThEE-1.0-K-Ak&®N andaA-

Alk6PN transgene constructs. The positions of the
Pax6ectoderm enhancer (EE, blue box) andRar6

PO promoter region (P6 1.0, green boxEE-1.0-K-
Alk6PN are shown. IrA-AlkéPN the promoter region

is indicated by the purple box. In both constructs, the
dominant-negativélk6-coding region (containing a
point mutation giving K231R) is indicated in yellow.
Included in both constructs is the SV40 virus small t
antigen gene region (gray) that contains splicing and
polyadenylation signals. In tHeE-1.0-K-Alk&N
construct, the translation start codon was engineered
to the most efficient consensus sequence as defined
by Kozak (Kozak, 1986). (B) Schematic (not to
scale) of the expression pattern of the EE containing
promoters (B top, blue) and thé\ promoter (B
bottom, purple). The EE promoter begins expression
at E9.5 in the surface ectoderm, continues to be
expressed at E10.5 in the lens pit. By E11.5 and
through E13.5 it is expressed in all of the cells of the
lens, but in adulthood, expression is restricted to the
lens epithelial layer. Expression of transgenes driven
by theaA promoter begins at E11.0 in differentiating
primary fiber cells and continues in all lens fiber cells
into adulthood. (C-H) Whole-mount in situ
hybridization. Hybridization of an antisense SV40
probe to a positive control, ti6 5.0-laczeporter

line at E13.5 is shown in C. Two negative controls
for the E13.5 lens, follistatin (D) and noggin (E) are
shown adjacent. Follistatin labels nasal periocular
mesenchyme at E13.5. An SV40 probe hybridization
signal is also observed in the lens of three separate
lines of transgenic mice includirmA-AlkePN-88 at
E13.5 (F)aA-AlkePN-11at E11.5 (G) an@&E-1.0-K-
Alk6PN-48 at E11.5 (H). (I-K) Matched brightfield
(upper panel) and darkfield (lower panel) of section
in situ hybridization with radioactively labeled
antisense SV40 probe on E12.5 eye tissue from (1)
EE-1.0-K-Alk®N-48, (J) aA-AlkePN-88 and (K)
wild-type control.

hybridization signal intensity on the nasal or temporal side ofindEE-K-AIké’N transgenic mice, we performed a histological

the lens. analysis from E9.5-E18.5. No phenotypic change was observed

. ) N ) _ during the induction phases of lens development, but clear
Dominant-negative Alk6 inhibits primary lens fiber defects were observed in primary fiber cell elongation. Lenses
cell differentiation of E13.5 mouse embryos from lines of b&h-1.0-K-AlkEN

To permit a detailed assessment of the phenotyg@dAlkéPN  andaA-AlkePN transgenics show primary fiber cell elongation



Table 1. Transgenic mice generated witAIk6PN

constructs
Germline Insitu E13.5 Cataractous

Construct Founder transmission SV40 defect* lens*
EE-1.0-K-Alk&N 18 Yes +++ Mild Yes

28 Yes ++ Mild Yes

31 Yes ++ Mild Yes

45 No - - -

48 Yes ++++ Yes Yes

59 Yes ND Yes Yes

55 No - - -
aA-AlkePN 11 Yes +H++ Yes Yes

26 Yes ND No ND

88 Yes ++++ Yes Yes

95 Yes ND No ND

*Phenotype assessed in homozygous transgenic mice.

Bmps and primary fiber cell development 3731

Hemotoxylin stained sections (Fig. 3A-C) when examining the
boundary between equatorial cells and the primary fiber cell
mass. In wild-type lenses, this boundary exists only anterior to
the equator (Fig. 3A) but iBE-1.0-K-Alk&N line 48 andaA-
Alk6PN line 11 transgenics, the boundary extends close to the
posterior lens pole but only on the nasal side (Fig. 3B,C). The
nature of the defect is emphasized by the distribution of the
fiber cell differentiation markengcrystallin and MIP26 (Fig.
3D-l). In the E13.0 wild-type lens, bogkcrystallin and MIP26

are restricted to the fiber cells and are found at high levels of
immunoreactivity along the posterior aspect of the lens from
equator to pole (Fig. 3D,G). By contrast, E13.0 lenses from
both aA-AlkePN and EE-1.0-K-Alk&N transgenics show nasal
side domains that have dramatically reduced levels of
immunoreactivity for both markers (Fig. 3E-1). This indicates
that expression of the dominant-negatik6 from either
transgene construct inhibits primary fiber cell differentiation.

defects. Interestingly, however, the defect was not distributed In the day-of-birth lenses, the lack of extension of the
evenly across the lens width. This was most obvious iprimary lens fiber cells leads to a break along the sutures (small

E13.0

MIP26

Fig. 3. Histological analysis ofrA-AlkePN
andEE-1.0-K-Alk®N transgenic lenses.
E13.5 Hematoxylin and Eosin stained
sections of wild-type mouse eyes (A), and
homozygous mice of theA-AlkéPN-11
WlleZsd  (B) andEE-1.0-K-Alk&N-48 (C) transgenic
lines. The black arrowheads indicate the
normal nasal side equatorial structure in
wild-type mice (A) and the abnormal form
Ty (B,C) seen with both transgenic mouse
Ty constructs. (D-Fy-crystallin
o8 immunolabeling of E13.0 lenses from wild-
type mice (D) and from homozygou#\-
_ON Alk6PN-11 (E) andEE-1.0-K-Alk&N-48
0A-Alk6 (F) transgenics. The white arrowheads
MIP26 indicate the nasal side domain in which

primary fiber cells have lowcrystallin
levels. Similarly, MIP26 immunolabeling in
wild-type E13.0 mouse lenses extends to the
equator (G), while in homozygoush-
AIk6PN-11 (H) andEE-1.0-K-Alk&N-48
(1) transgenics of the same age, there is a
nasal side region in which labeling is absent
_ or low. Sections in A-l are located in the

EE-K-Alk6 ventral half of the lenses shown. (J-L) Day-
= S of-birth Hematoxylin and Eosin stained
sections of the eyes of wild-type mice
(J), and homozygous mice of thé.-
Alk6PN-11 (K) andEE-1.0-K-Alk®N-48
(L) transgenic lines. This shows that the
transgenic lenses are smaller and have
emphasized suture spaces (J-L, arrowheads)
owing to the lack of complete elongation of
the primary fiber cells. (M-O) A comparison
of whole-mount lenses dissected from wild-
type (M) and homozygousA-AlkePN-11
(N) andEE-1.0-K-Alk&N-48 (O) mice
showing the refractile anomaly present in the
transgenics (N,O, red arrowheads).
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12 asymmetrical primary fiber cell elongation defect da-

& W AlkePN andEE-1.0-K-Alk&N transgenics, we decided to assess
carefully wild-type lens development. Histological sections of
wild-type lenses from E10.5 to E13.5 indicate that asymmetries
are apparent. At E10.5 and E11.5, the lens appears symmetric
(data not shown) but by E12.5 it is clear that there is an
asymmetric pattern of lens fiber cell elongation. Coronal
sections taken from ventral to dorsal of wild-type E12.5
embryos (Fig. 5A-C) shows that in the ventral lens, fiber cells
elongate first on the temporal side. Sections from the dorsal
half of the lens do not show this asymmetrical distribution of
primary fiber cell differentiation. In a second example (Fig.
5D-F), the differentiation marker MIP26 emphasizes that
primary fiber cell differentiation begins on the temporal side
of the lens vesicle.

6 - - Because tha&A-AlkePN, EE-1.0-K-Alk®N defect at E13.5
was subtle, we decided to model the defect in three-dimensions
(3D). The goal of the modeling was to show the boundary

aA-Alk6

L

pole-pole distance

5 | . e

8 9 10 1 3 13 between epithelial cells and fiber cells as a 3D surface. In order
) to do this, serial lens sections from E13.5 wild-type and
equator-equator distance homozygoteaA-AlkePN-11 and EE-1.0-K-Alk&N-48 animals

were collected, and sections spaced abouytri0apart were
traced. These tracings were stacked in a 3D drawing and
analysis of the relationship between equator-equator (nasotemporal endering program, and one surface was extended over the
and pole-pole dimensions in lens sections taken from wild-type (blu pherlcal_lens model. A seponq surface was extend_ed over the
annotation), homozygousA-AlkePN (orange annotation) ariE- arcs making up the epithelial-fiber cell boundary (Fig. 5G,H).

1.0-K-Alk@N (red annotation) transgenic mice. Measurements taken! N€ purple three-dimensional surface represents the boundary
for this analysis were made on the largest coronal lens sections in abetween the basal surface of the epithelial cells and the tips of

given series. The average dimension for each data set is projected e elongating fiber-cells. The glassy sphere represents the lens
the axes and marked by the colored dot. The equator-equator capsule. HomozygousE-1.0-K-Alk&N (data not shown) and
dimension in wild-type and transgenic mice is minimally different, aA-AIké’N (Fig. 5G,H) lenses appeared similar. In the context
put thfe polg-pole dimension betwegn wild-type and eithgr tra}nsgeni@f this analysis, the phenotype of ma-AlkePN and ofEE-K-
is. This indicates that the transgenic lenses are more ellipsoid in  A|kePN |enses at E13.5 is more easily understood. The
shape and that primary fiber cell differentiation is reduced. implication is that the late differentiating ventronasal domain
of lens vesicle epithelium has not elongatedaifs-AlkePN
and EE-1.0-K-Alk®N embryos, and results in the observed
arrowheads Fig. 3J-L). Secondary fiber cells have compensatadsal side defect at E13.5. The further implication is that
for the short central cells by elongating around the edges (seBmp receptor activity is required for primary fiber cell
most clearly in Fig. 3K). Transgenic mice also have smalledifferentiation in this discrete domain.
lenses than wild type. This might be expected because the . ,
primary fiber cells make up a good proportion of the lens bulk\ctivated phospho-Smads are detected in the
at this stage. Adult mice of both lines (red arrowheads, sidarimary fiber cell precursors
view, Fig. 3M-0) show cataracts. The appearance of this typehe Smads are a family of signal transduction molecules active
of cataract seems to result from the growth of the secondaity the Bmp pathways and their phosphorylation indicates that
fiber cells elongating around the short primary fiber cells of tha given cell is responding to Bmp signals (Miyazono et al.,
lens nucleus. 2000). Taking advantage of recently generated antibodies
In histological sections taken for analysis, transgenic lensegpecific for the type 1 receptor phosphorylated forms of
often appeared flatter (a shorter pole-pole distance) tha®madl, Smad5 and Smad8 (Korchynskyi et al., 1999), it was
their wild-type littermates. To assess this, we measured thgossible to directly examine whether Bmp signaling pathways
dimensions of E13.5 lenses from wild-tyiE-1.0-K-Alk®N  were functional in the developing lens. This strategy allows the
line 48 homozygous andrA-AlkéPN line 11 homozygous spatial pattern of Bmp responses to be examined. We also
embryos. Transgenic lenses of both lines were not significantghose to use antibodies to the cytoplasmic domain of Bmpr2
smaller equator-to-equator, but the graph of lens shape (Fig. @ilboa et al., 2000) to assess its distribution. ThoBiipr2
shows that there are significant differences in pole-poléas been reported to be expressed in the adult rat eye (Obata
distance. This might be expected in lenses where the primagy al., 1999) the expression pattern in the developing mouse
fiber cell development is perturbed as the elongation of thesye has not so far been described.

Fig. 4. aA-AlkePN andEE-1.0-K-Alk&®N transgenic lenses have a
reduced pole-pole dimension. Graph showing a linear regression

cells expands the lens along the pole-pole axis. To further validate the phospho-Smad and Bmpr2 antibodies

in the mouse, we performed immunofluorescence labeling of
Normal development of the mouse lens is embryonic regions where Bmps were known to be expressed.
asymmetrical Specifically, we examined the surface ectoderm in the region

In order to understand the developmental basis of thefthe E9.5 olfactory placode and first branchial arch as in these
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Fig. 5. Asymmetry in normal lens
development and in the phenotype of
AlkePN transgenic mice. (A-

C) Hematoxylin and Eosin stained
sections through the ventral eye regio
of the right eye of an E12.5 wild-type
mouse. These are equally spaced ser
sections located at 40m (A), 80pm (B)
120um (C) from the first ventral lens
section. The reference proximodistal ¢
from the future optic nerve head to the
mid point of the developing cornea is
marked by the red line in C. These
sections show that primary fiber cell
elongation begins in a temporally loca
(T) domain of the posterior wall of the
lens vesicle. The nasal (N) aspect of t
posterior lens vesicle wall remains
undifferentiated at this stage. The
relative size of the undifferentiated
domains is marked by the broken red
lines. It is also observed that there is ¢
larger domain of developing retina on
temporal side of the optic stalk. (D-F)
Sections through the ventral eye regic
of the left eye of the same E12.5 wild-
type mouse shown in A-C labeled for - v '

differentiation marker MIP26 (red) anc I DN DN

nuclei (green). These are also equally CCA‘A”‘B oA-Alk6 wTt

spaced serial sections located ap#i®

(D), 80um (E) and 12@um (F) from the first ventral lens section and serve to emphasize the temporal side (T) primary fiber cell differentiation
asymmetry. The relative size of the undifferentiated domains is marked by the broken white lines in F. (G,H) Three dineedgiongs of

E13.5 homozygougA-AlkéPN-11 and wild-type lenses in posterior pole (G) and nasal (H) views. The renderings were reconstructed from
serial sections. The glassy sphere represents the lens capsule and the purple surface the boundary between epithetialhnaasisfiddrese
renderings indicate clearly the ventronasal location of the primary fiber cell differentiation defearAnAliee®N-11 homozygous transgenic

lenses.

locations, there is strong expression of Bmp4 (Fig. 6AYyed arrowheads) and the anterior optic cup rim. Anti-phospho-
(Dudley and Robertson, 1997). With ligand expression, th&mad and anti-Bmpr2 antibodies labeled lens vesicle cells on
Bmp signaling pathway might be expected to be active. Antithe nasal side (Fig. 6F-I, white N) but was also present on the
phospho-Smad antibody labeling showed strong nucledaemporal side (data not shown). Combined, these data indicated
immunoreactivity in the epithelium of the olfactory placodethat Bmp signaling pathways are active in the equatorial lens
and first branchial arch (Fig. 6B,C, red arrowheads) in a pattexesicle cells that are the likely precursors of the primary lens
that corresponded closely with the domaiBofp4expression.  fiber cells.
The anti-Bmpr2 antibodies also labeled an adjacent section in
the olfactory placode and first branchial arch epithelium but the
labeling pattern appeared more cell surface than nuclear (FIDISCUSSION
6D,E, red arrowheads). This indicated a strong spatial
correlation between the Bmp4 ligand, the Bmp type 2 receptafle have used three distinct experimental strategies to address
and nuclear phospho-Smad labeling suggesting that we are aliie issue of whether Bmp signaling is involved in development
to detect cells in which this pathway is active. of the mouse lens. We have taken advantage of the Bmp
Interestingly, we could detect distinct patterns of anti-inhibitor noggin (Zimmerman et al., 1996) to suppress Bmp
phospho-Smad and anti-Bmpr2 antibody immunoreactivity iractivity in explant cultures of eye primordia. This results in
the developing eye. Phospho-Smad immunoreactivity waattenuated differentiation of primary fiber cells as indicated by
detected in the lens vesicle at E12.5 in the equatorial celtke smaller lenses that develop. In addition, we show that
adjacent to the anterior retinal rim (Fig. 6F, red arrowheadsgxpression of a dominant-negative form of the type 1 Bmp
The labeling was nuclear as indicated by the turquoise colaeceptorAlk6 from two different lens-expressed transgenes has
obtained when merging phospho-Smad immunoreactivity withesulted in defects in primary lens fiber cell development.
blue Hoechst nuclear staining (Fig. 6G, red arrowheads)nterestingly, the primary fiber cell differentiation defects arise
Strong nuclear phospho-Smad immunoreactivity was alsonly in the ventronasal quadrant of the lens. Our analysis of
present in presumptive retinal and pigmented epithelial cells iwild-type lens development shows that the asymmetrical lens
anterior optic cup rim (Fig. 6F,G, broken red line). Importantly,development defect in the transgenic animals has its origin in
there was also clear cell surface immunoreactivity for antia transient phase of asymmetrical primary fiber cell
Bmpr2 antibodies in cells of the lens vesicle equator (Fig. 6H,ifferentiation in the normal lens. To our knowledge, this is the
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first time this aspect of mouse lens development has be@&mpr2 (Gilboa et al., 2000) and Bmp-responsive phospho-
recognized. Finally, we have taken advantage of antibodies 8mads (Korchynskyi et al., 1999) to determine whether there

P-Smad

- N - N

P-Smad P-Smad

N
BmpRII

BmpRI|

Fig. 6. Anti-Phospho-Smad and Bmpr2 labeling reveals Bmp
responsive cells. (A) Schematic showing the patteBnop4

is evidence for Bmp signaling machinery and responsiveness
in cells of the early lens. This has shown that the equatorial
cells of the lens vesicle express Bmpr2, but most important,
also show nuclear immunoreactivity with antibodies raised to
phospho-Smad1. This indicates that at the inception of primary
fiber cell differentiation, the precursors are responding to Bmp
signals. These data strongly suggest that Bmp signaling is
important for primary fiber cell development but also raise a
number of interesting issues.

The anti-phospho-Smadl antibody we have used in this
analysis detects phosphorylated Smadl, Smad5 and Smad8
(Korchynskyi et al., 1999). In some circumstances this
antibody crossreacts at a low level with phospho-Smad3 (that
functions downstream of T@freceptors) (Korchynskyi et al.,
1999) potentially complicating interpretation of the current
data. Importantly however, there is evidence that at
physiological expression levels, Pgeceptors do not dimerize
with Bmp receptors (Massagué, 1998) and so there is no
expectation that dominant-negative receptors from each class
would cross-react. Thus, with the current analysis and recent
work in which the role of Tdf signaling in lens development
was investigated (de longh et al., 2001) we can conclude that
both Bmp and TdJ signaling are independently important in
the development of the primary lens fiber cells. This suggestion
is reinforced by the observation that primary fiber cell
development can be inhibited in explant culture by noggin (Fig.
1), an inhibitor of BMP but not T@factivity.

Bmp signaling in the different phases of lens

development

The published evidence indicates that déip7andBmp4are
expressed in the eye primordium (see Fig. 7 for summary) and
suggests that they have important roles in induction of the lens
(Furuta and Hogan, 1998mp7null mice demonstrate that

expression in olfactory placode (OP) first branchial arch (1BA) and : e :
otic vesicle (OV) of an E9.5 mouse embryo (Dudley and Robertson Bmp?7 regulates expression of the transcription fae&xGin

1997). The approximate region of tissue shown in B-E is indicated 'the lens placode (Wawersik et al., 1999). AS_ I_Dax6 is both
by the red boxes. (B) Anti-phospho-Smad labeling (green) of E9.5 Necessary (Ashery-Padan et al., 2000) and sufficient (Altmann

mouse section in the region of the first branchial arch (1BA) and

et al., 1997) for the earliest stages of lens development, this has

olfactory placode (OP). Intense labeling is observed in the epithelia argued that Bmp7 has an important role in lens induction

of both structures. A merge of (B) with Hoechst nuclear labeling
(blue) is shown in C. The turquoise color of nuclei in (C, red

arrowheads) indicates nuclear phospho-Smad immunoreactivity.

(D) Bmpr2 immunoreactivity in sections of E9.5 mouse first
branchial arch (1BA) and olfactory placode (OP). Cell-surface

(Wawersik et al., 1999). By contrast, Bmp4 does not regulate
expression oPax§ but is required for the upregulation of Sox2

(Furuta and Hogan, 1998), a transcription factor that is
involved in regulating the expression of crystallin genes

ometimes in a complex with Pax6 (Kamachi et al., 2001). As

Lo on , : e ectoderm enhancer used to direct transgene expression
more faintly in the underlying mesenchyme. A merge of (D) with . : - .
Hoechst labeling (E) shows that, as would be expected for cell- in the EE'l,'O'K'Alk@N transgenlc mice 1S exp(f,'(?ted to be
surface labeling, the nuclei do not change color. (F) Anti-phospho- €XPressed in the lens lineage from E8.75 (Williams et al.,
Smad labeling (green) of E12.5 mouse eye sections showing the lerikd98), the question arises of why we do not see a defect in lens
vesicle (LV) and anterior optic cup rim (broken red line) on the nasalinduction. There are several reasons. One explanation is that
side (N). A nuclear pattern of labeling is observed in lens cells at thehe level of Bmp4 and Bmp7 signaling activity in the induction
equator (red a_lrrowheads) faintly in the more po;terior prgsumpti\_/e phases of lens development is high, and that the transgene we
primary lens fiber cells (white arrowheads) and in the optic cup rim. describe does not provide a sufficiently high level of expression
A merge of_F with Hogch_st nuclear labeling (G, blue) gives turquoisgq inhibit Bmp signaling pathways. Another, more satisfying,
color nuclei thus confirming nuclear phospho-Smad labeling. explanation is based on the biochemistry of the Bmp receptor
(H) Bmpr2 immunoreactivity in sections of E11.5 mouse eye. Cell- signaling system

surface labeling is apparent in the cells at the lens vesicle .
(LV) equator (red arrowheads) and in the cells of the developing It has been established that type 1 and type 2 Tgf

retina and presumptive RPE. A merge of (H) with Hoechst labeling family receptors can heterodimerize in various combinations
(1) shows that, as would be expected for cell-surface labeling, the  (Massagué, 1998). Expression studies have shown that the type
nuclei do not change color. 1 Bmp receptors Alk2 and Alk3 are expressed in the early lens

labeling is apparent in the cells of the epithelia (red arrowheads) an
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Alk2 (ActRIl)
A e X

Fig. 7.Summary of the expression patterns of
Bmp family ligands and receptors in the
developing eye. The different stages of eye
development (labelled underneath) are
represented by the different line drawings.
Dorsal is upwards. The distribution and
approximate intensity of labeling for the
different ligands and receptors is indicated by
the colored stippling. The expression patterns of
Bmp4 Bmp7 Alk3 andAlk6 are derived from in
situ hybridization experiments presented in a
prior publication (Furuta and Hogan, 1998). The
distribution of Alk2 is based on antibody
labeling (Yoshikawa et al., 2000) and our
understanding of Bmpr2 distribution on the
E115 current analysis.

Alké (BmpRIB)
N 7N

ES5 E10.5

(Furuta and Hogan, 1998; Yoshikawa et al., 2000) (Fig. 7)»timulates development of the primary lens fibers. The
Furthermore, the current analysis shows that Bmpr2 iganscriptional control elements used to drive expression in the
expressed in the developing lens from E9.5 to E12.5 (Fig. BA-AIkEPN and EE-1.0-K-Alk&N transgenic mice have been
and see Fig. 7 for summary). Thus, there are a limited numbesell characterized and the lens expression patterns completely
of receptor heterodimers that might mediate development. itnderstood (Kammandel et al., 1999; Williams et al., 1998)
has also been shown that despite the option to heterodimeriZEjg. 2B). We have also confirmed lens expression (Fig. 2F-H).
the different type 1l/type 2 receptor combinations have veryhe Pax6ectoderm enhancer and tbé-crystallin promoter
different abilities to signal in response to a particular ligandhave expression patterns that overlap in the equatorial cells of
(Table 2). Significantly, Bmp7 has a higher affinity for thethe lens vesicle starting at E11.5. Interestingly, these are
Alk2/Bmpr2 combination than for any other including precisely the cells that based on immunoreactivity for anti-
Bmpr2/Alk6. This argues that in th&E-1.0-K-Alk®N  phospho-Smad and anti-Bmpr2 antibodies have the signaling
transgenic mice, the dominant-negati&&k6 is unlikely to  machinery for Bmp signaling and are responding to Bmps at
impede Bmp7 signaling at the stage of lens inductionE12.5. Thus, we can suggest (Fig. 8) that the observed
Additionally, as Bmp7 does not appear to signal efficientlysuppression of primary fiber cell differentiation is a
through Alk3 (Macias-Silva, 1998), it is likely that signaling consequence of dominant-negathM&6-mediated inhibition of
through Bmpr2/Alk2 (Liu et al., 1995) is the major effector of Bmp signaling in the presumptive primary lens fiber cells at
Bmp7 action in lens induction. It is more difficult to explain the equator of the E12.5 lens vesicle.
why dominant-negativAlk6 does not apparently inhibit Bmp4  Although there has been little published concerning the
signaling in lens induction as it can clearly pair with Bmpr2developmental distinction between primary and secondary lens
and efficiently transmit Bmp4 signals (Table 2). It will be
interesting to observe the outcome of lens lineage condition
Alk2 and Alk3 targeting experiments that might definitively
identify the type 1 receptor(s) crucial for the induction phase
of lens development.

The current analysis provides strong evidence that as we

late

. . . differentiating
as the early inductive action of Bmp7 and Bmp4, lens [ early primary!
development involves a later phase of Bmp signaling the | differentiating | fiber cells

| primary fiber-cells |
‘ ~AlkE™ inhibited
AlkE™ independent ~ Bmp ligand

Table 2. Ligand binding and signaling activity of type 1 o Panariatiok: sl
and 2 Bmp receptors

Bmpr2 combinations
Ligand and assay type Alk2/Bmpr2 Alk3/Bmpr2  Alk6/Bmpr2

Fig. 8. Model for the asymmetrical distribution of primary fiber cell
differentiation stimuli in the developing eye. In this model, we

Bmp4 binding None* ++ +t! propose that there are two distinct stimuli that direct primary fiber
Bmp4 signaling + saasdl cell differentiation. In the ventronasal quadrant of the developing
Bmp?7 binding +t +i ++i eye, we suggest, based on the phenotype observeddahiatkeN
Bmp7 signaling e - ** andEE-1.0-K-Alk&N transgenic mice, that there is a Bmp ligand that
*ten Dijke et al., 1994. can be inhibited byAlk6PN, We suggest that there must be other
TNohno et al., 1995; Rosenzweig et al., 1995. primary fiber cell differentiation stimuli that are not inhibited by

*Liu et al., 1995; Macias-Silva et al., 1998. AlkePN.
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fiber cells, it has been shown that there is a clear morphological the ventral eye (Kastner et al., 1994). In particular,
difference (Shestopalov and Bassnett, 2000). Primary fibeompromised function of these receptors resulted in a ventral
cells, the first cells to elongate after the closure of the len®tation of the entire lens suggesting that retinoid signaling is
vesicle, appear to have a different cellular morphology andnportant for development of ventral eye structures. It may be
organization than secondary fiber cells in both the human andteresting to determine whether retinoid signaling and Bmp-
chick. Primary lens fiber cells are heterogenous in size andediated primary fiber cell differentiation are developmentally
shape, while secondary fiber cells appear to be uniformlyelated. Another example of interest is the expression patterns
smooth. The current analysis suggests that Bmp signaling may the forkhead family membef®xglandFoxdl These are

be one determinant of the distinctions between primary anelxpressed in the nasal and temporal retina, respectively

secondary lens fiber cells. (Dirksen and Jamrich, 1995; Hatini et al., 1994; Tao and Lai,
. ) . 1992), and it is possible that this type of gene expression

Bmp ligands in the developing eye may be pattern might reflect spatially restricted fiber cell

asymmetrically distributed differentiation stimuli that are likely to have their origin in the

The data we describe shows that the lens normally goekeveloping retina.

through a stage where development is anatomically

asymmetrical. Specifically, we show that primary lens fiber We thank Peter ten Dijke for supporting this work with suggestions,

cells begin to elongate first in the ventrotemporal quadrant dyith a critical reading of the manuscript and by providing antlbodlgs

the lens at £12.5 but by E13:, he nasal sic cels have alSF105010 Sect 1 25 otk Hen Laksnions o b

Elonglatded ?rr:.d .thtﬁ ?.bvtlc;.us ?ﬁy{?metry Ist IC}St. To IOU or anti-crystallin antibodies_and J. Horvitz for anti-MIP26 antiserum.
nowledge, this 1S the first ime that this aspect of mouse 1eng, laboratory of M. L. R. is supported by RO1 EY12995 from the

development has been recognized. NEI/NIH. The Lang laboratory is supported by grants from the

In the wild-type lens vesicle, Bmpr2 and phospho-SmagiE/NIH (RO1s EY11234, EY10559, EY12370 and EY14102) and

immunoreactivity are present in the entire equator and thisy funds from the Abrahamson Pediatric Eye Institute at Children’s

suggests that all these cells are responding to Bmp signals. Thisspital Medical Center of Cincinnati.
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