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Programmed capillary regression is essential for development, but little is known about the mechanism
behind this phenomenon. In this study, we characterized the molecular determinants of capillary regression
utilizing the pupillary membrane (PM) in the newborn rat’s eye. We observed in the 1-day-culture system that
apoptotic endothelial cells decrease in number with the addition of a natural antagonist, Noggin, strongly
suggesting the involvement of the bone morphogenetic protein (BMP) family in PM regression. In addition, the
lens-conditioned medium (Lens-CM) induced apoptosis of HUVE cells and inhibited endothelial tubulogen-
esis, which were completely blocked by both Noggin and the BMP4-specific neutralizing antibody. Activation
of BMP4 pathway in endothelial cells was confirmed by both the up-regulation of Msx genes correlated with
apoptosis and the translocation of Smadl into the nucleus. We showed a transient expression of BMP4 in
Lens-CM by immunoprecipitation assay. Furthermore, the transcorneal injection of BMP4 in rats enhanced
the apoptosis of PMs, while that of Noggin attenuated it. These results indicate that BMP4 pathways play
pivotal roles in capillary regression in a paracrine manner between lens and PMs.

The development of the vasculature, which serves as a nu-
trient and waste pipeline, is a fundamental requirement for
organ development and differentiation during embryogenesis.
The plasticity of the vasculature is evident during ontogeny and
is maintained under physiological conditions. Microvascular
remodeling, including the growth of new vessels and regression
of others, is a complex process that involves endothelial cell
growth and death, and plays a major role in the early devel-
opment of the vascular system (12, 29, 40). Indeed, recent
studies indicate that the balance between pro-apoptotic and
antiapoptotic signals determines the vasculature: in addition to
endothelial cell proliferation, endothelial cell apoptosis is
tightly associated with the vascular regression. To date, several
hypothetical mechanisms of vascular regression have been pro-
posed, based on findings on the change of blood flow distribu-
tion, vascular obstruction and physical vascular stretching.
Hence, it is important to reveal the molecular mechanisms
underlying vascular regression, although the complicated pro-
cesses of vascular remodeling remain to be elucidated.

In the mammalian eye, hyaloid vessels and the pupillary
membrane (PM), a temporary capillary network in the anterior
chamber of the lens and iris diaphragm, nourish the immature
lens, retina, and vitreous body during morphogenesis. In ro-
dents, the PM regresses during the 2nd week after birth pre-
sumably as an adaptation to allow efficient light transmission to
the retina (29). This phenomenon is one example of the re-
gression of a capillary network in a developmentally pro-
grammed manner. Here we characterized the molecular deter-
minants of capillary network regression utilizing newborn rat
PMs as a model system.

Bone morphogenetic proteins (BMPs), members of a rapidly
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expanding subclass of the transforming growth factor B
(TGF-B) superfamily, are involved in the proliferation and
differentiation of many different tissues and organs (19, 20, 36).
Several lines of evidence suggest that the activity of BMPs is
associated with developmentally regulated apoptosis (5, 10). In
particular, BMP4 mediates apoptosis in the prospective neural
crest cells (15), in the dorsal portion of the chick optic cup
during morphogenesis of the eye (44) and in the interdigital
space of the developing limbs in birds (11, 32, 48). Further-
more, BMP4 has crucial roles for optic development, especially
for the lens induction process in mice (9). Recently, a group of
proteins, the Smads, have been identified as important trans-
ducers of the TGF-B signal in a variety of species. BMP4
stimulates the phosphorylation and translocation to the nu-
cleus of Smadl, where it regulates the transcription of target
genes such as homeobox genes encoding Msx1 and Msx2 (30,
46). Localization and expression data suggest that Msx1 and
Msx2 are the downstream effectors of the BMP4 signaling
pathway in various developing systems, including mouse tooth-
buds, chick hindbrain, and spinal cord (15, 45). In addition,
expression of BMP4 led to an expansion of Msx1/2 preceding
apoptosis (8, 34). Therefore, it seems that BMP4 and Msx
genes are generally involved in morphogenesis, cell differenti-
ation, and also induction of apoptosis (5, 8, 15, 48).

In this work, we describe a reciprocal interaction between
the lens and PMs important for triggering the regression of
capillary endothelial cells in PMs. The conditioned medium of
the lens (obtained from the PM regression phase) induced
both apoptosis of endothelial cells and regression of tubules,
which was completely suppressed by Noggin, a factor known to
inhibit the functions of BMP2, -4, and -7 by binding directly to
BMPs (4). Indeed, a significant amount of BMP4 was tran-
siently secreted from the lens. The transcorneal injection of
BMP4 in vivo further confirmed the importance of BMP4 in
promoting apoptosis in PMs. Overall, the results presented
here provide strong evidence that BMP4 secreted from the
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FIG. 1. Time course of the rat PM regression. (A) The relative
amounts of Bcl-XL (upper bands) and Bcl-Xs (lower bands) mRNAs
at different stages in the lens, cornea and PM as determined by com-
petitive RT-PCR (See Materials and methods). The PCR products
obtained using Bcl-X-specific primers were separated on 2% agarose
gels and stained with ethidium bromide. The results of GAPDH am-
plification confirm both the quality and quantity of RNA analyzed.
(B) Apoptosis, detected by immmunostaining with the anti-cleaved
caspase 3 antibody (a and b) or TUNEL (c and d) in a PM from day
8 (a, ¢, e, and g) or day 12 (b, d, f, and h) rats. The same specimens
were counterstained with Hoechst 33258 (e to h). In both experiments,
the results indicated are representative of several experiments.

lens contributes to apoptosis in a paracrine fashion during
capillary regression in PMs.

MATERIALS AND METHODS

Materials. The purified recombinant mouse Noggin/fc Chimera, recombinant
human BMP2, BMP4, and BMP7 and recombinant human vascular endothelial
growth factor (VEGF) were obtained from R&D Systems (Minneapolis, Minn.).
Antibodies used are as follows. Anti-human BMP2 antibody and anti-human
BMP4 antibody (the BMP4-specific neutralizing antibody) were purchased from
R&D Systems. The mature human and rat forms of BMP4 are 98.3% identical
at the amino acid level. Anti-BMP4 (N-16) antibody (sc-6896) and anti-BMP7
(N-19) antibody (sc-6899) were from Santa Cruz Biotechnology, Inc. (Santa
Cruz, Calif.), and anti-human MADR1/Smad1 antibody was from Upstate Bio-
technology, Inc. (Lake Placid, N.Y.). Anti-phospho Smad1/5/8 antibody and
anti-cleaved caspase-3 antibody were from Cell Signaling (Beverly, Mass.), and
horseradish peroxidase (HRP)-conjugated anti-mouse immunoglobulin G (IgG)
antibody and HRP-conjugated anti-rabbit IgG antibody were from Amersham
Pharmacia (Piscataway, N.J.).

Animals. Male F344/N Slc rats were obtained from SLC Inc. (Hamamatsu,
Japan). Ages of rats are noted as postnatal days (e.g., day 8).

Cell culture. Primary cultures of human umbilical vein endothelial (HUVE)
cells were purchased from Morinaga (Yokohama, Japan) and maintained in a
complete medium containing 5% (vol/vol) fetal bovine serum (FBS) and growth
factors (Nissui, Tokyo, Japan) according to the manufacturer’s instructions.

One-day-organ culture. The technique for dissection of the rat PM was per-
formed essentially as described by Lang et al. (29). The tissue was transferred
onto the center of a Millipore Millicell-CM culture insert (Millipore Corp.,
Bedford, Mass.) containing M199 (Nissui) plus 5% (vol/vol) FBS and maintained
at 37°C in 5% CO, for 24 h.

Conditioned medium. Organs were rinsed with phosphate-buffered saline
(PBS), and cultured on a Millipore Millicell-CM culture insert (Millipore Corp.)
for 2 days at 37°C in 5% CO, with M199 medium alone. The incubation medium
was collected and centrifuged (15,000 X g) for 20 min at 4°C, filtered through a
0.22-pum-pore-size filter, and frozen at —80°C. For each experiment, aliquots of
CM were diluted 1:2.
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FIG. 2. VEGF fails to inhibit apoptosis in the PMs of day 8 rats in
a 1-day-culture system. (A) Apoptosis is specific to the PM in 1-day
culture, detected by RT-PCR analysis of the Bcl-XL and Bcl-Xs ex-
pression profile. Amplifications were performed with Bcl-X-specific
primers on templates from the lens (L), cornea (C) and PM of day 8
rats (Day0) or their 1-day culture (Day1) as described for Fig. 1A. The
data shown are representative of several experiments. An arrow indi-
cates the bands due to BclXs mRNAs and the upper bands are due to
Bcl-XL. The ratio of Bel-Xs/total Bel-X (%) was calculated by densi-
tometric analysis. (B) Effect of VEGF on apoptosis of PM cells in the
1-day culture system. PMs of day 8 rats were cultured with (V) or
without (—) VEGF (50 ng/ml) for 24 h at 37°C. RT-PCR analysis was
performed as described for panel A. The results are representative of
several experiments. An arrow indicates the bands due to BclXs
mRNAs. The ratio of Bcl-Xs/total Bel-X (percent) was calculated by
densitometric analysis. (C) Quantification of the apoptotic index in
PMs under the conditions indicated. Relative values compared with
the apoptotic index for Day0 (100%) are expressed as the mean =
standard error (n = 5). (D) Developmental expression of various
mRNAs involved in angiogenesis. RT-PCR analysis was performed as
described for Fig. 1A. Representative data from several independent
experiments are shown.

Reverse transcription PCR. Total RNA from various rat tissues or HUVE
cells was converted to cDNA with an M-MLYV reverse transcriptase (Life Tech-
nologies, Inc., Gaithersburg, Md.) and random hexamers according to the man-
ufacturer’s instructions. Aliquots of the cDNAs were used for PCR amplification
with specific primers. The PCR products were separated on 2% agarose gels and
stained with ethidium bromide.

Primer pairs were designed as follows: rat glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) (5'-AGTTCAACGGCACAGTCAAG-3', 5'-TCAGCTC
TGGGATGACCTTG-3'); human GAPDH (5'-TCACCATCTTCCAGGAGC
GAGA-3', 5'-GGGTGTCGCTGTTGAAGTCAGA-3"); rat VEGF (5'-GCAC
CCACGACAGAAGGGGA-3', 5'-TCACCGCCTTGGCTTGTCACAT-3'); rat
fik1 (5'-CAGAAAAGGAGATGCCCGAC-3', 5'-TCCAGAGTTTTCAGCTCT
TC-3'); rat fitl (5'-GACTTCTTCTGTCTCAACAAGGAT-3', 5'-TTGAAGCA
GGTCACCGAGCTTCTC-3"); rat sfitl (5'-GGTTAGCACATTGGTGGTGG
C-3', 5'-TGTGTGGTACAATCATTCCTCC-3'); rat Angl (5'-GAAAATTAT
ACTCAGTGGCTGGAAA-3', 5'-TTCTAGGATTTTATGCTCTAATAAA-3");
rat Ang2 (5'-AAAGAGTACAAAGAGGGCTTCGGGA-3', 5'-GTAGTACCA
CTTGATACCGTTGAAC-3"); rat Tiel (5'-ACGAGCACCACCGTCCGTGG-
3',5'-CTCCAGCACAGGGTAACTCA-3"); rat Tie2 (5'-TGACGTGAAGATC
AAGAATG-3', 5'-TTGGCCTTCCTGTTTAGGGC-3"); rat ALK6 (5'-CAT
TTGGCGCTGAGCTATGAC-3', 5'-GACATCCAGAGGTGACAACAG-3');
Smad5 (5'-CAACACAGCCTTCTGGTTCA-3', 5'-TTGACAACAAACCCAA
GCAG-3'); rat Smad6 (5'-CCGGGCGGCTGCGTGCTGGTGCC-3', 5'-GGT
TGAGGGAGTAGTGACGAGG-3'); rat Smad7 (5'-ATGTTCAGGACCAA
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FIG. 3. Lens-CM induces apoptosis of HUVE cells. (A) HUVE cells were cultured in M199 containing 5% FBS with various organ-CM at
different stages (days after birth) or BMP4 (50 ng/ml). After 24 h of culture, TUNEL-positive cells were counted. Data are shown as the mean
percent apoptosis *+ standard error from several independent experiments (upper panel). Representative fields of HUVE cells cultured in M199
with (b and d) or without (a and ¢) Lens-CM from day 8 rats (8L-CM), stained with TUNEL reagents (a and b) or Hoechst 33258 (c and d) are
shown (lower panels). (B) Effect of Noggin and the BMP4-specific neutralizing antibody on Lens-CM-induced apoptosis of HUVE cells. Cells were
cultured with or without Noggin (250 ng/ml), anti-BMP4 antibody (250 ng/ml) or BMP4 (50 ng/ml) under the conditions indicated for 24 h at 37°C.
Excess amounts of BMP4 (500 ng/ml) were added when cultured with 8L-CM as indicated. Data are expressed as in panel A. (C) Effect of VEGF
on Lens-CM-induced apoptosis of HUVE cells. Cells were cultured with or without VEGF (50 ng/ml) or BMP4 (50 ng/ml) for 24 h at 37°C under
the conditions indicated. Data are expressed as in panel A. Abbreviations: Ab, anti-BMP4 antibody; B, BMP4; Ig, normal mouse IgG; N, Noggin;

V, VEGF.

ACGATC-3', 5'-GACCCGGGCCCCCGCGGGCG-3'); Msxl (5'-CCCCGCT
TCTCCCCGCC-3', 5'-GCGGCCATCTTCAGCTTCTCCAG-3"); Msx2 (5'-AT
GAGCCCTACCACCTGCACC-3', 5'-TTAGGACAGGTGGTACATGCC-3").
Primers for rat Bel-X, rat Smad1, rat BMP2, rat BMP4, rat BMP7, rat ALK3, and
rat BMPR II were synthesized according to the sequences previously reported (6,
16, 42).

Immunohistochemistry. Cells were fixed with 3.7% paraformaldehyde in PBS,
permeabilized with 0.1% (vol/vol) Triton X-100, and incubated with the specific
antibodies overnight at 4°C. For the anti-Smad1 antibody, specimens were incu-
bated with a biotinylated goat anti-rabbit IgG (Vector Laboratories, Inc.) fol-
lowed by an HRP-conjugated streptavidin (Dakopatts, Glostrup, Denmark), and
visualized by incubation with peroxide substrate, 3-amino-9-ethyl carbazol
(AEC) solution (Vector Laboratories, Inc.). For the anti-cleaved caspase-3 an-
tibody and the anti-phospho Smad1/5/8 antibody, a rhodamine- or a fluorescein
isothiocyanate-conjugated goat anti-rabbit IgG (ICN Pharmaceuticals, Inc., Au-
rora, Ohio) was used as secondary antibody.

Assessment of apoptosis. Apoptotic cells were detected using a terminal de-
oxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL) kit
(In situ cell death detection kit [fluorescein], Roche Diagnostics Co.) according
to the manufacturer’s instructions. To assess the nuclear morphology of the cells,
the samples were stained with Hoechst 33258 (Wako, Tokyo, Japan). The spec-
imens were then observed under a fluorescence microscope.

Cell fractionation. Cells were rinsed with ice-cold PBS, suspended in ice-cold
buffer A (20 mM HEPES-NaOH [pH 7.3], 10 mM MgCl,, 1 mM EDTA, 1 mM
EGTA, 10 mM NaF, 1 mM Na;VO,, 25 mM B-glycerophosphate, aprotinin [20
pg/ml], leupeptin [10 pwg/ml]) and homogenized with a Dounce homogenizer.

After centrifugation (100 X g) for 10 min at 4°C, the supernatant was further
centrifuged (100,000 X g) for 60 min at 4°C to obtain the cytoplasmic fraction.
The pellet from the first centrifugation was washed with buffer A and resus-
pended in buffer A containing 1% (vol/vol) Triton X-100. After centrifugation
(100,000 X g) for 30 min at 4°C, the supernatant was referred to as the nuclear
fraction.

Immunoprecipitation and Immunoblotting. Cells were dissolved in IP buffer
(20 mM Tris-HCI [pH 7.5], 250 mM NaCl, 3 mM EDTA, 3 mM EGTA, 0.5%
[vol/vol] Nonidet P-40, 1 mM phenylmethylsulfonyl fluoride, 0.1 mM Na;VO,, 3
mM B-glycerophosphate, leupeptin [10 pg/ml]), and the supernatant after cen-
trifugation (15,000 X g) for 10 min at 4°C was used as a cell lysate. The anti-
BMP4 antibody (R&D Systems) was conjugated to protein A-Sepharose (Am-
ersham Pharmacia). The lysates were mixed gently with the antibody/protein
A-Sepharose complex for 16 h at 4°C, and the precipitates were washed four
times with IP buffer. The precipitated proteins were subsequently separated by
SDS-PAGE, and transferred onto a polyvinylidene difluoride membrane (Im-
mobilon; Millipore Corp.). The membrane was stained with the specific antibod-
ies, followed by visualization with enhanced chemiluminescence detection re-
agents (Amersham Pharmacia).

Angiogenesis by HUVE cells. An angiogenesis assay kit obtained from Kurabo
(Osaka, Japan) was used according to the manufacturer’s instructions with minor
modifications. After 12 days, the cells were fixed at room temperature with 3.7%
paraformaldehyde in PBS and permeabilized with 0.1% (vol/vol) Triton X-100
for 5 min. The cells were incubated with the anti-human CD31 antibody for 1 h
at 37°C, and further with an alkaline phosphatase-conjugated goat anti-mouse
1gG antibody. Visualization was achieved with 5-bromo-4-chloro-3-indolyl phos-
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FIG. 4. Lens-CM inhibits tubular formation by HUVE cells.
HUVE cells were cocultured with human fibroblasts for 10 days, and
subjected to incubation with or without VEGF (50 ng/ml), BMP4 (50
ng/ml), Noggin (250 ng/ml) or the BMP4-specific neutralizing antibody
(250 ng/ml) under the conditions indicated for 2 days. (A) Quantifi-
cation of apoptotic HUVE cells by counting pyknotic nuclei. Data are
shown as the mean percent apoptosis * standard error from several
independent experiments (upper panel). Representative apoptotic tu-
bules, immunostained with the anti-CD31 antibody or TUNEL are
shown (lower panels). (B) Measurements of tubule length. The results
are shown as the mean * standard error (n = 4) (upper panel).
Representative fields stained with the anti-CD31 antibody are shown
(lower panels). Abbreviations: Ab, anti-BMP4 antibody; B, BMP4; N,
Noggin; V, VEGF. Scale bar: 100 pm.

phate—nitroblue tetrazolium. Tubules were analyzed under a bright-field micro-
scope and the total length in a fixed area (millimeters per square millimeter) of
20 randomly chosen fields per well was calculated.

To assess the apoptotic HUVE cells in tubules, the cells were double-stained
with the anti-human CD31 antibody and Hoechst 33258, and both CD317 cells
and CD31" apoptotic cells were counted in 25 different fields. The percentage of
apoptotic HUVE cells was expressed as a ratio of the number of CD31™" apo-
ptotic cells to the total number of CD317" cells.

Transcorneal injection. The transcorneal injection was performed essentially
as described by Diez-Roux et al. (7) with modifications. The reagents injected
were dissolved in PBS with 0.1% (wt/vol) bovine serum albumin (BSA). Since
only one eye of each animal was injected reagents, the contralateral eye was used
as an internal control. For control injections, 0.1% BSA solution in PBS was
used.

RESULTS

Apoptosis of endothelial cells during rat PM regression via
a VEGF-independent mechanism. To investigate the mecha-
nism of capillary regression, we dissected and carried out a
RT-PCR analysis of rat PMs daily. Bcl-X is known to play an
important role in the regulation of developmental and tissue-
specific programmed cell death (2, 14), and two different Bcl-X
mRNA species, antiapoptotic Bcl-XL (long form) and pro-
apoptotic Bcl-Xs (short form), have been identified. There-
fore, we assessed the relative expression of Bcl-Xs over Bel-XL
in rat PMs from postnatal days 6 to 14 by competitive RT-PCR
(Fig. 1A). The expression level of Bcl-Xs increased from day 8
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FIG. 5. Developmental changes in BMP4 mRNA levels of rat lens.
RT-PCR analysis of ligands, receptors and transducers of BMP family
signals was performed at various stages of organs. Representative data
are shown from several experiments performed as described for Fig.
1A.
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and reached a peak around day 14, when the capillary network
in the PM had mostly disappeared. These results are consistent
with the previous observations that the PM normally starts to
regress between postnatal days 5 and 7 in the rats (7). On the
other hand, the Bcl-Xs form was not observed either in the lens
or cornea at any stages examined.

In addition, using TUNEL and immunohistochemical anal-
ysis with the anti-cleaved caspase 3 antibody, positive staining
in PMs was frequently observed from day 8 (Fig. 1B). Thus, we
confirmed that the PM capillary endothelial cells gradually
disappeared via the process of apoptosis.

Meesson et al. (35) proposed that VEGF supplied by blood
flow is necessary for the survival of endothelial cells in PMs. To
examine this possibility, we established a 1-day-organ-culture
system. In this system, the expression pattern of Bcl-Xs (the
ratio of Bcl-Xs to total Bel-X) revealed that apoptosis occurred
specifically in the PM, not in the lens or cornea, similar to the
case in vivo (Fig. 2A). To investigate whether VEGF was
necessary for endothelial cell survival, PMs were explanted
with or without VEGF in the 1-day-culture system. To our
surprise, as shown in Fig. 2B and C, VEGF failed to suppress
the apoptosis in the PMs. Furthermore, the expression levels of
VEGEF and its receptors involved in angiogenesis showed no
marked change throughout the regression phase. The tran-
script of sflt1, a physiological negative regulator of VEGF, was
only slightly increased (Fig. 2D). In contrast, angiopoietin 2
(Ang2) was up-regulated as shown in a previous report (33).
Therefore, some signal factor(s) other than VEGF may regu-
late this apoptotic process.

Lens-CM contains apoptotic factors for the rat PM. During
vertebrate development, apoptosis can result from changes in
the extracellular environment (43). It is well known that mem-
bers of the TGF-B superfamily, especially BMPs, can serve as
morphogens, playing fundamental roles governing morphoge-
netic processes (17, 38, 39). Since morphogens (e.g., BMP4)
are secreted molecules, we focused on the role of the lens
interacting with PMs in the process of PM regression. To test
the hypothesis that the capillary apoptosis in the PM is induced
by death factors secreted from the lens, we examined whether
the lens-conditioned medium (Lens-CM) induces the apopto-
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FIG. 6. Identification of BMP4 as a factor required for Lens-CM-induced apoptosis of HUVE cells. (A and B) Developmental enhancement
of BMP4 secretion from lens. Organ-CM (A) or protein immunoprecipitated by the anti-BMP4 antibody from organ-CM of day 8 rats (B) was
stained with the specific antibodies. (C) Expression profile of BMP4 in organs. Lens, cornea and PMs were lysed and subjected to immunoblotting
analysis using the specific antibodies. Results (A to C) are representative ones of at least three independent experiments. Anti-BMP4 antibody used
for immunoblotting (A and C) and immunoprecipitation (B) was obtained from R&D Systems. In (B), anti-BMP4 antibody from Santa Cruz was
used for immunoblotting. (D) Inhibitory effect of neutralizing antibody to BMP4 on Lens-CM-induced apoptosis. HUVE cells were cultured in
M199 containing 5% FBS with or without Lens-CM from day 8 rats (SL-CM). Before use, the S8L-CM was immunodepleted with or without (—)
the normal mouse IgG (Ig), the anti-BMP2 antibody («2) and the anti-BMP4 antibody (a4). After 24 h of culture, TUNEL-positive cells were
counted. HUVE cells cultured with Lens-CM and Noggin (250 ng/ml, N) were used as a positive control. Relative apoptotic cell numbers are shown
as the mean * standard error from several independent experiments. Abbreviations: B, BMP4; C, cornea; L, lens; N, Noggin; P, PM.

sis of HUVE cells. Figure 3A shows that only Lens-CM, espe-
cially in day 6 and day 8 rats, significantly increased the levels
of apoptosis over control cultures. Recombinant BMP4 gave a
similar result. In addition, Lens-CM was found to induce the
apoptosis of other endothelial cells, but not of fibroblast cells
(data not shown). To address the possible role of BMPs during
PM regression, we investigated the effect of Noggin on this
apoptosis. Noggin and the neutralizing antibody to BMP4
strongly inhibited the Lens-CM-mediated apoptosis of HUVE
cells, which was reversed by adding an excess of recombinant
BMP4 (Fig. 3B), suggesting that BMPs (especially BMP4) are
good candidate molecules for Lens-CM-induced apoptosis.
Consistent with the idea that VEGF-independent signaling is
active in PMs, VEGF failed to rescue Lens-CM-induced apo-
ptosis (Fig. 3C).

Lens-CM inhibits tubular formation in coculture system.
Next, the apoptotic effect of Lens-CM on the regression of
tubules was assessed. We used a coculture system of HUVE
cells and fibroblasts as a model of angiogenesis in vivo, which
appeared more similar to the environment in vivo than that
used in current in vitro assays, such as the three-dimensional
collagen gel culture or the matrigel assay.

As shown in Fig. 4A, both Lens-CM (during the regression
phase) and BMP4 increased the apoptotic response of HUVE
cells in tubules. Simultaneously, the Lens-CM or BMP4 signif-
icantly reduced tubular formation by HUVE cells (Fig. 4B).
These proapoptotic and inhibitory effects of Lens-CM were
completely inhibited by the treatment with Noggin or the neu-
tralizing antibody to BMP4.

If BMPs had local apoptosis-inducing activity, then the com-

ponents of its specific transduction pathway should be ex-
pressed. Thus, we examined the expression profile of BMP
family ligands, receptors and transducers during PM regression
by RT-PCR (Fig. 5). Interestingly, the expression of BMP4 in
the lens was transiently up-regulated at the beginning of PM
regression. On the other hand, inhibitory-Smads, Smad6 and
-7, which function as inhibitors of BMP-Smad signaling (18, 21,
22, 23, 37) were strongly expressed in the lens, but not in the
PMs. These results suggest an important role for BMP4 se-
creted from the lens in inducing PM apoptosis in a paracrine
manner.

Lens, but not cornea or PM, transiently secretes BMP4. To
clarify whether Lens-CM actually contains BMP family ligands,
an immunoblotting analysis using specific antibodies was per-
formed. As shown in Fig. 6A, specific BMP4 bands were evi-
dent in Lens-CM during the regression phase, but not in Cor-
nea-CM or in PM-CM. These results were confirmed by
immunoprecipitation experiments (Fig. 6B). On the other
hand, neither BMP2 nor BMP7 could be detected at any stage
in organ-CMs (Fig. 6A). In addition, BMP4 was expressed
dominantly in the lens itself, compared with the cornea or PMs
(Fig. 6C). Moreover, the apoptosis-inducing activity of
Lens-CM on HUVE cells was significantly decreased by im-
munodepletion of a factor from Lens-CM with the anti-BMP4
antibody (Fig. 6D). Immunodepletion with either the anti-
BMP2 antibody or normal mouse IgG did not show clear
suppressive effects.

Lens-CM mediates BMP4 signaling. Next, we examined
whether the BMP4-Smad1/5 (Smadl and/or Smad5) pathway is
involved in the Lens-CM-mediated apoptosis. The propagation
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FIG. 7. BMP4 signaling in HUVE cells. (A) Lens-CM promotes
the translocation of Smadl to the nucleus. HUVE cells were stimu-
lated with Lens-CM from day 8 rats (CM) or BMP4 (50 ng/ml, B) for
2 h. Cells were harvested, fractionated into nuclear (Nuclei) and cy-
toplasmic (Cyto) fractions, and subjected to immunoblotting analysis
using the anti-Smad1 antibody. (B) Immunohistochemistry using the
anti-Smad1 antibody of HUVE cells, stimulated as described for panel
A. (C) Phosphorylation of Smad1/5 in HUVE cells. HUVE cells were
pretreated with or without Noggin (250 ng/ml, N) and stimulated with
Lens-CM from day 8 rats (8L-CM) or BMP4 (50 ng/ml). Before use,
the 8L-CM was immunodepleted with or without (—) the normal
mouse IgG (Ig), the anti-BMP2 antibody («2) and the anti-BMP4
antibody (a4), for 2 h. Cells were harvested and subjected to immu-
noblotting analysis using the anti-phospho Smad1/5/8 antibody.
(D) Lens-CM induces the expression of Msxl and Msx2 mRNAs.
HUVE cells were cultured with or without Noggin (250 ng/ml) under
the conditions indicated. After 30 h of culture, cells were harvested and
subjected to RT-PCR analysis with specific primers as described for
Fig. 1A. Developmental changes in rat PMs were also examined. Re-
sults in the figure are representative of several experiments.

of BMP4 signaling downstream is achieved by the activation of
receptor type-I kinase, the phosphorylation of Smadl and the
translocation of the phosphorylated Smadl into the nucleus
(28). Furthermore, BMP4-mediated apoptosis appears to be
transcriptionally regulated by the activity of the homeobox
genes encoding Msx1 and Msx2 (8, 34). The results demon-
strated that the treatment of HUVE cells with Lens-CM was
associated with decreases in cytoplasmic Smadl and concom-
itant increases in nuclear Smadl (Fig. 7A). As a control, the
nuclear and cytoplasmic fractions were also subjected to im-
munoblotting with antibodies specific to nuclei or cytoplasm to
ensure the purity of the preparation (data not shown).

To confirm the subcellular redistribution of Smadl in
HUVE cells, we carried out an immunohistochemical analysis.
Staining with the anti-Smad]1 antibody clearly showed that the
use of Lens-CM led to a nuclear accumulation of Smad1 (Fig.
7B). Similar results were obtained from BMP4-treated cells
(Fig. 7A and B). In addition, the phosphorylation of Smad1/5
in HUVE cells induced by Lens-CM was strongly suppressed
by an immunodepletion treatment of Lens-CM with the anti-
BMP4 antibody but not with anti-BMP2 antibody (Fig. 7C).
Moreover, we assessed whether Lens-CM could induce the
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expression of putative Smad1 target genes, Msx1 and Msx2. In
support of this idea, Fig. 7D (left panels) showed that both
Lens-CM and BMP4 increased Msx1 and Msx2 mRNA levels.
Noggin significantly inhibited the up-regulation of both target
genes to control levels. Given these observations, it is likely
that BMP4 plays a major role in the Lens-CM-induced apo-
ptosis of HUVE cells.

BMP4 induces phosphorylation of Smadl/5 and promotes
apoptosis in the PM in vivo. To test whether BMP4 signaling
is really active in the PMs throughout developmental capillary
regression, we examined the phosphorylation of Smad1/5 in rat
PMs by immunohistochemical and immunoblotting analyses.
Interestingly, phosphorylated Smad1/5 was clearly expressed in
endothelial cells in PMs (Fig. 8A). As shown in Fig. 8B,
Smad1/5 was strongly phosphorylated in endothelial cells from
the day 8 rat PMs. As a control, BMP4 also phosphorylated
Smad1/5 in HUVE cells (Fig. 8B, left panel). Moreover, the
expression of Msx1 and Msx2 were up-regulated throughout
the regression phase in the PMs (Fig. 7D, right panels).

We next examined the BMP4-induced paracrine regulation
of the PM apoptosis in an orbit 1-day-whole-culture system. As
shown in Fig. 8C and D, both Noggin and the BMP4-specific
neutralizing antibody repressed the up-regulation of Bcl-Xs
(lower bands) and reversed the extent of apoptosis to that of
day 0, specifically in the PMs, not in the lens or cornea.

Finally, to investigate whether BMP4 derived from the lens
actually promotes in vivo the apoptosis of PMs in a paracrine
manner, BMP4 was injected transcorneally into day 8 rats.
Twenty-four hours after injection, PM regression was exam-
ined (day 1). As shown in Fig. 9A, BMP4 significantly pro-
moted apoptosis compared with controls (PBS injected). In
contrast, injections of Noggin revealed that the frequency of
apoptosis was significantly reduced compared with controls.
Importantly, prolonged treatment with BMP4 and Noggin (2
or 4 days after injections) further enhanced these effects.
BMP4 strongly increased the number of apoptotic endothelial
cells, whereas Noggin prevented regression to a large degree
(Fig. 9A). Moreover, when Noggin or the BMP4-specific neu-
tralizing antibody was injected at days 6, 8, and 10, the number
of remaining capillary cells was increased approximately four
to six times compared with the controls (PBS injection) and
untreated PMs (Fig. 9B and C). Therefore, BMP4 secreted
from the lens may promote apoptosis in the PM through the
induction of Smad1/5 as a paracrine factor.

Overall, the results obtained in this study indicate that
BMP4-Smad1/5 signaling is activated in PMs throughout the
developmental capillary regression in a paracrine fashion (Fig.
10).

DISCUSSION

Apoptosis plays a major role in the morphogenesis and re-
modeling of organs according to internal and external environ-
mental changes during development. Here, we found that
BMP4 secreted from the lens is involved in endothelial apo-
ptosis, especially capillary regression in the PM.

There is evidence to suggest that cell fate is determined by
interactions within the morphogenetic field over the course of
organogenesis. Lens formation is the result of a reciprocal
inductive interaction between the optic vesicle and the surface
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(P), and cornea (C) harvested from rats were subjected to immunoblotting analysis using the anti-phospho Smad1/5/8 antibody. HUVE cells,

stimulated with (B) or without (—) BMP4 (50 ng/ml) for 2 h, were u

sed as a control. (C) Effect of Noggin and the BMP4-specific neutralizing

antibody on the apoptosis of PMs in the 1-day-whole-culture system. The orbits of day 8 rats were cultured with medium alone (—), Noggin (250
ng/ml, N) or the anti-BMP4 antibody (250 ng/ml, Ab) for 24 h at 37°C (Day1l). RT-PCR analysis for the whole orbits (—, N, and Ab), PM, lens
(L) and cornea (C) was performed as described in Fig. 1A. In addition, whole orbits were separated into parts, the PM, lens and cornea. Data are
representative of several experiments. The ratio of Bcl-Xs/total Bel-X (%) was calculated by densitometric analysis. (D) Quantification of the
apoptotic index in the PMs from day 8 rats under the same conditions as described above in the 1-day-culture system. Data are expressed as in

Fig. 2C.

ectoderm. Several BMP family members have been reported to
be expressed throughout the development of the eye in mice
(9, 24, 26, 31, 44). In mice, BMP4 has critical roles during the
lens induction process. In addition, it is known that PMs, which
nourish the immature lens, disappear during the later stages of
ocular development. To our surprise, BMP4 plays two impor-
tant roles in the development of the lens: one in the process of
lens induction during embryogenesis and the other in the cap-
illary network regression of PMs secreted from the lens epi-
thelial cells as shown in this study (Fig. 10).

Recently, Meeson et al. (35) proposed that a lack of blood
flow results in synchronous apoptosis along the capillary seg-
ment of PM, due to the shortage of VEGF supplied by blood.
A simple physical block of plasma flow is suggested to cause
the apoptosis of endothelial cells in the circulation of corpus
luteum in the ovary (1). A decrease in hemodynamic force was
also shown to trigger apoptosis in endothelial cells (25). The
expression of a number of genes involved in thrombosis, ho-
meostasis and inflammation is regulated by vascular shear
stress (41). Thus, the decrease in hemodynamic force and the
cessation of blood flow may also play some role in vascular
regression in vivo. However, contrary to the previous report,

VEGEF failed to repress apoptosis in the PMs in our 1-day-
culture system (Fig. 2C). Even without blood flow in the cap-
illaries under this system, Noggin strongly inhibited apoptosis
in the PMs (Fig. 8C and D). Therefore, we consider that the
BMP4 secreted from the lens during the day 6 to 10 after birth
is the major initiator for PM regression, and the decrease in
the level of VEGF contributes in a minor way or to a later
phase of endothelial cell apoptosis.

Diez-Roux et al. (7) reported that macrophages play an
important role in the PM regression. Macrophages are well
known to participate in the late stage of apoptosis, such as
recognition of apoptosis-induced cells and phagocytosis of
those cells. Thus, we suggest that the expression of BMP4
shown in this study initiates the first step of apoptosis in PM
regression, then macrophages are recruited and involved in the
second stage of this process to remove the died capillary en-
dothelial cells.

Given the expression pattern of the BMP4 gene and related
genes in the lens, cornea, and PM (Fig. 5), the question arises
why PMs are sensitive to BMP4-induced apoptosis, but lens
and cornea are not. Several explanations are possible. (i) The
endothelial cells in PMs are more unstable than the epithelial
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(—). Data are shown as the mean = standard error (n = 50 to 60).

cells in lens and cornea, thus, a difference of cell type deter-
mines the sensitivity to BMP4-induced apoptosis. (ii) The
mRNAs of the BMP4 receptors (ALK3, ALK6, and BMPR 1I)
are expressed in lens, cornea and PM (Fig. 5). However, the
lens and cornea but not the PM strongly express the transcripts
of Smad6 and -7, inhibitory Smads against TGF-B signals.
Thus, Smad6 and -7 may efficiently block an autocrine-type
BMP4-induced apoptosis in the lens and a paracrine-type ap-
optosis in the cornea. (iii) BMP4 receptors function in the PMs
to transduce apoptotic signals, but these receptors might be
less functional or inactive in lens and cornea due to a rapid
protein turnover or due to an association with an unidentified
inhibitor(s).

Ang?2 is a natural antagonist for Angl, opposing the effect of
Angl-mediated stabilization by acting as a competitive antag-
onist at the Tie2 receptor (33). In adult mice and humans,
Ang?2 is expressed only at sites of vascular remodeling. The
ovarian vasculature is one of the few locations where the non-
pathological development, maintenance and regression of ves-
sels occur in the adult. A rise in the Ang2/Angl ratio has been
shown in the corpus luteum during luteolysis. This ratio in-
creased significantly in the late luteal phase, suggesting that
overexpression of Ang2 during luteolysis could reflect the re-

gression of capillaries (13, 33). Notably, we observed a marked
shift in the ratio of Ang2 to Angl expression during PM re-
gression from day 10 to 14 after birth (Fig. 2D). Considering
the previous observations, these findings suggest that the up-
regulation of Ang2 promotes vascular breakdown, which fol-
lows later during PM regression. This is intriguing because
differences in the temporal expression of Ang2 versus Angl are
consistent with the cyclic ovarian angiogenesis, suggesting that
a balance of these angiogenic factors may also control vessel
degeneration in PMs at later stages.

Moreover, we showed that the expression of proapoptotic
BclXs (short band in RT-PCR) increased in association with
the activation of caspase 3 according to the apoptotic process
in the PMs (Fig. 1). These results are analogous to previous
observations of a dramatic vascular remodeling, the closure
and regression of the umbilical artery and ductus arteriosus
during the perinatal period (3, 27). Therefore, the balance of
Bcl-Xs and Bel-XL is also an important determinant of these
physiological apoptotic processes of endothelial cells including
PM regression.

In this study, we demonstrated that the secreted molecule
BMP4 plays a key role in the regression of the capillary net-
work in the anterior chamber of the lens at later stage of
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FIG. 10. BMP4 contributes to the development of the eye (a schematic model). At approximately embryonic day 9.5 to 10.5, the optic vesicle
contacts with the surface ectoderm to induce lens placode. BMP4, one of the factors releasing by optic vesicle, is first detectable in the anterior
region of the optic cup, and its activity is necessary for the lens placode induction during early stages of eye morphogenesis. Coordinated
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optic cup (embryonic day 11.5 to 12.5). Reciprocal interactions between the lens vesicle and optic cup are required for continued growth and
morphogenesis of the developing eye. During the later stages of ocular development, PMs nourishes the immature lens. Then, matured lens
secretes BMP4, and this BMP4 activity is responsible for the apoptotic cell death in PMs (P8 to P14) to lead its regression as shown in this study.
Although the phosphorylation of Smad1/5 was detected, it is not clear whether Smadl and/or Smad5 is the mediator of apoptosis in PM.

development. The role of the BMP pathway in endothelial cell
biology is not well understood. Decidualization is a process
involving tissue swelling and vascular remodeling. Recently,
BMP2, -4, and -8 were found in mouse decidua, suggesting that
BMP signaling is involved in this process (47). Taken together,
it is noteworthy that there is an intimate link between BMP4
signaling and endothelial apoptosis in general physiologic vas-
cular regression and/or remodeling. Further investigation is
necessary to elucidate the molecular basis of the effect of the
paracrine factor, BMP4, on vascular cell apoptosis and char-
acterize the actual role of apoptosis as a determinant of vas-
cular structure in vivo.
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