
Macrophages engulf endothelial cell membrane particles 
preceding pupillary membrane capillary regression

Ross A. Poché1,3, Chih-Wei Hsu1,3, Melissa L. McElwee1, Alan R. Burns5, and Mary E. 
Dickinson1,2,3,4,*

1Department of Molecular Physiology and Biophysics, Baylor College of Medicine, Houston, TX

2Program in Developmental Biology, Baylor College of Medicine, Houston, TX

3Integrative Molecular and Biomedical Sciences Graduate Program, Baylor College of Medicine, 
Houston, TX

4Cardiovascular Research Institute, Baylor College of Medicine, Houston, TX

5College of Optometry, University of Houston, Houston, TX.

Abstract

Programmed capillary regression and remodeling are essential developmental processes. However, 

the cellular and molecular mechanisms that regulate vessel regression are only beginning to be 

understood. Here, using in vivo, dynamic, confocal imaging of mouse transgenic reporters as well 

as static confocal and electron microscopy, we studied the embryonic development and postnatal 

regression of the transient mouse pupillary membrane (PM) vasculature. This approach allowed us 

to directly observe the precise temporal sequence of cellular events preceding and during the 

elimination of the PM from the mouse eye. Imaging of Tcf/Lef-H2B::GFP Wnt-reporter mice 

uncovered that, unlike the hyaloid vasculature of the posterior eye, a PM endothelial cell (EC) 

Wnt/β-catenin response is unlikely to be part of the regression mechanism. Live imaging of EC 

and macrophage dynamics revealed highly active Csf1r-GFP+ macrophages making direct contact 

with the Flk1-myr::mCherry+ vessel surface and with membrane protrusions or filopodia 

extending from the ECs. Flk1-myr::mCherry+ EC membrane particles were observed on and 

around ECs as well as within macrophages. Electron microscopy studies confirmed that they were 

in phagosomes within macrophages, indicating that the macrophages engulfed the membrane 

particles. Interestingly, EC plasma membrane uptake by PM macrophages did not correlate with 

apoptosis and was found shortly after vessel formation at mid-gestation stages in the embryo; long 

before vessel regression begins during postnatal development. Additionally, genetic ablation of 

macrophages showed that EC membrane particles were still shed in the absence of macrophages 

suggesting that macrophages do not induce the formation or release of EC microparticles. These 
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studies have uncovered a novel event during programmed capillary regression in which resident 

macrophages scavenge endothelial cell microparticles released from the PM vessels. This finding 

suggests that there may be an initial disruption in vessel homeostasis embryonically as the PM 

forms that may underlie its ultimate regression postnatally.
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INTRODUCTION

During mammalian eye development, the immature lens, retina and vitreous are supported 

by transient capillary beds that ultimately regress, postnatally in rodents and prenatally in 

humans, to allow light to pass through the eye unimpeded (Ito and Yoshioka, 1999; Zhu et 

al., 2000). This transient network is comprised of the pupillary membrane (PM) on the 

anterior surface of the lens and the hyaloid vasculature (HV) behind the lens, which includes 

the hyaloid artery (HA), tunica vasculosa lentis (TVL) and the vasa hyaloidea propria (VHP) 

(Ito and Yoshioka, 1999). When regression of the hyaloid network fails to occur, conditions 

such as persistent hyperplastic primary vitreous (PHPV) and persistent pupillary membrane 

(PPM) result and can lead to vision deficiencies. Therefore, elucidation of the cellular and 

molecular mechanisms driving HV and PM regression will lead to better treatments of 

PHPV and PPM. Of great interest to developmental biologists, HV and PM regression is an 

exquisitely precise developmental event in which vessel segments are selectively eliminated 

from an otherwise healthy tissue. Thus, the mechanisms that underlie these events are likely 

integrated with other vital developmental pathways and a better understanding of these 

mechanisms could impact anti-neoangiogenic strategies to treat diseases such as cancer.

Recent decades of research on the mechanisms regulating PM and HV regression have 

uncovered an essential role for resident macrophages (Diez-Roux and Lang, 1997; Lang et 

al., 1994; Lang and Bishop, 1993; Lobov et al., 2005). From the analyses of transgenic mice 

that express diphtheria toxin specifically in macrophages, and later in macrophage-deficient 

PU.1 null mice, it was shown that both the PM and HV vascular beds persist well into 

postnatal stages (Lang and Bishop, 1993; Lobov et al., 2005). In the case of the HV, further 

experiments showed that macrophage-mediated Wnt7b signaling is an essential molecular 

trigger of endothelial cell (EC) apoptosis and consequential vessel regression (Lobov et al., 

2005). HV macrophages express Wnt7b during postnatal regression and genetic down-

regulation of Wnt7b signaling results in the same persistent HV phenotype as the 

macrophage-deficient PU.1 null mice (Lobov et al., 2005). However, despite an obvious 

requirement for macrophages, PM vascular regression has not been reported to require 

Wnt7b activity (Lobov et al., 2005). Thus, it is currently not clear whether the mechanism 

driving regression of the PM is similar to that of the HV.

Here, we report an unbiased approach using live imaging of the mouse PM to delineate 

cellular and molecular signaling events that take place during PM regression. Specifically, 

we employed five different, previously validated transgenic fluorescent reporters (Table 1) 
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to label individual cell populations that comprise the PM. Flk1-myr::mCherry and Flk1-

H2B::YFP transgenes were used to label EC plasma membranes and nuclei, respectively 

(Fraser et al., 2005; Larina et al., 2009; Poche et al., 2009). To visualize the resident 

macrophages, we used the Csf1r-GFP transgenic line and vascular pericytes were marked 

with an NG2-dsRed transgene (Sasmono et al., 2003; Zhu et al., 2008). In order to monitor 

Wnt signaling in vivo, we have utilized a Tcf/Lef-H2B::GFP Wnt reporter transgenic mouse 

in which cells responding to Wnt signaling have a bright, nuclear GFP (Ferrer-Vaquer et 

al.). Our imaging experiments have led us to revise the timeline of PM development and 

regression and have uncovered several unexpected phenomena. Specifically, we failed to 

detect a Wnt/β-catenin response within PM endothelial cells during the regression period. 

However, we did identify physical interactions between endothelial cells and macrophages 

that support the role of macrophages in PM regression. We observed macrophages engulfing 

membrane particles emanating from PM endothelial cells although these events were not 

associated with cell death or were the macrophages necessary for the release of EC particles. 

Our findings support a model where there is an early disruption in vessel homeostasis that 

impedes the ability of the PM vessel network to expand concomitantly with the growing lens 

and key breaks in vessel segments lead to vessels being cleared from the lens surface.

METHODS

Mouse Strains

Flk1-myr::mCherry tg/tg and Flk1-H2B::YFP tg/tg mice were maintained on a mixed 

FVB/CD1 background and all breeding pairs were genotyped for the absence of the retinal 

degeneration (rd) allele using previously published conditions (Gimenez and Montoliu, 

2001). Csf1r-GFP tg/tg (Sasmono et al., 2003), NG2-dsRed +/tg (Zhu et al., 2008) and Tcf/

Lef-H2B::GFP +/t g (Ferrer-Vaquer et al.) mice were maintained on a C57BL/6, B6SJLF1 

and mixed B6129SF1/ICR background, respectively. All mice were genotyped for the 

presence of their respective transgenes by screening embryonic and neonatal litters or adult 

tail snips under a fluorescence microscope. The PU.1+/− and PU.1−/− mice were genotyped 

as previously described (Henkel et al., 1996; McKercher et al., 1996).

Pupillary membrane and tunica vasculosa lentis whole mounts and immunofluorescence

Enucleated eyes were fixed with 4% paraformaldehyde (PFA) for 1 hour at 4° C. For 

pupillary membrane (PM) whole mounts, the anterior portion of the eye (including the 

cornea, iris, ciliary margin and attached lens) was isolated. Using a small spring scissors, the 

ciliary margin was further trimmed away leaving behind the cornea, iris and lens. #5 forceps 

were then used to carefully tease away the lens leaving behind the cornea and iris with most 

of the attached PM capillaries in tact. From there, the tissue was floated onto a glass slide 

and the cornea layer separated from the iris/PM layer and discarded. The PM with attached 

iris border was left in a drop of 1X PBS for subsequent immunofluorescence staining on the 

slide. For tunica vasculosa lentis (TVL) whole mounts, the posterior part of the eye just 

behind the lens was removed to expose the posterior lens covered with TVL capillaries. 

These samples were immunolabeled in 1.5 mL Eppendorf tubes. For immunofluorescence, 

the samples were washed 3 times in 1X PBS containing 0.1% Triton X (10 minutes each 

wash) and blocked in 2% normal serum (in 1X PBS) for 1 hour at room temperature. These 
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samples were then incubated with primary antibodies (diluted in 2% serum) overnight at 4° 

C. The following day, the samples were washed 3 times in 1X PBS (10 minutes each), 

incubated in secondary antibodies for 1 hour at room temperature, washed three times in 1X 

PBS and stained with DAPI (1:500) for 15 minutes. At this point, the PM slide preparations 

were mounted under a coverslip using Fluoromount-G (SouthernBiotech) mounting media 

and the TVLs were mounted on a 35 mm glass bottom dish (MatTek) and overlaid with a 

coverslip. The samples were imaged immediately using a Zeiss LSM 510 META confocal 

microscope and a Plan-Apochromat 20X/0.8, C-Apochromat 40X/1.2, or Plan-Apochromat 

63X/1.4 objective. Primary antibodies used: anti-dsRed (1:200) (Clontech #632496), anti-

Caspase 3 (1:200) (BD Pharmingen #559565), anti-NG2 (1:200) (Millipore #AB5320). 

Secondary antibodies used: goat, anti-rabbit Alexa Fluor 488, goat, anti-rabbit Alexa Fluor 

555 and goat, anti-rabbit Alexa Fluor 647 (1:400) (Molecular Probes).

Immunogold labeling and transmission electron microscopy

Eyes from P3 Flk1-myr::mCherry+/tg mice were enucleated and fixed in 0.1M Sodium 

Cacodylate (pH 7.2) containing 4% paraformaldehyde for 30 minutes at room temperature. 

All subsequent steps were performed at room temperature. Next, the posterior eyecup was 

removed using a small spring scissors leaving behind the anterior eye with the lens attached 

and this was fixed for an additional hour. This was followed by three ten-minute (3 X 10 

mins.) washes in 1X PBS. Next, the samples were blocked in 2% normal goat serum (in 1X 

PBS) for 1 hour and then incubated for 3 hours with an anti-dsRed antibody, (Clontech 

#632496), diluted 1:100 in 2% normal goat serum. After incubation with the primary 

antibody, the samples were then washed in 1X PBS (3 X 10 mins.) and incubated for 1 hour 

with FluoroNanogold™-anti-rabbit Fab’-Alexa Fluor® 488 secondary antibodies 

(Nanoprobes, cat. #7204) diluted 1:250 in 2% normal goat serum. Following another round 

of 1X PBS washes (3 X 10 mins.), the samples were post-fixed with 2% glutaraldehyde (in 

1X PBS) for 30 minutes and washed again in 1X PBS (3 X 10 mins.). At this point, the 

samples were washed in deionized water (3 X 10 mins.) and then subjected to the HQ 

SILVER™ (Nanoprobe #2012) silver enhancement system following manufacturer 

instructions. Following 5-minute incubation with the silver enhance solution, the samples 

were washed in 0.1M Sodium Cacodylate buffer (pH 7.2) (3 X 10 mins.). The samples were 

then fixed in 0.1% osmium, dehydrated through an acetone series, infiltrated and embedded 

in Embed-812 (Electron Microscopy Sciences, Hatfield, PA), sectioned (80-100 nm) and 

stained with lead and uranyl acetate. Sections were viewed on an FEI Tecnai 12 

transmission electron microscope operating at 80 keV.

Flk1-H2B::YFP + pupillary membrane image processing and nuclear counting

Eyes from Flk1-H2B::YFP+/tg mice (E12.5 to P10) were enucleated and immediately placed 

on a 35 mm glass bottom petri dish (MatTek) with the corneal surface facing the glass. The 

eyes were then imaged en face using a Zeiss LSM 510 META confocal microscope and 

Plan-Apochromat 20X/0.8 objective. Using LSM Image Examiner software and either the 

rim of the ciliary body in the embryos or the postnatal iris as a guide, the PM within each 

image was cropped and its area measured. This was followed by manual counting of every 

Flk1-H2B::YFP+ cell within the entire PM. Statistically significant differences (t-test) 
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between varying time points were determined for the total number of cells per PM and the 

number of cells per PM area.

Vital imaging of the pupillary membrane

P0 to P10 fluorescent reporter mice were anesthetized in an induction chamber with 2.5% 

isoflurane with an oxygen flow rate of 1 L/min. for 5 mins. Once anesthesia was induced, 

the pup was transferred to the stage of a dissection microscope and isoflurane was 

continuously administered via a nose cone. To prepare the eye for live imaging, 70% ethanol 

was swabbed over the eyelid, which was then removed using a #5 forceps and a small spring 

scissors. The exposed eye was immediately covered in lubricating eye drops (GenTeal, 

Alcon) to prevent drying. For the imaging session, the pup was positioned on a custom made 

imaging platform, which contained a #1 cover glass bottom well. The well was filled with 

additional lubricant gel and the pup placed on the platform with its head sitting on the rim of 

the well and the exposed eye sitting within the gel-filled well. The pup was then 

immobilized to the imaging platform using 0.5 mm wide strips of laboratory tape placed 

across the head and abdomen and gently secured to the imaging platform. The pup and 

platform were then positioned on the stage of a Zeiss LSM 5 LIVE fast scanning confocal 

microscope equipped with a heated environmental chamber set to 37° C. The nose cone was 

re-attached to the immobilized pup and 2.5% isoflurane with an oxygen flow rate of 1 L/

min. for 5 mins. was administered for the duration of the imaging session. Time-lapse 

images were acquired using a LCI Plan-Neofluar 25X/0.8 objective every 3 minutes for up 

to 9 hours. Once the imaging session was complete, the pup was sacrificed by CO2 

asphyxiation followed by decapitation. All supplemental movies have a playback rate of 20 

frames per second.

RESULTS

Pupillary membrane endothelial cells do not appear to respond to canonical Wnt/β− 
catenin signaling

Based on previously published work describing an essential role for macrophage-secreted 

Wnt7b signaling in HV regression (Lobov et al., 2005), we were interested in determining 

whether we could capture dynamic Wnt signaling events using the PM as an in vivo model 

system. To achieve this, we generated Flk1-myr::mCherry; Tcf/Lef-H2B::GFP mice in 

which the EC plasma membranes are labeled with mCherry and the Wnt-responding cell 

nuclei are labeled with GFP (Ferrer-Vaquer et al.; Poche et al., 2009). As a control, we first 

confirmed that the Wnt reporter faithfully recapitulates the pattern of Wnt signaling 

previously described for the HV (Lobov et al., 2005). Confocal microscopy of TVL and HA 

whole mounts from E18.5, postnatal day 3 (P3) and postnatal day 7 (P7) mice revealed the 

expected strong Wnt reporter GFP expression within mCherry+ EC nuclei (Figure 1A-C 
and data not shown). Interestingly, confocal analysis of the PM at the same developmental 

stages showed a complete lack of Wnt-reporter activity within the mCherry+ PM vessels 

(arrows in Figure 1D-F). Instead, Tcf/Lef-H2B::GFP expression was observed in a subset 

of cells within the lens epithelium (Figure 1D-F) just adjacent to the PM vessels. Thus, it 

appears unlikely that PM ECs respond canonically to Wnt ligands secreted by macrophages, 

indicating that another molecular mechanism of PM capillary regression must exist.
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Vital imaging of the postnatal pupillary membrane uncovered a role for resident 
macrophages in scavenging of endothelial cell membrane particles

Resident macrophages clearly play a role in PM regression since a persistent PM phenotype 

has been observed in the macrophage-deficient and depleted mice (Lang and Bishop, 1993; 

Lobov et al., 2005). To further define how macrophages contribute to PM regression, we 

generated Flk1-myr::mCherry; Csf1r-GFP double transgenic mice to monitor the cell-cell 

interactions between the PM endothelial cells and macrophages. Static imaging of freshly 

isolated P5 eyes revealed several interesting features. First, every GFP+ macrophage within 

the PM contained Cherry+ inclusions suggesting that the macrophages had either engulfed 

dead ECs or had taken up EC membrane particles (Figure 2 A and data not shown). This 

phenomenon was not observed in other vessels beds that do not undergo regression within 

the P5 brain, skin, kidney and muscle (Supplementary Figure 1). We also observed 

discrete, Cherry+ cytoplasmic protrusions extending from the PM ECs and making direct 

contact with macrophages (Figure 2A and arrowheads in B). In addition to EC projections, 

Cherry+ EC puncta were also detected on the surface of and adjacent to PM vessels 

indicating that ECs might be shedding plasma membrane into the extracellular space in the 

form of microparticles and/or exosomes (arrows in Figure 2B).

To further clarify our observations of Flk1-myr::mCherry+/tg; Csf1r-GFP+/tg static images, 

we performed vital imaging of the postnatal PM within the intact eye. Live imaging of the 

PM at P3, a time when it is undergoing regression, revealed that the macrophages were 

extremely dynamic and showed direct contact with mCherry labeled endothelial cells. In low 

magnification movies of the PM, we observed most GFP+ macrophages extending and 

retracting lamellipodia/filopodia, contacting and probing the mCherry+ PM vessel surface 

(Supplemental Movie 1). Higher magnification time lapse imaging of the PM at P5 

confirmed that macrophage lamellipodia make intermittent contact with cytoplasmic 

extensions of the ECs (follow the arrowheads in Figure 2C-F and Supplemental Movie 2). 

We also observed lamellipodia making contact with the vessel surface and exhibit a 

“grabbing” behavior toward the EC plasma membrane suggestive of a phagocytic cup 

(follow the arrows in Figure 2G-J and Supplemental Movie 2).

Transmission electron microscopy further supports a role for PM macrophages in 
scavenging endothelial cell membrane particles

For additional characterization of the size and location of myr::mCherry+ membrane 

particles within the PM and adjacent macrophages, we performed immunogold labeling and 

transmission electron microscopy (TEM). P3 PM ECs were labeled with an anti-dsRed 

antibody (Clontech) that cross-reacts with mCherry. Immunofluorescent labeling of PM 

whole mounts confirmed the ability of the antibody to recognize mCherry thereby 

highlighting Flk1-myr::mCherry expression (Figure 3 A-C). Using immunogold TEM 

imaging, we labeled the PM ECs with the dsRed antibody that gave the expected punctate, 

electron-dense signal specifically on the EC surface (Figure 3D-E). We also occasionally 

observed small, nano-scale vesicular structures (approximately 200-300 nm in diameter) that 

were labeled with the dsRed antibody and were located outside of the vasculature, similar to 

those observed by confocal microscopy (arrowheads in Figure 3D-H). The TEM images 

also revealed that mCherry+ particles observed by confocal microscopy (Figure 3I-K) were 
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indeed localized to phagosomes of the PM resident macrophages (Figure 3L-N). The 

presence of mCherry particles within macrophage phagosomes clearly shows that PM 

macrophages scavenge and phagocytose plasma membrane derived from the postnatal PM 

ECs.

Macrophage engulfment of Flk1-myr::mCherry+ cell membrane particles is not due to 
phagocytosis of apoptotic endothelial cells

Since PM ECs are thought to undergo cell death during early postnatal stages resulting in 

complete vessel regression by P14 (Ito and Yoshioka, 1999), we next performed static 

imaging of freshly isolated embryonic (E11.5 to E18.5) eyes from Flk1-myr::mCherry; 

Csf1r-GFP mice (Figure 4 and data not shown). Here, our expectation was that embryonic 

macrophages would not contain mCherry+ particles because the developmentally 

programmed capillary regression has yet to initiate. To our surprise, we found that mCherry

+ particles were present in the embryonic PM macrophages. At E11.5, resident macrophages 

were present within the presumptive PM; however, vessels have yet to invade the area (data 

not shown). By E12.5, the first PM vessels were visible but mCherry+ inclusions were not 

seen within the macrophages (Figure 4A-C). Beginning at E14.5, we first observed a few 

macrophages that were mCherry+ (Figure 4D and arrowheads 4E-F) and by E16.5 all 

resident macrophages contained mCherry+ particles (data not shown). This persisted to 

E18.5 and into postnatal stages (Figure 4G and arrowheads in 4H-I).

The above data indicated that macrophage engulfment of EC membrane particles begins 

shortly after vessel formation and precedes the known timing of PM vessel regression and 

EC apoptosis. To further determine the relationship between membrane particle engulfment 

and cell death, we performed two additional experiments. First, PM vessels (E12.5 to E18.5) 

of Flk1-myr::mCherry+/tg; Flk1-H2B::YFP+/tg mice were analyzed to determine if nuclear 

fragmentation correlated with PM membrane engulfment. A representative example from 

the E16.5 PM shows YFP+ EC nuclei within intact mCherry+ vessels. However, we never 

detected fluorescent signals from YFP+ apoptotic EC nuclear fragments outside of the 

vascualture or overlapping with the mCherry+ particles within the macrophages 

(arrowheads in Figure 5A-C), showing that macrophages were not simply engulfing whole 

dead cells, but rather EC membrane material specifically. We next examined activated 

Caspase 3+ immunofluorescence in the embryonic PM vasculature and we were not able to 

detect Caspase 3+ cells within the embryonic PM (data not shown). However, at later 

postnatal stages (P7 shown), we occasionally observed YFP+ nuclear fragments that clearly 

correlated with activated Caspase 3+ cells. These data showed that apoptotic cells are 

present within the postnatal PM and that Flk1-H2B::YFP+ nuclear fragments are a valid 

readout EC cell death (arrowheads in Figure 5D-F), but the appearance of Flk1-

myr::mCherry+ membrane particles within macrophages did not correlate temporally or 

spatially with endothelial cell apoptosis.

Since it is known that pericytes are often required to maintain vessel homeostasis (Armulik 

et al.; Augustin et al., 2009), we also investigated whether there was any indication of 

embryonic pericyte death that might be related to instability of the PM capillary network and 

EC membrane uptake by macrophages. Here, we performed immunofluorescence on PM 
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whole mounts using an antibody against the N2 proteoglycan, which has been previously 

reported to be expressed in pericytes in developing capillary beds (Ozerdem et al., 2001; 

Ruiter et al., 1993). Immunofluorescent labeling of the P3 PM of Flk1-myr::mCherry+/tg 

mice showed clear investment of NG2+ pericytes within the mCherry+ vasculature 

(Supplemental Figure 2A-C). To more easily track NG2+ pericytes throughout PM 

development and regression in situ, the NG2-dsRed transgenic line was used to brightly 

label NG2+ cells with red fluorescent protein (Zhu et al., 2008). We noticed that at E12.5, a 

time when the PM has begun to form, NG2+ pericytes are localized to the periphery outside 

of the PM (Supplemental Figure 2D). This suggests that the pericytes are likely recruited 

into the PM subsequent to EC invasion. By E14.5, once the PM has formed, pericyte 

coverage appeared throughout the vascular bed, persisting into early postnatal stages 

(Supplemental Figure 2E-F). At no point, from E14.5 to P5, did we observe indication of 

NG2+ cell death (data not shown). However, by P7 NG2-dsRed+ cell fragments, suggestive 

of dead or dying pericytes, were observed surrounding vessel segments (Supplemental 
Figure 2G and arrows in H-I) and within resident macrophages (Supplemental Figure 2G 
and arrowheads in H-I). From these data, there is no indication that pericyte death is 

correlated with the macrophage engulfment of Flk1-myr::mCherry+ EC membrane particles. 

While EC membrane particles are detected throughout embryonic and postnatal 

development, pericyte and EC apoptosis appear concurrently by P7, consistent with 

published reports of pericyte and EC death in the mouse and rat PM (Diez-Roux et al., 1999; 

Ito and Yoshioka, 1999).

Pupillary membrane endothelial cell numbers do not begin to decline until postnatal day 
five

The Flk1-H2B::YFP transgenic line provides superior en face resolution of individual ECs 

within the PM. Thus, in order to place the appearance of Flk1-myr::mCherry+ membrane 

particles in the context of EC development and regression specifically, we performed 

confocal microscopy on freshly isolated E14.5 to P10 Flk1-H2B::YFP+ eyes and generated 

3D Z-stack projections. Using either the rim of the ciliary body in the embryos or the 

postnatal iris as a guide, the region of the PM within these images was cropped and YFP+ 

cells manually counted (Figure 6A-H). Between E14.5 to E18.5, a statistically significant, 

two-fold increase in total YFP+ ECs was detected within the PM (Figure 6I). From E18.5 to 

P5, there was no significant change in total PM EC numbers suggesting that ECs are neither 

added nor eliminated (Figure 6I). Thus, the PM EC developmental time course can be 

broken up into three distinct periods – a growth period when the PM is actively developing 

and adding new ECs (E14.5 to E18.5); a lag period when the numbers of ECs remain 

constant (E18.5 to P5); and a regression period, when vessel segments are cleared from the 

PM (P5 to P10). However, comparing total EC numbers per PM area revealed a steady 

decline in EC density beginning at P0 (Figure 6J). These data indicate that the early growth 

phase can counteract the increase in PM area to maintain the density in late embryonic 

development, but once ECs are no longer added or begin to be lost, there is steady decline in 

EC density as the area of the PM continues to increase.

To directly visualize dynamic events during regression, live imaging was performed of the 

P0 Flk1-myr::mCherry; Flk1-H2B::YFP PM. During the nine-hour imaging session of the 
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central PM, we noticed the characteristic scavenging movement of mCherry-containing 

macrophages. Macrophages were observed interacting directly with mCherry labeled vessels 

as reported previously and several vessel segments showed reduced diameters compared 

with other vessels within the field of view. However, surprisingly the YFP+ ECs showed no 

signs of cell migration, death or division as might be expected in a regressing vessel bed 

(Supplemental movie 3). Instead, ECs were remarkably static, despite the high activity 

level of macrophages. Thus, ECs do not appear to undergo an active process that could 

promote remodeling, although vessel thinning was observed. These data clearly show that 

vessel regression does not involve the mass death or migration of individual ECs but 

suggests that either vessel thinning from the continued loss of EC membrane material and/or 

from vessels being stretched as the PM expands is likely to be the mechanism by which 

vessels are cleared.

EC membrane particles are present even when macrophages are absent in the PU.1 
knockout mice

Finally, we sought to determine whether the appearance of EC membrane particles relates 

specifically to the presence of macrophages with the PM. We crossed the Flk1-

myr::mCherry transgene into the PU.1−/− knockout mice that are deficient in macrophages 

and exhibit a persistent PM (Lobov et al., 2005; McKercher et al., 1996). At P0, the PM 

vascular plexus in PU.1 mutants contained smaller intervascular spaces as well as larger 

caliber vessel segments as compared to controls (compare Figure 7A-B). These 

observations are consistent with the previously described persistent PM phenotype of these 

mutants (Lang and Bishop, 1993; Lobov et al., 2005). Next, we examined the presence of 

myr::mCherry+ membrane particles and cytoplasmic protrusions of PU.1 heterozygotes and 

homozygotes carrying the Flk1-myr::mCherry transgene. Heterozygous control PMs 

displayed the characteristic large intervascular myr::Cherry+ puncta corresponding to 

macrophage inclusions (Figure 7C, arrows) while the PU.1−/− mice, which lack 

macrophages(Lobov et al., 2005), did not display the collections of particles normally found 

within macrophages (Figure 7D). However, high magnification images of PU.1−/− PMs 

showed an abundance of myr::mCherry+ particles surrounding the vessels and located 

within the intervascular spaces, where macrophages are usually found (compare Figure 7C 

and E to arrows in Figure 7D and F). EC protrusions were also present in PU.1−/− PMs but 

appeared reduced in number (Figure 7D, arrowhead). These data show that macrophages 

are not required for the formation of EC membrane protrusions and particle release and 

clearly indicate that the membrane particles are not a consequence of a macrophage-induced 

death.

DISCUSSION

Using transgenic fluorescent protein reporters to perform high resolution live and static 

imaging of cell types within the PM, we have assembled a revised timeline of events leading 

to PM regression that now includes details of vessel abnormalities even at embryonic stages 

(Figure 8A). By E12.5, the PM capillary network has developed to cover the anterior lens 

and there is no sign EC stress. However, by E14.5 we identified EC membrane particle 

phagocytosis by macrophages which continues throughout embryonic development as the 
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PM grows. The release of EC membrane microparticles has been shown to be a stress 

response in endothelial cells (Dignat-George and Boulanger; Horstman et al., 2004) so it is 

possible that the PM vessels experience stress that disrupts homeostasis shortly after 

formation that may ultimately contribute to their regression. By E18.5, and into postnatal 

stages, no new ECs are added to the PM despite the continued rapid growth of the eye and 

especially the lens. As a result, there is progressive stretching of the PM vasculature, due to 

its adhesion to the growing lens surface and the postnatal iris, and it is likely that key breaks 

between vessel segments and discrete cell death events releases some of the tension. 

Ultimately, the PM vessels subjected to these tugging forces of the growing eye (and 

possibly iris contraction) are pulled away from the lens surface and toward the iris at the PM 

periphery (Figure 8B-C).

In keeping with this model, previous studies have indicated that rat PM regression is 

initiated by constriction and dilation of the iris preceding macrophage activation (Morizane 

et al., 2006). By treating the rat eye with mydriatics to prevent iris movement, it was found 

that PM vessels persisted and the number of apoptotic cells was reduced. These data 

suggested that repeated constriction and dilation of the iris causes repetitive periods of 

bending and relaxation of the PM vessels at the iris margin. This, in turn, was thought to 

cause constant cessation and resumption of blood flow that ultimately induces vascular 

apoptosis (Morizane et al., 2006). Indeed, previous vital imaging studies of the rat PM also 

implicated flow stasis as a trigger for apoptosis observed in discrete vessel segments during 

later stages of regression (Meeson et al., 1996). Further evidence of a role for iris movement 

in PM regression comes from recent analysis of Fibrillin-2 (Fbn2) knockout mice that 

exhibit iris coloboma. In these animals, the PM regressed normally near regions of intact 

iris. However, in areas where the iris was notched, the PM persisted into adulthood (Shi et 

al., 2013). In addition to the data presented above, we performed live imaging of P9 Flk1-

myr::mCherry+/tg; Flk1-H2B::YFP+/tg PMs and observed what appeared to be iris 

movement causing the stretching of PM vessels (Supplemental Movie 4). Thus, it is 

certainly possible that iris movement contributes to PM blood flow changes and/or vessel 

stretching and ultimately regression. However, it is still not obvious exactly how this is 

connected to the dependence of PM regression on macrophages.

It is clear from models in which macrophages are depleted or missing that macrophages are 

required for PM regression (Diez-Roux and Lang, 1997; Lang et al., 1994; Lang and Bishop, 

1993; Lobov et al., 2005). The complete lack of Tcf/Lef-H2B::GFP expression in the mouse 

PM ECs lies in stark contrast to the robust levels of Tcf/Lef-H2B::GFP activity we observed 

in the HV ECs. These data suggest that the molecular mechanism of PM vessel regression is 

distinct from the canonical Wnt/β-catenin-dependent mechanism driving HV regression. 

Indeed, others have reported a potential role for Bone morphogenetic protein 4 (BMP4) 

paracrine signaling from the lens in promoting rat PM vessel apoptosis (Kiyono and 

Shibuya, 2003). However, a true test of this model, in the form of a lens-specific Bmp4 

conditional knockout mouse and the consequence on PM regression, has not been reported. 

Another significant difference between the capillary regression of the PM versus the HV is 

that the PM vasculature does not require functional Bax and Bak proapoptotic gene activity 

for regression to occur whereas the HV of Bax−/−; Bak−/− double mutants persists into 
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adulthood (Hahn et al., 2005). It is not obvious why the PM apparently uses a different 

apoptotic program than the HV and this raises the question of whether apoptosis on its own 

is the driving force of PM regression. Also worthy of discussion is the finding that Tcf/Lef-

H2B::GFP-positive lens epithelial cells lie adjacent to Tcf/Lef-H2B::GFP-negative PM 

vessels, suggesting a role for Wnt signaling from the PM to the lens epithelium. Lens 

epithelial cells are known to require Wnt signaling for proper differentiation as Lrp6 null 

mice exhibit incompletely formed anterior lens epithelium (Stump et al., 2003). Thus, the 

source of a Wnt signal could derive from the PM endothelial cells, macrophages or pericytes 

and may be instructive for proper lens development.

The data presented here reveal a surprising and interesting new role for macrophages in the 

regression of the PM as facilitators of EC plasma membrane phagocytosis. We observed 

resident macrophages phagocytosing EC membrane particles prior to the first signs of EC 

apoptosis and vessels regression. This phenomenon could only be observed due to the fact 

that the Flk1-myr::mCherry reporter specifically targets the mCherry fluorescent protein to 

the EC plasma membrane (Larina et al., 2009; Poche et al., 2009). By crossing this line to 

Csf1r-GFP mice (Sasmono et al., 2003), we were able to capture PM GFP+ macrophages 

displaying scavenging behavior. These macrophages send out lamellipodia/filopodia that 

make direct contact with EC cytoplasmic projections as well as the vessel wall and appear to 

engulf mCherry+ membrane particles directly from the PM capillaries. Using confocal 

microscopy and TEM, we also found that the mCherry+ EC membrane particles end up in 

macrophage phagosomes and are present there as early as E14.5. In macrophages, filopodia 

function as environmental sensors that were recently described as “phagocytic tentacles” 

which extend and then quickly retract toward the soma upon binding a particle to facilitate 

its phagocytosis (Kress et al., 2007; Mattila and Lappalainen, 2008). This description 

appears strikingly similar to our in vivo observations of PM macrophages extending 

projections to the outer vessel wall and making point-to-point contact with EC cytoplasmic 

projections likely resulting in the phagocytosis of EC plasma membrane particles. The point-

to-point contact between the macrophage filopodia and the EC cytoplasmic projections is 

also analogous to the description of the mechanism by which macrophages contact E. coli 

via the binding of the macrophage filopodia to the bacterial fimbriae. This allows the 

macrophage to “hook” the bacterium which is followed by lamellipodial contact which 

“shovels” the bacterium into a phagocytic cup (Moller et al.). Whether the PM macrophages 

use similar mechanisms to engulf EC plasma membrane particles remains to be determined.

It is particularly interesting that EC membrane engulfment begins by E14.5, which is 

approximately 2 days after the PM forms and 9-10 days before we and others have observed 

EC death within the mouse PM (Ito and Yoshioka, 1999). This suggests that the trigger for 

the developmentally programmed PM regression may exist much earlier than thought and 

regression may begin coincident with the phagocytosis of EC plasma membrane particles by 

macrophages.

To test whether the macrophages are required for the formation or release of particles, we 

examined PU.1−/−; Flk1-myr::mCherry+/tg animals and found that the EC membrane 

particles were still present, showing that macrophages do not induce the particle release. 

Since macrophages are known to be required ultimately for PM regression (Lang and 
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Bishop, 1993; Lobov et al., 2005), it is possible that the continued removal and sequestration 

of EC membrane by macrophages could be facilitating regression by several possible 

mechanisms. First, since we observed that ECs are not added to the PM (Figure 6), it is 

possible that there is no way to counter the prolonged loss of membrane material from the 

cells and as the lens continues to grow and stretch, the vessels become thinner and 

ultimately break. Second, recent studies have shown that microparticles exuded from ECs 

can also be taken up by ECs and promote angiogenesis (Cantaluppi et al., 2012; Deregibus 

et al., 2007; Jansen et al., 2013b; Leroyer et al., 2009; Ranghino et al., 2012; van Balkom et 

al., 2013). Thus, the engulfment of PM microparticles by macrophages may lead to a 

withdrawal of important angiogenic and/or homeostatic cues leading to a reduction of EC 

branching or membrane recycling. Third, we did observe a low rate of apoptosis in PM cells 

that could account for some vessel clearing. Published data indicates that membrane 

particles derived from ECs can prevent apoptosis when applied to cells directly (Abid 

Hussein et al., 2007; Perez-Casal et al., 2009). Removal of the particles by macrophages 

may counter the anti-apoptotic effect, however we observed such a low apoptotic rate, it is 

unclear if this is significant. Fourth, it was clear from our studies that membrane engulfment 

precedes not only vessel regression, but also pericyte cell death. The studies we performed 

using the NG2-dsRed reporter showed that pericytes were present around PM vessels at both 

embryonic and early postnatal stages but by P7 we detected dying and fragmented pericytes. 

Thus, it is tempting to speculate that perhaps the steady release of EC membrane and 

potentially membrane-associated factors necessary for EC-pericyte interactions may be 

released. This, in turn, might disrupt the association of the pericytes with ECs making the 

vessels susceptible to regression. Finally, we also have to account for the possibility that 

shed EC particles contain signaling molecules that might communicate directly with resident 

macrophages. Indeed, several recent studies have suggested that EC microparticles promote 

monocyte adhesion to ECs and induce monocyte activation during EC inflammation (Burger 

et al., 2011; Jansen et al., 2013a; Jy et al., 2004). A true test of these models would require 

blockage of EC particle release and/or recycling specifically in the PM of embryos and we 

have not yet identified methods to achieve this.

In conclusion, this study has established that macrophage phagocytosis of shed EC plasma 

membrane particles occurs within the embryonic PM prior to the onset of capillary 

regression and apoptosis. This finding raises the intriguing possibility that macrophages 

directly mediate PM regression by engulfing EC plasma membrane which in turn hinders the 

ability of PM vessels to incorporate new ECs, recycle EC membrane and/or expand 

concomitantly with the growing lens and iris leading to progressive vessel stretching and 

subsequent elimination from the lens surface. Our data also raise the question of whether 

apoptosis alone is necessary and sufficient for complete PM regression or do a significant 

number of PM vessel segments retract peripherally to become part of the iris vasculature. 

However, to investigate this possibility we must be able to image PM regression over 

several days in the same animal. It is also formally possible that the described phagocytic 

behavior of macrophages is a response to an unidentified EC stress or dysfunction that 

begins in embryogenesis. Whatever the case, future PM macrophage/EC live imaging 

experiments, coupled to genetic loss-of-function and/or pharmacological manipulation, will 

be enlightening.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

• We report in vivo imaging of the mouse pupillary membrane (PM) vasculature.

• PM endothelial cells (ECs) show no evidence of Wnt/β-catenin-mediated cell 

death.

• PM ECs shed membrane particles that are engulfed but not induced by 

macrophages.

• These studies implicate an embryonic, endothelial origin of PM regression.
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Figure 1. Pupillary membrane endothelial cells are not responsive to canonical Wnt signaling
At E18.5, P3 and P7 the tunica vasculosa lentis exhibits Tcf/Lef-H2B::GFP+ reporter 

expression within Flk1-myr::mCherry+ endothelial cells (A-C). The pupillary membrane 

Flk1-myr::mCherry+ capillaries are negative for Tcf/Lef-H2B::GFP expression (D-F, 

arrows). N>3.
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Figure 2. Csf1r-GFP+ PM macrophages make contact with Flk1-myr::mCherry+ endothelial 
cells and engulf endothelial cell plasma membrane
Static imaging at P5, showed Cherry+ plasma membrane particles localized to GFP+ 

macrophages (A). Higher magnification of the boxed area in panel A shows the PM 

endothelium as sending out cytoplasmic extensions which project toward the macrophages 

(arrowheads in B) as well as Cherry+ puncta localized outside of the vasculature (arrows in 

B). Live imaging of the PM at P5 confirmed that macrophage filopodia make intermittent 

contact with the Cherry+ cytoplasmic extensions (arrowheads in C to F). Macrophage 

filopodia also make contact with the walls of the PM vasculature and appear to “grab” 

plasma membrane particles from the vessel surface (arrows in G to J). N>5.
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Figure 3. Transmission electron microscopy confirms that macrophages phagocytose endothelial 
cell plasma membrane
An anti-dsRed antibody effectively recognizes mCherry on the PM endothelial cell plasma 

membranes (A-C). Immunogold labeling, using the same dsRed antibody, specifically labels 

the endothelium with gold nanoparticles that are detected by transmission electron 

microscopy (TEM) (D-E). Discrete, gold+ vesicular structures were observed outside of the 

endothelium (arrowheads in D-H). Confocal microscopy of a single Csf1-GFP+ PM 

macrophage containing mCherry+ inclusions (I-K). TEM uncovered gold+ particles 

localized to macrophage phagosomes confirming that the Flk1-myr::mCherry+ plasma 

membrane particles are phagocytosed by macrophages L-N). N>5.
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Figure 4. Macrophage engulfment of endothelial cell membrane particles begins during 
embryogenesis
At E12.5, the vasculature has begun to form within the PM, but the resident macrophages 

have yet to acquire Cherry+ membrane particles (A-C). By E14.5, the PM vasculature is 

established (D) and a subset of macrophages contains membrane particles (arrowhead in E-

F). All of the PM macrophages are positive for membrane particles at E18.5 (G and 

arrowheads in H-I). N>5.
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Figure 5. Macrophage engulfment of embryonic endothelial cell membrane particles is not due to 
apoptosis
At E16.5, there is no indication of Flk1-H2B::YFP+ apoptotic nuclear fragments or co-

localization with Flk1-myr::mCherry+ membrane particles within the macrophages 

(arrowheads in A-C). By the time EC apoptosis is known to occur (postnatal day 7), 

activated Caspase 3+ staining is observed as co-localizing with YFP+ nuclear fragments 

thereby validating Flk1-H2B::YFP+ as a readout for apoptosis (D-F). N>5.
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Figure 6. Time course of pupillary membrane endothelial cell addition and elimination
The eyes of embryonic and postnatal Flk1-H2B::YFP+/tg mice were imaged en face, the PM 

cropped and YFP+ nuclei counted (A-H). Between E14.5 and E18.5, there is a doubling of 

the EC numbers within the PM after which the EC numbers plateau until P5. Between P5 to 

P10, PM EC numbers dramatically decline (I). When comparing YFP+ nuclei to PM area, 

there is a sharp decline in the EC density beginning at P0 that is likely due to the rapid 

expansion of PM area at a time when EC numbers are constant (J). N=3 per time point.
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Figure 7. Pupillary membrane protrusions and particle shedding occurs in the absence of 
macrophages
The PM of P0 PU.1+/− and PU.1−/− mice carrying the Flk1-myr::mCherry transgene was 

imaged en face to examine the expression of mCherry+ EC membrane protrusions and 

particles (A-B). Compared to the PU.1+/− mice (arrows in C), the PU.1−/− PM is devoid of 

all large Cherry+ macrophage inclusions due to the loss of macrophages (D). The PU.1−/− 

PM still exhibits EC protrusions (arrowhead in D) and an apparent increase in intervascular 

membrane particles (arrows in D and F) as compared to controls (E).
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Figure 8. Revised timeline and working model of pupillary membrane regression
See text for details. Abbreviations: Pupillary membrane (PM), endothelial cell (EC).
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Table 1

Transgenic fluorescent reporter mice used in this study.

Flk1-myr::mCherry Endothelial cell membranes Larina et al. (2009)

Flk1-H2B::YFP Endothelial cell nuclei Fraser et al. (2005)

Csf1r-GFP Macrophages Sasmono et al. (2003)

NG2-dsRed Pericytes Zhu et al. (2008)

Tcf/Lef-H2B::GFP Wnt-responding cells Ferrer-Vaquer et al. (2010)
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