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ARTICLE INFO ABSTRACT

Keywords: Tissue macrophages, which are ubiquitously present innate immune cells, play versatile roles in development and
Mac_mphage organogenesis. During development, macrophages prune transient or unnecessary synapses in neuronal devel-
Pupillary membrane opment, and prune blood vessels in vascular development, facilitating appropriate tissue remodeling. In the
i;ni)a enesis present study, we identified that macrophages contributed to the development of pupillary morphology. Csf1%/%
VEgFg mutant mice, in which ocular macrophages are nearly absent, exhibited abnormal pupillary edges, with abnormal

DIl4 protrusions of excess iris tissue into the pupillary space. Macrophages located near the pupillary edge engulfed
pigmented debris, which likely consisted of unnecessary iris protrusions that emerge during smoothening of the
pupillary edge. Indeed, pupillary edge macrophages phenotypically possessed some features of M2 macrophages,
consistent with robust tissue engulfment and remodeling activities. Interestingly, protruding irises in Csf1%’%
mice were only detected in gaps between regressing blood vessels. Taken together, our findings uncovered a new
role for ocular macrophages, demonstrating that this cell population is important for iris pruning during
development.

1. Introduction

Tissue macrophages are mononuclear phagocytes with versatile roles
in development, tissue homeostasis, and immunity. Macrophages pre-
dominately originate from yolk-sac-derived erythro-myeloid progenitors
distinct from hematopoietic stem cells (Gomez Perdiguero et al., 2015),
and acquire tissue specificity after entry into the embryo (Mass et al.,
2016). Functionally, during embryonic and postnatal development,
macrophages regulate remodeling of various organs by removing tran-
sient or unnecessary tissues, in particular by pruning synapses (Paolicelli

et al., 2011) and blood vessels (Lang and Bishop, 1993; Ishida et al.,
2003) during neuronal and vascular development. Macrophage polari-
zation influences their activity in both tissue remodeling and inflam-
matory responses (Sica and Mantovani, 2012).

During embryogenesis and early postnatal ages in mice, the pupil is
closed by a thin vascular membrane called pupillary membrane (PM),
which divides the space in which the iris is suspended into two distinct
chambers (Ito and Yoshioka, 1999). PM vessels, together with hyaloid
vessels (HVs), form the temporary circulatory system in fetal eyes, and
gradually regress after birth in mice and by late gestation in humans
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(Lang and Bishop, 1993; Silbert and Gurwood, 2000; Ito and Yoshioka,
1999). This programmed regression of fetal-type vessels is controlled by
macrophages (Lang and Bishop, 1993) and neurons (Yoshikawa et al.,
2016). However, the role of macrophages in the remodeling of other
ocular components has not been elucidated. In the present study, we used
Csf1°°/°P mutant mice, which have a spontaneous null mutant for the Csf1
gene (Marks and Lane, 1976; Yoshida et al., 1990; Cecchini et al., 1994),
resulting in near-complete ocular macrophage depletion. With this
model, we identified a novel developmental role for ocular macrophages,
which fine-tune the shape of the pupils through engulfment of unnec-
essary iris tissue.

2. Results
2.1. Visualization and characterization of PM vessels

We previously reported the mechanism for programmed regression of
HVs using a whole-mount immunostaining technique (Yoshikawa et al.,
2016). In the present study, we first established a procedure to visualize
whole-mount structures of PM vessels, other fetal-type vessels in eye balls.
Modifying the previous protocol (Poché et al., 2015), we isolated the PM en
bloc with the iris as a template and stained the resultant whole-mount
immunohistochemically (Fig. 1A). This technique allowed us to examine
the whole structure of PM vessels, which were surrounded by macrophages
and exhibited active proliferation of endothelial cells on postnatal (P) day 3
(Fig. 1B, C, E, G), butnot on P8 (Fig. 1D, F). These data indicated that prior to
P6, PM vessels were still growing rather than regressing. Retinal vessels are
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also actively proliferating at this stage, which is robustly regulated by
vascular endothelial growth factor (VEGF) and Notch signaling (Benedito
etal., 2012; Zarkada et al., 2015). Therefore, we tested the effects of VEGF
receptor 2 (VEGFR2) deletion, or ablation of D114, a well-known endothelial
Notch ligand (Hellstrom et al., 2007) (Fig. 1H). When we deleted Vegfr2 in
endothelial cells (ECs) starting at P2 using Cdh5-BAC-Cre™™2 mice
(Cd}lS—BAC—CreERT2+Vegfr2ﬂ°"/ flox hereafter referred to as Vegfr24EC), the
Vegfr2“E€ pups exhibited early regression of PM vessels at P6 (Fig. 11-L O).
Conversely, mice with EC-specific DIl4 deletion using the same approach
(Cdh5-BAC—Cre™RT2+pli4f10x/fox L ereafter referred to as DI4EC) exhibited
increased PM vessel density at P6 (Fig. 1M-O). These data suggested that
prior to P6, PM vessels were highly plastic, and were vulnerable to
disruption of VEGF and Notch signaling, similar to retinal vessels. However,
neuronal deletion of Vegfr2 did not affect PM vessel density (Fig. 1P-S)
unlike in HVs (Yoshikawa et al., 2016), suggesting that neuron-derived
VEGF may not be involved in PM vessel regression because it cannot
reach the anterior chamber of the eye. The regression of PM vessels and HVs
is likely to be regulated through distinct mechanisms.

2.2. Macrophage depletion resulted in irregular pupillary edges

A prior report demonstrated that macrophage depletion leads to the
persistence of the PM and its vasculature for up to 2 weeks after birth
(Lang and Bishop, 1993). However, the status of PM vessels during early
neonatal stages, especially the first week after birth, and the regulatory
role of macrophages in this context remain unknown. A prior report
demonstrated that macrophages contribute to the bridging of tip cell
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Fig. 1. Visualization and characterization of pupillary membrane vessels. (A) Schematic diagram of the technique used to visualize the pupillary membrane (PM) and
associated blood vessels. (B-G) Bright-field view and whole-mount specimens of PMs. Endothelial cells in PM vessels were actively proliferating (arrowheads) at P3.
(H) Protocol for 4-hydroxytamoxifen (4OHT) injection in neonates. P, postnatal. (I-S) Whole-mount specimens of PMs at P6 stained with Isolectin B4 (iB4) and
quantification of vessel area (n > 3). Scale bars: 500 pm (B-D, I, K, M, P, Q); 50 pm (E-G, J, L, N, E, Q S). **P < 0.01; *P < 0.05. Data are presented as mean =+ SD.
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filopodia during blood vessel proliferation, facilitating the formation of
new branches in the developing vasculature (Fantin et al., 2010).
Therefore, we analyzed the PMs of Csf1°’®? mutant mice during early
development. Bright-field microscopy revealed irregular pupillary edges
in P6 Csf1°’P mice, marked by the presence of protrusions at the pu-
pillary edge (Fig. 2A-C). Furthermore, we followed the time course of
this irregularity and measured the area protruding over pupillary edges.
While no significant protrusion was detected by P2 in CsfI%/% mice,
significant protrusion throughout the pupillary edges was present after
P4, in contrast to the smoothened regular edge of pupils in age-matched
wild-type mice (Fig. 2D-L). This defect was normalized in Csf1°%’° mice
by weaning age (Fig. 2L), suggesting a potential compensatory mecha-
nism in the absence of ocular macrophages. To evaluate the involvement
of PM vessel regression in this phenotype, we examined PM vessels with
immunostaining (Fig. 2M-T). Although PM vessels persisted in P24 in
Csf1°”/°P mice, in agreement with a previous report (Lang and Bishop,
1993), we identified that neither vessel length nor vessel density
significantly differed between wild-type and Csf1%/°? mice prior to P8
(Fig. 2M-X). These data suggest that the abnormal shape of pupils in P6
Csf1°°’°P mice was independent of PM vessel regression, as the failure of
PM vessels to regress in Csf1°/% mice occurred 2 weeks after birth.

2.3. Pupillary edge macrophages engulfed pigmented debris

Subsequently, we examined the number and localization of macro-
phages in neonatal PMs. In wild-type mice, a large number of macrophages
was present in the PV, iris, and their marginal zones (Fig. 3A, C). Inter-
estingly, macrophages were more abundant in the periphery than in the
center of PMs (Fig. 3A), suggesting a functional role in the peripheral area.
As expected, Csf1°/% mice were nearly devoid of macrophages, including
in the areas around the protrusions, although residual macrophages were
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preferentially present around the sphincter pupillae muscles (Fig. 3B, D, E).
Macrophages in normal skin are capable of ingesting melanin and are
termed “melanophages” (Haniffa et al., 2009, 2012). Therefore, we postu-
lated that macrophages present on the pupillary edges could also engulf
pigmented debris. DAB (diaminobenzidine)/Giemsa counterstaining of the
PM revealed that a large population of Ibal ™ macrophages in wild-type
mice contained cytoplasmic melanin vesicles, suggesting active phagocy-
tosis of pigmented tissue (Fig. 3F and G). Contrastingly, Csf1%/% mice
lacked pigmented vesicles except for ones in few leftover macrophages
(Fig. 3H and I). The analysis of scanning (SEM) and transmission electron
microscopy (TEM) confirmed that pupillary macrophages contained
phagosomal pigmented debris (Fig. 3J-L). Similarly, transmission detector
(TD) analysis indicated that macrophages near the pupillary edges con-
tained pigmented granules (Fig. 3M). The protruded iris tissue present in
Csf1°P/ mice lacked nuclei and was located inside the sphincter pupillae
muscles stained with alpha smooth muscle actin (ASMA) (Fig. 3N, O),
suggesting that the excess tissue was the protrusion of cellular debris but not
invagination. TUNEL-positive pigmented cells were detected around the
sphincter pupillae muscles in both wild-type and Csf1°%/% mice (Fig. 3P-S),
suggesting that apoptosis generated debris.

2.4. PM macrophages were M2-like

Macrophages are broadly classified into two activation states: M1
(classically) and M2 (alternatively) activated phenotypes, (Biswas and
Mantovani, 2010; Murray et al., 2014). This simplistic in vitro based
M1/M2 dichotomy provides a conceptual framework for classification of
in vivo macrophage; M1 macrophages are pro-inflammatory and are
important in host defense against pathogens through secretion of
pro-inflammatory cytokines such as IL-6 and IFN-y. By contrast, M2
macrophages reduce inflammatory responses, are highly phagocytic, and
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Fig. 2. Absence of macrophages resulted in irregular pupillary edges. (A-K) Bright-field views of pupils at P1, P2, P3, P6, and P8. Csf1°”/®’ mutant mice exhibited
irregular pupillary edges (arrowheads). (L) Quantification of the protruding iris, indicated in yellow (n > 3). (M-X) Immunohistochemistry of whole-mount PMs at P2,
4, 6, and 24, and quantification of vessel length (n > 3). Scale bars: 500 pm (A, M-T); 200 pm (B-K); 50 pm (U, V). **P < 0.01; *P < 0.05; NS, not significant. Data are

presented as mean =+ SD.
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Fig. 3. Macrophages engulfed pigmented debris in the pupillary edges. (A-D) Immunohistochemistry of whole-mount PMs at P6. Csf1°%”° mice lacked macrophages
around the irregularly shaped pupillary edges (arrowheads). (E) Quantification of macrophages per pupil (n > 3). (F-I) Inmunohistochemistry of whole-mount PMs at
P2. Macrophages around the pupillary edge contained cytoplasmic pigmented granules in wild-type mice (arrowheads). (J-L) Scanning (J, K) or transmission (L)
electron microscopic analysis of pupillary macrophages containing pigmented granules (arrowheads). (M) Immunohistochemistry of whole-mount PM samples at P2.
Macrophages contained pigmented granules in the cytoplasm (arrowheads). Both a projection image and z-stack slices at 1 pm intervals are shown. (N, O) Immu-
nohistochemistry merged with transmission detector (TD) images in whole-mount PMs at P6. The protruding iris tissue observed in Csf1%/°’ mice was located inside
the sphincter pupillae muscles and lacked nuclei (arrowheads). (P-S) TUNEL staining combined with immunohistochemistry in eyeball sections at P6. Apoptotic cells
were located on the iris (arrows) but not in protruding iris tissue in Csf1 9P/%P mytant mice (arrowhead). Scale bars: 500 pm (A, B); 200 pm (C, D, N-Q); 50 pm (F-I, R,

S); 5 pm (J-M). Data are presented as mean =+ SD.

promote tissue remodeling (Biswas and Mantovani, 2010; Sica and
Mantovani, 2012; Okuno et al., 2011). Several M2-specific markers have
been identified, such as MRC-1, ARG-1, IGF-1, and CSFR1 (Sica and
Mantovani, 2012; Spadaro et al., 2017; Ohashi et al., 2017). Considering
the morphologies of the pupillary macrophages in the postnatal pupil and
the immune privilege in the ocular anterior chamber, we postulated that
this cell population was likely to exhibit an M2 phenotype. To assess the
phenotype of pupillary macrophages, the relative expression of M1/M2
markers in pupillary macrophages, bone marrow macrophages, and
retinal (resting) microglia were quantified at P4. As expected, pupillary
macrophages expressed lower M1 and higher M2 markers than bone
marrow macrophages, while M2 markers were lowest in microglia
(Fig. 4A). Unexpectedly we did not detect Argl expression in macro-
phages suggesting they possess some features of M2 macrophages but not
others. Immunohistochemical analysis also revealed that pupillary mac-
rophages were positive for Mrcl, and that Mrcl+ macrophages were
highly abundant around the pupillary edge (Fig. 4B-G).

Excess iris tissue protruded between blood vessels in the absence of
macrophages.

For pupillary macrophages to smooth pupillary edges, the engulfment
of iris tissue must be specific to protruding debris. Therefore, we deter-
mined which parts of the pupils protruded (Fig. SA and B). High
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magnification microscopy of the pupillary edges revealed that aberrant
iris tissue protruded between blood vessels crossing the pupils in Csf1%’/
% mutant mice. In addition, these peri-pupillary vessels looped around
the pupillary edges from the upper to lower surfaces of the pupils
(hereafter referred to as looping vessels), and appeared to drag in iris
tissue (Fig. 5C-E). In the absence of macrophages, excess iris tissue
protruded between looping vessels, where this debris would otherwise
have been engulfed by pupillary macrophages. To assess the blood flow
known to be important for regression of PM vessels (Morizane et al.,
2006; Meeson et al., 1996), we utilized in vivo imaging of Vegfr2-BA-
C-Egfp mice (Ishitobi et al., 2010). At P3, blood flow was abundant in
looping vessels but sparse in central vessels, suggesting that programmed
regression of PM vessels was initiated in central vessels (Fig. 5F; Sup-
plementary Movie 1). Labeling erythrocytes with Terl119 antibody
revealed abundant erythrocytes in looping vessels, consistent with high
blood flow in this region (Fig. 5G). These findings suggested that the
looping vessels were stable and physically stiff, we suspected the drag-in
force of these vessels on the pupillary edge. To test this hypothesis, we
examined the pupil shape of Vegfr2“E and DII4F¢ mice. Although no
apparent protrusions were observed in pupils of VegfrZiAEc and DII4FC¢
mice, the overall width of pupillary edges looks wider in Vegfr2“EC than
in wild-type mice (new Fig. 5H and I), likely due to the absence of drag-in
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Fig. 4. Macrophages in the pupillary membrane exhibited an M2-like phenotype. (A) Quantitative PCR analysis of pupillary macrophages, bone marrow macrophages,
and retinal microglia at P4 (n = 3/group). All values are normalized by the expression of Cd68. (B-G) Immunohistochemistry merged with transmission detector (TD)
images in whole-mount PMs at P3. Mrcl™ macrophages were present around the pupillary edge (arrowheads). Scale bar, 50 pm **P < 0.01; *P < 0.05. Data are

presented as mean + SD.

forces of looping vessels. We did not detect any abnormalities in the
pupils of DII4“EC mice (new Fig. 5J). All of these data suggested that both
looping vessels and macrophages are required for regulating the shape of
the developing pupil.

3. Discussion

In the present study, we identified a novel role for macrophages in
ocular development in regulating the shape of the developing pupil.
Macrophages smooth the pupillary edges by engulfing enucleated pig-
mented iris debris between looping blood vessels. In the absence of
macrophages, the debris protruded between the looping vessels and into
the pupillary space, resulting in an irregular pupillary edge (Fig. 5K).

Numerous prior studies have reported that macrophages control the
formation and regression of ocular blood vessels (Lang and Bishop, 1993;
Kubota et al., 2009; Fantin et al., 2010). However, the orchestration of
macrophages and blood vessels in remodeling other tissue types has not
been extensively investigated. Our present study indicated the coopera-
tion of macrophages and blood vessels in regulating formation of the
pupillary edge. However, pupils in Csf1%/®’ mice exhibited normal
morphology by P21, suggesting a compensatory mechanism, or that the
remaining macrophages in Csf1%/ mice were sufficient to ultimately
dispose of the debris. Alternatively, the number of pupillary
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macrophages decreased after P6 in wild-type mice (Fig. 3E), so the
functional significance of pupillary macrophages could diminish after
this time point.

The eye is often analogized to a sophisticated camera. The iris, which
surrounds the pupil, functions as a shutter. A recent study indicated a
striking correlation between terrestrial species’ ecological niches and
pupillary shapes, underscoring the importance of the pupillary shape in
survival (Banks et al., 2015). In this study, we uncovered a new regula-
tory mechanism for the shaping of murine pupils, in which macrophages
regulate pupil shape independently of blood vessel regression. M2-like
macrophages at the pupillary edge phagocytosed iris debris during the
process of pupillary enlargement, which was initiated by looping vessels
dragging in excess tissue at the pupillary edge.

The irregularly shaped pupils of Csf1°’® mutant mice were similar to
pupillary irregularities observed in posterior synechia. This syndrome is
one of the major complications of intraocular surgery, and causes photo-
phobia, pupillary block, and poor eyesight. Because inflammation in the
anterior chamber provokes synechia between the iris and peripheral
structures, short-acting mydriatics and topical steroid injections can miti-
gate the severity of synechia (Lee et al., 2009; Shinoda et al., 2001). In the
present study, we demonstrated that M2-like macrophages contributed to
developmental remodeling of the pupillary shape. Therefore, modulation
of macrophage polarization could be an effective treatment strategy for
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Fig. 5. Pupils protruded between blood vessels in the absence of macrophages. (A, B) Inmunohistochemistry of whole-mount PMs at P6. Protruded irises (arrow-
heads) were detected between blood vessels (arrows) in Csf]"p/ ? mutant mice. (C-E) Immunohistochemistry merged with TD images in whole-mount pupils at P6.
Each image depicts a slice, as indicated in the schema in C. Blood vessels appeared to loop over the pupillary edges (arrow). (F) A snapshot of in vivo imaging of the PM
of P3 Vegfr2-BAC-Egfp mice. Arrows indicate abundant blood flow in looping vessels around the pupillary edges (white line). (G) Immunohistochemical analysis of PMs
at P3. Abundant erythrocytes were detected in looping vessels (arrows) around the pupillary edges (white line). (H-J) Immunohistochemistry of whole-mount PMs at
P6. The width of pupillary edges is wider in Vegfr2“EC (red lines) than in control mice. (K) Proposed model for macrophage regulation of the pupil shape. Scale bars,

50 pm.

posterior synechia.

Together, the present results revealed a novel developmental function
of macrophages, in which this cell population regulates pupillary shape.
This finding could further the understanding of ocular autoimmunity.

3.1. Summary statement

Tissue macrophages are mononuclear phagocytes with diverse func-
tions in development, tissue homeostasis, and immunity. The present
study demonstrated that during postnatal murine development, macro-
phages engulfed unnecessary pupillary tissues and contributed to fine
tuning of the pupillary shape.

4. Materials and methods
4.1. Mice and analysis

All procedures involving animals were approved by the Institutional
Animal Care and Use Committee of Keio University or the Ethical Com-
mittee of Jichi Medical University, and were performed in accordance
with the guidelines of those universities. C57BL/6 J mice (Japan SLC,
Inc., Shizuoka, Japan), Chx10-Cre mice (Stock No: 05564; RIKEN BRC)
(Muranishi et al., 2011), and Csf1%/? mutant mice (Stock No: 000231;
Jackson Laboratory) were used. Cdh5-BAC-CrePR™? (Okabe et al., 2014),
Vegfr2-flox (Okabe et al., 2014), DIll4-flox (Hozumi et al., 2008), and
Vegfr2-BAC-Egfp (Ishitobi et al., 2010) mice were developed previously.
Mice of both sexes were included in analysis without sex determination.
All mice were crossed with C57BL/6 J mice more than eight times and
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maintained in this background, except for Csf1%’/® mutant mice, which
were maintained in the B6C3FeF1/J a/a background.

4.2. Preparation of whole-mount PM

Enucleated eyes were fixed for 20 min in 4% paraformaldehyde in
phosphate-buffered saline (PBS) and subsequently dissected. A small hole
was made in the edge of the cornea using a 27-gauge needle, and a cir-
cular incision was made using fine scissors. The cornea and lens were
isolated en bloc with the iris, which acted as a frame, followed by
dissection of the posterior side of lens. The whole-mount tissues were
post-fixed overnight and subsequently stained as described below.

4.3. Preparation of tissue sections

Enucleated eyes were fixed for 20 min in 4% paraformaldehyde (PFA)
in PBS, and the hemispheres were then cut. After overnight post-fixation,
the samples were snap frozen in optimal cutting temperature compound
(Sakura Finetechnical, Tokyo, Japan). All specimens were sectioned to a
thickness of 14 ym.

4.4. Immunostaining

Immunohistochemistry (IHC) of whole-mount samples or tissue sections
was performed as previously described (Kubota et al., 2009). The primary
monoclonal antibodies used were hamster anti-CD31 (2HS; 1:1000;
Chemicon, Temecula, CA), anti-Ter119 (MAB1125; 1:1000; R&D Systems,
Minneapolis, MN), a-smooth muscle actin-Cy3-conjugated (C6198; 1:500;
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Sigma-Aldrich, Saint Louis, MO), and F4/80 (Serotec; MCA497R). The
primary polyclonal antibodies used were anti-GFP (Alexa488-conjugated;
1:1000; Molecular Probes, Eugene, OR), Erg (ab92513; 1:2000; Abcam,
Cambridge, UK), Ibal (1:1000; WAKO, Osaka, Japan), and Mrc1 (AF2535;
1:100; R&D Systems, Minneapolis, MN).

Secondary antibodies included Alexa 488 fluorescence-conjugated IgGs
(Molecular Probes), DyLight549/DyeLight649-conjugated IgGs, or HRP-
conjugated IgGs (Jackson ImmunoResearch, West Grove, PA). For nuclear
staining, specimens were treated with 4',6-diamidino-2-phenylindole
(DAPI) prior to mounting. In some experiments, blood vessels and monocyte
lineage cells were simultaneously visualized using biotinylated isolectin B4
(B-1205; Vector Laboratories), followed by fluorescent streptavidin conju-
gates (Molecular Probes). For TUNEL assays, tissue sections were

stained using the ApopTag Fluorescein In situ Apoptosis Detection -
Kit (Chemicon), according to the manufacturer’s instructions. To
analyze cell proliferation in vivo, a 5-ethynyl-2'-deoxyuridine (EdU) incor-
poration assay using Click-iT EAU Imaging Kits (Invitrogen) was performed
according to the manufacturer’s instructions. Briefly, 50 ul EQU dissolved in
DMSO/PBS (1:4; final concentration, 0.5 mg/ml) was injected intraperi-
toneally into P8 mice 6 h before sacrifice. For Giemsa staining, Giemsa’s
Azur Eosin Methylene Blue solution (Merck, Temecula, CA) was used.

4.5. Quantitative PCR analysis

Ocular, retinal, and bone marrow tissues collected for from five P4
mice were incubated for 30 min at 37 °C in DMEM containing 1% colla-
genase D (from Clostridium histolyticum; Sigma-Aldrich), 1 U/ml dispase
(Thermo Fisher Scientific, Waltham, MA), and 1 U/ml DNase (Invitrogen,
Carlsbad, CA) before cell dissociation by gentle trituration. Cells were
isolated using Dynabeads (Veritas, Tokyo, Japan) according to the man-
ufacturer’s instructions. To isolate macrophages, dissociated cells were
incubated with an anti-F4/80 antibody pre-conjugated to Dynabeads M-
450 anti-Rat IgG (DB11035; Veritas). Cells were positively selected, and
total RNA was prepared using RNeasy Mini Kit (QIAGEN, Hilden, Ger-
many) according to the manufacturer’s instructions. Reverse transcription
was performed using Superscript II (Invitrogen). Quantitative PCR assays
were performed using an ABI 7500 Fast Real-Time PCR System with
TaqMan Fast Universal PCR master mix (Applied Biosystems) and TagMan
Gene Expression Assay Mix with mouse CsflIr (Mm00432689_m1), Ifng
(Mm00801778.m1), Igf1 (Mm00439560_m1), 116 (Mm00446190 m1),
Nos2 (Mm00440502_m1), or Cd68 (Mm03047343_m1) primers. A mouse
B-Actin (Mm00607939 s1) assay mix served as an endogenous control.
Data were analyzed using 7500 Fast System SDS Software 1.3.1. Each
experiment was performed with four replicates from each sample, and the
results were averaged.

4.6. In vivo imaging

In vivo analysis for the PM of P3 pups was performed as described
previously (Nishimura et al., 2012). In brief, P3 mice were injected with
TexasRed Dextran (MW 70 kDa; Thermo Fisher Scientific) intravenously,
and time-lapse images of ocular surfaces were then acquired using a
resonance-scanning confocal microscope (Nikon A1R System). The
collected images were analyzed by observers blinded to sample group
using NIS-Elements software (Nikon).

4.7. Electron microscope (EM) analysis

Ocular samples were prepared for EM observation as described pre-
viously (Shibata et al., 2015, 2019). Briefly, the tissues were dissected
from 2-day-old mice (n = 8), and fixed with 2.5% glutaraldehyde in 0.1
M phosphate buffer (PB; pH 7.4; Muto Pure Chemicals, Tokyo, Japan) for
24 h at 4 °C. After 2 h of post-fixation with 1.0% OsO4 (TAAB Labora-
tories Equipment Ltd., England, UK), samples were dehydrated in a series
of increasing concentrations of ethanol (70-100%), and then in acetone
(Sigma-Aldrich), n-butyl glycidyl ether (QY1; Oken-shoji Co. Ltd., Tokyo,
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Japan), and graded concentrations of Epon by QY-1. Samples were then
incubated in 100% Epon (100 g Epon is composed of 27.0 g MNA, 51.3 g
EPOK-812, 21.9 g DDSA, and 1.1 ml DMP-30, all from Oken-shoji Co.
Ltd.) for 72 h at 4 °C to enhance the infiltration of the resin. After 72 h of
polymerization in 100% Epon at 60 °C, semithin-sections (1 pm thick-
ness) were prepared with a glass knife and stained with toluidine blue.
Ultrathin-sections (70 nm thickness) were prepared using an ultrami-
crotome (Leica UC7; Leica Biosystems, Wetzlar, Germany) with a dia-
mond knife, collected every 10 slices on the cupper grids, and also on the
silicon wafer. Ultrathin-sections were stained with uranyl acetate and
subsequently lead citrate for 10 min, respectively. The dried up sections
on the cupper grids were examined with a TEM (JEM-1400plus; JEOL,
Tokyo, Japan), and the sections on the silicon wafer were imaged with a
Multibeam Scanning electron microscopy (MultiSEM 505, Carl Zeiss,
Oberkochen, Germany).

4.8. Confocal microscopy

Fluorescent images were obtained using a confocal laser scanning
microscope (FV1000; Olympus, Tokyo, Japan). Multiple slices horizon-
tally imaged from the same field of view at 0.5 pm intervals were inte-
grated to construct three-dimensional images using an FV10-ASW Viewer
(Olympus). For quantifying total vessel length, we measured and sum-
med up the length of all blood vessels existing inside the pupillary circle
using the length measuring function of FV10-ASW Viewer (Olympus). To
calculate the vessel density based on the total vessel length described
above, the area of pupillary circle was measured using Image J Software
(NIH, Bethesda, MD, USA).

4.9. Statistics

Results were expressed as mean + S.D. Comparisons between the
averages of two groups were evaluated using an unpaired, two-tailed
Student’s t-test. P-values <0.05 were considered statistically significant.
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