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Abstract

FlIt1 and FIk1 are receptor tyrosine kinases for vascular endothelial growth factor-A which
play a crucial role in physiological and pathological angiogenesis. To study genetic interaction
between the Flt1 and Flk1 genes, we crossed between Flt1 and Flk1 heterozygous (FIt1*" and
Flk1*") mice. We found that FIt1; Flk1 double heterozygous (FIt1*; Flk1*") mice showed
enlarged eyes similar to the buphthalmia detected in human congenital glaucoma with
elevation of intraocular pressure (IOP). Actually, IOP was elevated in FIt1"; FIk1"" mice and
also in Flt1 or FIk1 single heterozygous mice. However, none of these mutants showed
hallmarks of glaucoma such as ganglion cell death and excavation of optic disc. To clarify the
pathological causes for enlarged eyes and elevated IOP, we investigate the mice from
matings between FIt1*" and FIk1*" mice. FIt1*" mice showed enlarged Schlemm’s canal and
disordered collagen fibers in the sclera, whereas Flk1"" mice showed atrophied
choriocapillaris in the choroid. These tissues are a part of the main outflow and alternative
uveoscleral outflow pathway of the aqueous humor, suggesting that these pathological
changes found in FIt1*~ and FIk1*" mice are associated with the buphthalmia in FIt1*"; Flk1*"

mice.
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1. Introduction

FIt1 and Flk1 are receptor tyrosine kinases for vascular endothelial growth factor-A

(VEGF-A) which is a key regulator of physiological and pathological angiogenesis, and of

vascular permeability [1]. Gene-targeting studies established a critical but distinct role for

these two receptors in vascular development. Flk1 signals are essential for the development

of endothelial cells (ECs) and hematopoietic cells during embryogenesis in a cell autonomous

manner [2, 3], whereas Flt1 is essential for suppressing the overpopulation of ECs as a decoy

receptor for the VEGF-A agonist rather than a signaling receptor in ECs [4, 5]. High levels of

VEGF-A expression was especially shown in epithelial tissues adjacent to fenestrated

capillary vessels. In the adult eye, soluble isoform of VEGF-A protein secreted by retinal

pigment epithelium (RPE) plays an essential role in the maintenance of choriocapillaris (CC)

whose ECs are fenestrated [6-8]. On the other hand, VEGF-A is involved in the onset and

progression of diabetic retinopathy and exudative age-related macular degeneration (éAMD)

by inducing an abnormal neovascularization in the eye [9]. Indeed, VEGF-blocking antibody,

ranibizumab has been developed as an effective drug for eAMD [10].

Intraocular pressure (IOP) is an important clinical index since its elevation causes

glaucoma or myopia in humans. IOP is regulated by a balance between the production and



excretion of the aqueous humor in the eye. The main outflow pathway of the aqueous humor
is composed of chamber angle, trabecular meshwork, and Schlemm’s canal, whereas the
alternative uveoscleral outflow pathway has also been reported [11]. IOP is thus elevated by
an increase in accumulation of extracellular materials in the trabecular and uveoscleral
outflow [12]. In the mouse, DBA2/J mouse strain [13, 14], Vav2/Vav3-deficient mice [15], and
transgenic mice with ocular overexpression of calcitonin receptor-like receptor [16] have been
reported to date as genetic mouse models of the elevation of IOP caused by closure of the
angle between the cornea and iris in the anterior chamber. On the other hand, mice with a
targeted type | collagen mutation [17] and Myocilin transgenic mice [18] have been reported
as those with open angle in which detailed mechanisms of impaired outflow pathway of
aqueous humor remain to be elucidated.

In this study, we aimed to analyze genetic interaction between the Flt1 and Flk1l genes
and investigated ocular phenotypes in FIt1; FIk1 double heterozygous (FIt1*"; FIk1™") mice,

FIt1 or Flk1 single heterozygous (FIt1*" or Flk1*") mice, compared with wild-type (WT) mice.



2. Material and Methods

2.1. Mice

A colony of outbred mice heterozygous for a null allele of FIt1 [4] or FIk1 [2, 19] was

maintained for these studies. Heterozygous males were crossed to ICR (Japan SLC,

Hamamatsu, Japan) random outbred females to generate stock. Mice were genotyped by

polymerase chain reaction analysis of ear DNA. Eyes from adult mice were dissected at 3

months of age or older. Animal experiments were approved by the Institutional Animal Care

and Use Committee of Kobe University Graduate School of Medicine and Keio University

School of Medicine, and carried out in accordance with the animal experimentation guidelines

of the Kobe University Graduate School of Medicine and Keio University School of Medicine.

2.2. Measurement of IOP

Every month from 2 to 12 months of age, IOP was measured five times per eye between

1 pm to 3 pm with TonoLab Tonometer (icare Finland) while mice were under sedation within

3-12 min after intraperitoneal injection of ketamine (100 mg/kg) and xylazine (9 mg/kg).



Maximal and minimal values were excluded, and intermediate three values were used for the

data analysis.

2.3. X-gal staining of the eye

Eyes were fixed in 0.1 M sodium phosphate (pH7.3) containing 2% paraformaldehyde

(PFA), 0.05% glutaraldehyde, and 2 mM magnesium chloride at room temperature (RT) for 30

min. The eyes were perforated and further fixed in the same fixative at RT for 1 h.

Whole-mount eyes were stained with X-gal as described previously [20], sectioned in paraffin,

and counterstained with nuclear fast red (Vector).

2.4. Immunohistochemistry

We used rat anti-PECAM-1 (clone Mec13.3, BD Pharmingen), rat anti-endoglin (clone

MJ7/18, eBioscience), and rabbit anti-LYVE-1 (RELIATech) primary antibodies, and Alexa

Fluor 488-, Cy3-, or Cy5-conjugated secondary antibodies (Invitrogen and Jackson

ImmunoResearch).

Eyes were fixed in PBS containing 1% PFA at 4 °C for 30 min. The eyes were perforated



and further fixed in the same fixative at 4 °C for 2 h. The eye was dissected into three regions;

the anterior part consisting of the cornea, iris, and ciliary body, the posterior part consisting of

sclera and choroid, and the retina, and further fixed in the same fixative at 4 °C for 2 h. The

rest of procedure for immunostaining was described previously [21].

2.5. Electron microscopic analysis

Eyes were fixed in 0.1 M phosphate buffer containing 2.5% glutaraldehyde at RT for

overnight. The eyes were further fixed in 0.1 M phosphate buffer containing 1% osmium

tetroxide at RT for 2 h, dehydrated in ethanol, and embedded in epoxy resin after substituting

for n-butyl glycidyl ether. Ultrathin sections were treated with uranyl acetate and lead citrate,

and visualized on transmission electron microscopy with Hitachi H-7600 (Hitachi

High-Technologies).



3. Results

3.1. Enlarged eyes and elevated IOP in Flt1""; FIk1"" mice

To study genetic interaction between the FIt1 and Flk1 genes, we crossed between Flt1*"
and FIk1*" mice to analyze FIt1*"; FIk1*" mice. Although none of wild-type (WT), FIt1 or Flk1
single heterozygous (FIt1*" or Flk1*") mice showed overt phenotypes (n = 33, n =32, and n =
39 at 4 months old, respectively), about 24% of FIt1*"; FIk1*" mice (n = 41, at 4 months old)
showed the enlargement of eyes (Fig. 1 A). Since this phenotype is similar to the buphthalmia
which is detected in human congenital glaucoma with elevation of IOP, we measured IOP
from 2 to 12 months of age for comparison among WT, FIt1*", FIk1"~ and FIt1*"; FIk1*" mice.
Compared with WT mice, FIt1*"; FIk1*~ mice showed an elevated average IOP by 2.2 mmHg.
FIt1*"; FIk1*" mice with the buphthalmia (n = 3) showed a higher average IOP than those
without the enlarged eyes (n = 15) by 3.5 mmHg at 4 months of age. In addition, FIt1* and
Flk1*" mice showed elevated average IOPs by 1.8 mmHg and 1.3 mmHg, respectively (Fig. 1
B), although these single heterozygous mutant mice did not exhibit the buphthalmia. Elevation

of IOP causes hallmarks of glaucoma such as ganglion cell death and excavation of optic disc.

10



To investigate whether these pathological changes were detected in these mutant mice, we
performed TdT-mediated dUTP Nick-End Labeling (TUNEL) staining in paraffin sections of the
retina. We did not detect TUNEL-positive apoptotic cells or excavation of the optic disc in any
of analyzed mutant mice (Supplementary Fig. S1). These results indicate that FIt1*; Flk1*"

mice showed the buphthalmia and elevation of IOP without hallmarks of glaucoma.

3.2. Expression patterns of Flt1 and Flk1 in the adult eye

To perform histopathological analysis in FIt1*; Flk1"" mice, we first investigated the
expression pattern of Flt1 and FIk1 in the adult eye by detecting a lacZ reporter knocked into
the FItl or FIk1 locus [2, 4]. X-gal staining of heterozygous mice showed that Flt1 and FIk1
both were detected in endothelial cells of the Schlemm’s canal, corneal limbus, ciliary body,
iris, and choroid (Fig. 2A-D). However, only Flt1 expression was detected in the retinal
vasculature (Fig. 2C, D). In addition to endothelial expression, FIk1 was also detected in the

stromal cells and endothelial cells in the cornea, and neural cells in the retina (Fig. 2E, F).

3.3. Enlarged Schlemm’s canal and disordered collagen fibers of the sclera in Fltl

heterozygous mice
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IOP is regulated by a balance between the production and excretion of the aqueous
humor in the eye. The main outflow pathway of the aqueous humor is composed of the
chamber angle, trabecular meshwork, and Schlemm’s canal. In some genetic glaucoma mice,
the elevation of IOP results from the maldevelopment of the outflow tissue, including the
closure of the chamber angle, thickened trabecular meshwork, and absence of Schlemm’s
canal [13-16]. We first performed histological analysis of this main outflow pathway. In
sections stained with hematoxylin and eosin or transmission electron micrograms, we did not
find an occlusion of chamber angle or an abnormal deposition of extracellular matrix in the
trabecular meshwork of enlarged FIt1*"; FIk1*" eyes (Supplementary Fig. S2). We next
investigate the vascular network of the outflow pathway including the Schlemm’s canal and
corneal limbal blood vessels by whole-mount confocal microscopy of the cornea, iris, and
ciliary body with antibodies to a pan-endothelial marker PECAM-1 and a lymphatic marker
LYVE-1. Compared with WT and FIk1*" mice, we found that the Schlemm’s canal was
enlarged in FIt1* and FIt1*"; FIk1*" mice (Fig. 3A). In different optical sections, we found that
collector channels connecting with the corneal limbal blood vessels were comparable among
WT, FIt1*", FIk1"", and FIt1*"; FIk1"" mice (Fig. 3B, arrowheads). Vascular pattern of blood

vessels and lymphatic vessels in the corneal limbus were also comparable (Fig. 3C). Although
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our previous study showed that soluble Flk1 plays an important role in inhibiting lymphatic
vessel growth into the cornea [22], we did not detect abnormal distribution of lymphatic
vessels in the cornea of FIk1*" mice, indicating that half amount of FIk1 protein is enough for
this inhibition of lymphatic growth. These results indicated that FIt1 heterozygosity is
associated with enlarged Schlemm’s canal.

The sclera contains a plenty amount of collagen fibers and elastic fibers which
mechanically support the construction of eyes [23]. To investigate these mechanical fibers in
enlarged eyes of FIt1":; FIk1"" mice, we performed histological analysis of the sclera.
Transmission electron microscopy showed that collagen fibers in the sclera of WT mice and
Flk1*" mice were uniform in size, whereas various sizes and higher density of collagen fibers
were detected in the sclera of FIt1 heterozygous mice (Fig. 3D). These results indicated that

Flt1 heterozygosity is associated with disordered collagen fibers in the sclera.

3.4. Atrophied CC in FIk1 heterozygous mice

VEGF-A derived from the RPE plays a crucial role in the maintenance of the CC [7] and its
receptors, FIt1 and Flk1 both are strongly expressed in CC (Fig. 2C, D). To investigate the

vascular structure of CC, we performed whole-mount confocal microscopy of the choroid with
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antibody to endoglin which labels the CC. In WT and FIt1*" mice, a typical dense honeycomb
vascular network of the CC was detected, whereas the CC was atrophied with more avascular
areas in FIk1"" and FIt1*"; FIk1™" mice (Fig. 4). The reduced vascular density was observed in
both the central and the peripheral choroidal vasculature. To investigate whether the atrophy
of CC affect the RPE, we used Phalloidin to label the cortical actin of RPE. Despite abnormal
CC patterns in FIk1"" and FIt1"; FIk1*" mice, the organization of the RPE was intact
(Supplementary Fig. S3). The vasculature in the retina and iris appeared unaffected in these
mutant mice (Supplementary Fig. S4). These results indicated that Flk1 heterozygosity is

associated with atrophied CC.
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4. Discussion

In this study, we showed enlarged eyes in FIt1*"; FIk1*" mice. Compared with WT mice,
IOP was elevated in FIt1*", FIk1*", and FIt1*"; FIk1*" mice. However, none of them showed
hallmarks of glaucoma such as ganglion cell death and excavation of optic disc. Flit1
heterozygosity is associated with enlarged Schlemm’s canal and disordered collagen fibers in
the sclera, whereas Flk1 heterozygosity is associated with atrophied CC.

Enlarged eyes in FIt1""; FIk1*" mice were similar to the buphthalmia which is detected in
human congenital glaucoma with elevation of IOP. Indeed, FIt1+"; FIk1*" mice showed the
elevation of IOP, but they did not show hallmarks of glaucoma in the retina. Of note is that
average IOPs in FIt1"; FIk1*" mice went up and down throughout adulthood although they
were constantly higher than those in WT mice by about 1.5 mmHg (Fig. 1B). Previous studies
regarding mice with eye projection and hallmarks of glaucoma showed that IOP was more
severely elevated [15, 16]. It is thus likely that gentle increase in IOP did not induce
pathological changes in retinal neural cells. We also detected the elevation of IOP in Flt1*",
and Flk1*" mice, although they did not exhibit the buphthalmia. Taken together, ocular
phenotypes in FIt1"; Flk1"" mice were caused by combined effects of FIt1 and Flk1

heterozygosity.

15



In FIt1 heterozygous mice, we found the enlargement of the Schlemm’s canal, suggesting
obstruction of the main out flow pathway of the aqueous humor. However, corneal limbal
blood vessels and their collector channels with the Schlemm’s canal appeared unaffected.
Endothelial cells in the Schlemm’s canal express many blood endothelial markers [24] and
our expression analysis also detected the expression of FIt1 and Flk1. Since Flt1 works as a
negative regulator for endothelial cell growth, Schlemm’s canal may be enlarged directly by
excess VEGF-A protein in FlIt1 heterozygous mice. We also found the disorder of collagen
fibers in FIt1 heterozygous sclera. Although it remains to be elucidated how FIt1
heterozygosity affects the organization of collagen fibers in the sclera, this is probably a direct
result from reduced function of FIt1 rather than from mechanical stress induced by elevated
|OP since Flk1*" mice with elevated IOP show a normal arrangement of collagen fibers in the
sclera. In mice with a targeted type | collagen mutation leading to age-dependent collagen
accumulation, the age-related elevation of IOP with open anterior chamber angle was
reported [17]. Since the sclera is a part of alternative uveoscleral outflow pathway of the
aqueous humor, the quality and quantity of collagen fibers in the sclera may affect IOP. Taken
together, disordered collagen fibers in Flt1 heterozygous sclera may result in the elevation of
IOP.

In Flk1 heterozygous mice, we found the atrophy of the CC, suggesting a change of the

16



blood flow in the choroid and optical blood vessels. This is probably a direct result from
reduced function of FIk1 since VEGF-A/FIk1 signals play an important role in maintenance of
the CC [7]. A previous study using a fluorescent tracer suggested that the CC is a part of
uveoscleral outflow pathway of the aqueous humor [11], suggesting that atrophied CC in Flk1
heterozygous choroid results in the elevation of IOP.

Our histopathological analysis still left some open questions regarding the relationship
between vascular phenotypes, eye ball morphology, and regulation of IOP. It is tempting to
speculate that, in FIt1""; FIk1*" mice, the eye projection by getting collagen fibers loosen in the
sclera compensates for increased IOP by vascular defects to keep intact neural tissues in the

retina. This study is the first report that FIt1*; Flk1*" mice showed the buphthalmia in mice.
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Figure Legends

Fig. 1. Appearance of eyes and measurement of IOP. (A) Appearance of eyes is shown from
9-month-old mice whose genotypes are indicated on the top. Enlarged eyes similar to the
buphthalmia were detected only in FIt1*; FIk1"" mice. (B) IOP was measured from 2 to 12
months of age. FIt1*", FIk1*"" and FIt1""; FIk1*" mice constantly showed elevated average I10Ps,
compared with WT mice. Data represent the mean = S. E. M. of 5 - 20 eyes. Significant

difference, * P < 0.05, ** P < 0.01 versus WT by Student’s t-test.

Fig. 2. Expression patterns of FIt1 and Flk1 in the adult eye. Expression analysis was performed
by detecting a lacZ reporter knocked into the FIt1 or FIk1 locus. (A-D) FIt1 and Flk1 both were
expressed in endothelial cells of the Schlemm’s canal (arrowhead), corneal limbus, ciliary
body (cb), iris (ir), and choroid (ch). (C, D) FIt1 but not FIk1 was expressed in the retinal
vasculature. Flk1 is expressed by retinal neural cells in inner nuclear layer (inl) and outer nuclear
layer (onl). (E, F) Flk1 but not FIt1 was expressed in the corneal stroma (cs) and corneal
endothelium (cen). cep, corneal epithelium; co, cornea; gcl, ganglion cell layer; rpe, retinal

pigment epithelium; sc, sclera. Scale bars, 250 ym.
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Fig. 3. Enlarged Schlemm’s canal and disordered collagen fibers of the sclera in FIit1
heterozygous mice. (A-C) Whole-mount confocal microscopy of the cornea, iris, and ciliary
body was performed with antibodies to a pan-endothelial marker PECAM-1 (green) and a
lymphatic marker LYVE-1 (red). (A) Enlarged Schlemm’s canal (asterisks) was detected in
FIt1*" and FIt1*"; FIk1"" mice. (B) In different optical sections, collector channels (arrowheads)
connecting with the corneal limbal blood vessels were comparable among WT, FIt1+", FIk1+",
and FIt1*"; Flk1*" mice. (C) Vascular pattern of blood vessels and LYVE-1" lymphatic vessels
in the corneal limbus were also comparable. Scale bars, 250um (D) Transmission electron
microscopy of the sclera shows that collagen fibers in the sclera of WT mice and Flk1*" mice
were uniform in size, whereas various sizes and higher density of collagen fibers were

detected in the sclera of FIt1"" and FIt1*"; FIk1*" mice. Scale bars, 2um.

Fig. 4. Atrophied CC in Flk1 heterozygous mice. Whole-mount confocal microscopy of the choroid
was performed with antibody to endoglin. A typical dense honeycomb vascular network of the
CC was detected in WT and Flt1*" mice, whereas the CC was atrophied with more avascular
areas in both the central and the peripheral choroidal vasculature of FIk1*" and FIt1*"; Flk1*"

mice. Scale bars, 100um.
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Supplementary Data for the manuscript

FIt1 and FIkl mediate regulation of intraocular pressure and their double

heterozygosity causes the buphthalmia in mice
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Masatsugu Nakamura and Masanori Hirashima

Supplementary Material and Methods

Apoptosis assay

Eyes were fixed in PBS containing 3.7% formaldehyde at 4°C for overnight. The eyes

were dehydrated in ethanol, and embedded in paraffin after substituting for xylene.

TdT-mediated dUTP Nick-End Labeling (TUNEL) staining of paraffin sections was performed

with In Situ Cell Death Detection Kit POD (Roche Applied Science) and 3,3’-diaminobenzidine

(Dojindo) as a substrate, according to the manufacturer’s instructions.



Immunohistochemistry

We used rat anti-PECAM-1 (clone Mec13.3, BD Pharmingen), rat anti-endoglin (clone

MJ7/18, eBioscience), Cy3-conjugated mouse anti-a-smooth muscle actin (clone 1A4, Sigma),

Alexa Fluor 488-conjugated secondary antibodies (Invitrogen), and Alexa Fluor

546-conjugated Phalloidin (Invitrogen). The rest of procedure for dissection and

immunostaining is described in the manuscript.

Supplementary Results

WT I Fit1*- | Flk1+- | Ft1*- Fiat- |

-

Supplementary Fig. S1. TUNEL staining in the retina. Apoptosis assay was performed in
sections by TUNEL staining, followed by counterstaining with hematoxylin. Increased
TUNEL-positive apoptotic cells were not detected in any mice whose genotypes are indicated on
the top. Excavation of the optic disc (asterisk) was not, either. Scale bars, 500um.



Supplementary Fig. S2. Histological analysis of the main outflow pathway of the aqueous
humor. (A) In sections stained with hematoxylin and eosin, the chamber angle (asterisk) is
open. Scale bars, 250um. (B) In transmission electron micrographs, an abnormal deposition of
extracellular matrix was not detected in the trabecular meshwork of enlarged FIt1*"; Flk1*"
eyes. Scale bars, 4um.

| || Fi1t- | Fik1t- || Flt‘l"’""; Fik1t- |

Supplementary Fig. S3. Histological analysis of the CC and RPE. Confocal microscopy of
flat-mount tissues composed of the choroid and RPE with antibody to endoglin (green) and
phalloidin (red) which label the CC and the cortical actin of RPE, respectively. The
organization of the RPE was not affected. Scale bars, 100pum.
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Supplementary Fig. S4. Vascular analysis in the retina and iris. (A) Whole-mount confocal
microscopy of the retina was performed with antibodies to PECAM-1 (green) and a-smooth
muscle actin (red). (B) Whole-mount confocal microscopy of the iris was performed with
antibody to PECAM-1. Blood vessels in these tissues were comparable among WT, Flt1*",
FIk1*", and FIt1*"; FIk1*" mice. Scale bars, 250um.
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