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A B S T R A C T

The choriocapillaris is an exceptionally high density, two-dimensional, sheet-like capillary network, characterized
by the highest exchange rate of nutrients for waste products per area in the organism. These unique morphological
and physiological features are critical for supporting the extreme metabolic requirements of the outer retina
needed for vision. The developmental mechanisms and processes responsible for generating this unique vascular
network remain, however, poorly understood. Here we take advantage of the zebrafish as a model organism for
gaining novel insights into the cellular dynamics and molecular signaling mechanisms involved in the develop-
ment of the choriocapillaris. We show for the first time that zebrafish have a choriocapillaris highly similar to that
in mammals, and that it is initially formed by a novel process of synchronized vasculogenesis occurring simul-
taneously across the entire outer retina. This initial vascular network expands by un-inhibited sprouting angio-
genesis whereby all endothelial cells adopt tip-cell characteristics, a process which is sustained throughout
embryonic and early post-natal development, even after the choriocapillaris becomes perfused. Ubiquitous
sprouting was maintained by continuous VEGF-VEGFR2 signaling in endothelial cells delaying maturation until
immediately before stages where vision becomes important for survival, leading to the unparalleled high density
and lobular structure of this vasculature. Sprouting was throughout development limited to two dimensions by
Bruch's membrane and the sclera at the anterior and posterior surfaces respectively. These novel cellular and
molecular mechanisms underlying choriocapillaris development were recapitulated in mice. In conclusion, our
findings reveal novel mechanisms underlying the development of the choriocapillaris during zebrafish and mouse
development. These results may explain the uniquely high density and sheet-like organization of this vasculature.
1. Introduction

The choroidal and retinal vasculatures of the eye are critical for
providing nutrients to support the extremely metabolically active pho-
toreceptors, and other retinal cell types, thereby enabling vision in ver-
tebrates (Luo et al., 2013). On the other hand, ectopic formation of the
ocular vasculatures during development or in adults is intimately
involved in vision disorders including retinopathy of pre-maturity (ROP),
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diabetic retinopathy (DR) and age-related macular degeneration (AMD)
(Luo et al., 2013; Cao et al., 2008, 2010). The latter is the most prevalent
and the most common cause of blindness today. Both hyaloid vessels
(which are later replaced by the retinal vessels) and choroidal vessels
form during early stages of embryonic development (Kaufman et al.,
2015; Heinke et al., 2012; Ellertsdottir et al., 2010; Hashiura et al.,
2017). Although the development of the hyaloid and retinal vessels have
been intensely studied in various animal models, the development of the
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choroidal vasculature is still poorly understood. The choriocapillaris is
the innermost part of the choroidal vasculature, located at close prox-
imity to the retina, immediately posterior to the retinal pigment
epithelium (RPE) and Bruch's membrane (BM). The choriocapillaris has
the highest density of any vasculature in the body and its unique 2D,
lobular, sheet-like morphology (Lutty and McLeod, 2018) further sug-
gests that the development of the choriocapillaris may follow a unique
trajectory or be regulated by unique mechanisms. Furthermore, ectopic
growth of choroidal vessels during embryonic development or in adults is
intimately coupled to the most common vision-threatening diseases
including AMD and myopia respectively (Hashiura et al., 2017; Zhang
and Wildsoet, 2015). It is plausible that understanding the mechanisms
underlying choriocapillaris development may also provide deeper in-
sights into the development of these diseases.

While snap shots of developing choriocapillaris, as well as other
ocular vasculatures, in humans have recently been summarized in an
excellent review of existing histological data by Lutty and McLeod (Lutty
and McLeod, 2018), this work does not address the key issue of how the
choriocapillaris develops its unique density or structure, and provides
little insights into the highly dynamic cellular behaviors underlying
morphogenesis of the vasculature. Using vascular casting, Djonov and
collegues suggested that choriocapillaris development in chicken
occurred through intussusceptive arborization (Djonov et al., 2000),
while sprouting seemed to be the main mechanism in mice (Chan-Ling
et al., 2011) and humans (Lutty and McLeod, 2018). Chan-Ling et al.
suggested that mouse choriocapillaries lacks robust mural cell coverage
during development (Chan-Ling et al., 2011), but the human chorioca-
pillaris was reported to recruit mural cells and mature relatively early
during development (Lutty and McLeod, 2018). As such, the current
evidence, which mainly focuses on analyzing small areas of the chorio-
capillaris, usually from sagittal sections that does not allow studies of
their 2D shape and only on one or a few developmental stages, is
inconsistent and contradicting. In order to understand the development
of the choriocapillaris, an animal model which allows longitudinal
visualization of the entire choriocapillaris in the same (living) animal,
and in high spatial 3D-detail, is needed.

In the past decade, zebrafish have emerged as an excellent model
organism for investigating molecular and cellular mechanisms involved
in vascular development. Zebrafish offer several benefits over other an-
imal systems such as rapid, extra-uterine development of transparent
embryos and their high genetic and pharmacologic amenability (Jensen
et al., 2011). We and others have previously demonstrated that the
zebrafish is a powerful system for understanding mechanisms underlying
hyaloid vessel development (Jensen et al., 2015; Alvarez et al., 2007,
2009) and adult retinal vessel growth related to diabetic retinopathy
(Cao et al., 2008, 2010; Alvarez et al., 2010). The formation of large,
external choroidal vessels and the vasculature of the outflow tract have
also been described in the zebrafish (Hashiura et al., 2017; Gray et al.,
2009), but a detailed study on the cellular and molecular mechanisms
involved in choriocapillaris formation is still lacking.

Here, we for the first time provide novel and detailed insights into the
events leading to the formation of the choriocapillaris, which underlies
its unique morphological and physiological characteristics. We show that
the choriocapillaris is initially formed by synchronized vasculogenesis
involving the fusion of endothelial cell clusters (so-called blood islands)
homogeneously interspersed throughout the entire outer retina. This was
followed by sustained and ubiquitous angiogenic expansion throughout
the choriocapillaris due to VEGF-induced delayed maturation, which was
finally relieved at 120 h post fertilization (hpf) resulting in rapid matu-
ration and inhibition of sprouting leading to an adult-like chorioca-
pillaris. Other choroidal vasculatures including a rete mirabile also found
in other vertebrates, developed during adolescence. The role of VEGF-
induced ubiquitous and sustained sprouting coupled to delayed matu-
ration was recapitulated in mice, suggesting that this mechanism is
conserved in mammals.
2

2. Material and methods

2.1. Zebrafish strains and their maintenance

Tg (fli1a:EGFP)y1, Tg (kdrl:EGFP)s843, Tg (kdrl:DsRed2)pd27, Tg
(acta2:EGFP)ca7, Tg (tagln:EGFP)p151 and Tg (gata1a:DsRed2)sd2 trans-
genic strains (Lawson and Weinstein, 2002; Kikuchi et al., 2011; Jin
et al., 2005; Seiler et al., 2010; Whitesell et al., 2014; Traver et al., 2003)
were obtained from ZIRC, Oregon. Tg (fli1ep:Gal4FF)ubs3 (Zygmunt
et al., 2011), Tg (UAS:RFP) and Tg (UAS:EGFP-UCHD)ubs18 (Sauteur
et al., 2014) transgenic strains were generated in the Affolter laboratory
and the Hif1aa-/-;Hif1ab-/- (Gerri et al., 2017) and Hsp70:VEGFAA-DN
(Marin-Juez et al., 2016) zebrafish lines were generated in the Stainier
laboratory. All strains and double or triple transgenic crosses between
these strains were maintained at the Zebrafish facility at Link€oping
University, Link€oping, Sweden following standard protocols (Rouhi
et al., 2010; Jensen et al., 2012). All the experimental procedures have
been previously approved by the Link€oping animal ethics committee.
2.2. Zebrafish euthanasia and dissection

Zebrafish were anesthetized with 0.04% MS-222 (Ethyl 3-aminoben-
zoate methane sulfonic acid salt 98%, Sigma Aldrich) and fixed with 4%
PFA (Sigma Aldrich) for 30min at room temperature. The eyes were
removed and dissected using watchmakers' forceps (Dumont #5) under a
dissection microscope (Nikon SMZ 1500). The eyes were flat mounted on
glass slides in Vectashield mounting medium (H-1000 Vector
laboratories).
2.3. Vegfaa-DN treatment

Embryos generated from in-crosses of homozygous Hsp70:VEGFAA-
DN transgenic zebrafish were incubated at 37 �C for 1 h per day at 1, 2,
3 and 4 days post fertilization (dpf) to induce persistent expression of
dominant negative VEGF-A.
2.4. Time lapse analysis

Embryos at different age groups were incubated in a mixture of MS-
222 (Ethyl 3-aminobenzoate methane sulfonic acid salt 98%, Sigma
Aldrich) 25 μg/ml and 0.5% low melting agarose (Sigma Aldrich). The
embryos were mounted in the glass bottom microwell dishes, (MatTek
Corporation). Time-lapse image series were taken with 15 or 20min
interval between each frame using a confocal microscope (LSM 700
inverted, Zeiss, USA). The z-stacks images have been analyzed in Image J
(NIH) or using the Imaris software (Bitplane, Switzerland).
2.5. Transmission electron microscopy (TEM)

Wildtype zebrafish embryos (3, 4, 5 dpf) were fixed in 2% para-
formaldehyde-2% glutaraldehyde prior to incubation in 1% osmium te-
troxide-1% potassium ferrocyanide. Following dehydration with an
ethanol series and then incubation in propylene oxide, the zebrafish/
retinas were embedded in EPON® resin (Polysciences, Inc., Warrington,
PA) following manufacturer's instructions. Using a Reichert Ultracut S,
70-nm serial sections were cut and mounted on formvar coated copper
grids and stained with Reynold's lead citrate. The grids were then
examined on a JEOL 1010 TEM and images captured using a Gatan Orius
SC1000B charge-coupled device camera. At least three zebrafish for each
time point were used for examination in each experiment. Montaged
images of semi-full-length retina were generated using low-
magnification images in Microsoft Image Composite Editor. Photoshop
was used to edit all other high magnification images.
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2.6. Histology

Wildtype zebrafish retinas (1 month post fertilization (mpf) and adult
(6 mpf)) were fixed in 4% paraformaldehyde prior to dehydration with
an ethanol series. The zebrafish/retinas were then embedded in JB-4®

Plus resin (Polysciences, Inc., Warrington, PA) following manufacturer's
instructions. Using a Leica RM 2065 microtome, 7 μM serial sections
were collected and stained with 1% toluidine blue. Sections were imaged
on a Zeiss LSM510 upright microscope with Axiocam MRc digital cam-
era. Image J was used to edit all images collected.

2.7. Mouse choroid whole-mount assay

BALB/c albino mouse eyes were enucleated following exposure to a
lethal dose of CO2. After removal of extraocular muscles and connective
tissues, the eye balls were fixed in 4% PFA for 24 h at 4 �C. During
dissection, the conjunctiva, cornea, lens, iris, and retina were removed.
Tissues containing choroids, sclera, and part of retinal non-pigmented
epithelium were prepared for the whole-mount immunofluorescence
staining. The tissues were digested with proteinase K (20 μg/mL), fol-
lowed by incubation with a rat anti-mouse CD31 monoclonal antibody at
4 �C overnight. After rigorous rinsing, blood vessel endothelial cells were
detected using secondary goat-anti-rat IgG antibodies conjugated with
fluorescent Alexa 555 (Invitrogen). Tissues were flattened and mounted
in Vectashield mounting medium (Vector Laboratories) and analyzed
under a Nikon C1 Confocal microscope (Nikon Corporation). By scanning
five to six layers (with 4–5 μm between adjacent layers) for each
collection, 3D images of each collection were assembled using a confocal
microscope software program. The images were further analyzed using
Adobe Photoshop CS2 (Adobe).

2.8. Treatment with VEGF and VEGFR blockades

Pregnant BALB/c albino mice were kept in separate cages and
maintained on a 12 h light/dark cycle throughout the experiment.
Pregnant mice were treated with an anti-VEGFR2 monoclonal antibody
(DC101, ImClone Systems, 5mg/kg, IP, twice per week), or an IgG
control antibody (10500C, Invitrogen, 5mg/kg, IP, twice per week)
starting at embryonic day E12 (n¼ 2 litters per group). Fetus were
collected at embryonic day E16. Eyes were fixed and stained as described
above.

2.9. Statistics

Results were generated in an un-blinded fashion and shown as
meansþ/-SEM from at least three independent experiments. Statistical
comparisons between two individual data sets were made using two-
tailed, unpaired students t-test assuming equal variance between the
groups. If nothing else is mentioned, comparisons have been made to-
wards the control group (the left-most group in all the graphs) or between
multiple data sets using single factor ANOVA. Significance are indicated
using the following symbols when comparing two individual data sets in
the graphs: * (p < 0.05), ** (p < 0.01) and *** (p < 0.001) with n-values
as indicated in the figure legends. Healthy embryos were randomly
allocated from a combined pool of embryos to each experimental group
at the beginning of all experiments.

3. Results

3.1. Early development of the choriocapillaris in zebrafish follows
synchronized vasculogenesis

To investigate the development of the choriocapillaris in high
spatiotemporal detail in zebrafish, we took advantage of the Fli1a:EGFP
strain in which EGFP is specifically expressed in the endothelial cells
(Lawson and Weinstein, 2002). To improve visualization of the choroid,
3

we developed a new mounting technique whereby the fish/eyes were
mounted such that the posterior/scleral side of the eye was facing the
objective of the microscope. Using this technique, we found that the
development of the choriocapillaris begins at 18 hpf, roughly at the same
time as the development of the hyaloid artery (HA) and optic artery (OA),
by recruitment of single endothelial cells budding off from the devel-
oping cranial division of the internal carotid artery (CrDi) and primordial
midbrain channel (PMBC) and migrating into sub-retinal area of the eye
field (Fig. 1A and Supplemental Video 1). The recruitment of ECs from
the CrDi and PMBC continued between 18 and 24 hpf, coinciding with
the sprouting and growth of the dorsal and nasal radial vessels (DRV and
NRV respectively) (Fig. 1B and Supplemental Video 2). At approximately
24 hpf, the outer eye field was completely populated with homoge-
neously interspaced single ECs. Choriocapillaris ECs (ccECs) continue to
migrate within the eye field, leading to clustering of ccECs and formation
of structures reminiscent of blood islands (Fig. 1A). By ~36 hpf ccECs
projections had formed, which connected adjacent blood islands. These
connections matured by 48 hpf to non-perfused vascular chords which
became lumenized by 72 hpf (Fig. 1A). Throughout the process of
establishing the initial choriocapillaris, the events were synchronized
and occurred simultaneously throughout the entire outer eye field. This
synchronization was enabled by the initial recruitment and regular
interspersion of ccECs, and drove the formation of the characteristic
honeycomb shape of the choriocapillaris at 72 hpf.

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.ydbio.2019.02.002.

3.2. Sprouting angiogenesis is required for choriocapillaris growth in
zebrafish

The continuous expansion of the choriocapillaris, similar to its for-
mation, involved the entire vasculature, leading to homogeneously and
progressively increasing vascular density between 48 and 120 hpf
(Fig. 1A, D). Using time-lapse confocal microscopy, we observed that this
growth was achieved mainly through angiogenic sprouting and flow-
mediated remodeling of the vascular morphology. Surprisingly nearly
all ECs seemed to participate in the sprouting process, suggesting that the
inhibition of tip-cell phenotypes in neighboring ECs seen in other
vascular beds did not apply to the choriocapillaris. The ubiquitous and
persistent sprouting resulted in the formation of an increasing number of
thinner interstitial foci that could easily be interpreted as intussusceptive
pillars (Fig. 1A and C and Supplemental Video 3 and 4). To elaborate on
the role of intussusception during choriocapillaris development, we
performed 3D surface rendering of Z-stack confocal data (Fig. 1E). A
progressively increasing number of incomplete and anastomosed endo-
thelial luminal processes, resembling immature intussusceptive pillars,
were clearly apparent at 72, 96 and 120 hpf (Fig. 1E), suggesting that
intussusception might be important for the expansion of the chorioca-
pillaris. In the time-lapse videos, however, we could not detect the for-
mations of persistent, “round holes” in the endothelium as a readout of
intussusceptive pillar maturation (Supplemental video 4) in contrast to
what was described previously in birds (Djonov et al., 2000). The
continuous growth and remodeling of the choriocapillaris until 120 hpf
was further demonstrated by the presence of longitudinal actin stress
fibers in the ECs at 72 and 96 hpf, consistent with the sustained sprouting
of this vasculature (Supplemental Fig. 1). At 120 hpf, however, the actin
cytoskeleton was more dispersed along cortical networks consistent with
a mature phenotype of the choriocapillaris endothelium at this stage
(Supplemental Fig. 1). Taken together, this data suggests that the cho-
riocapillaris expands by sustained, ubiquitous sprouting angiogenesis
throughout early development culminating in rapid maturation at 120
hpf (Fig. 1F).

Supplementary video related to this article can be found at doi: 10
.1016/j.ydbio.2019.02.002.
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Fig. 1. Early development of the choriocapillaris in zebrafish. A: Time lapse confocal micrographs of the developing choriocapillaris (vessels shown in green) of
the outer eye field in Fli1a:EGFP embryos at 18–23 h post fertilization (hpf, top row) and 24–120 hpf (lower row). Boxed regions are shown in magnified images below.
Yellow arrows point to the indicated vessel structures, yellow arrowheads points to the avascular area or interstitial foci while white arrowheads points to endothelial
cells or vessels. The dotted line indicates the eye field. Size bars indicates 50 μm in each image. CrDI: Cranial division of internal carotid artery, HA: Hyaloid artery,
OA: Optic artery, PMBC: Primordial midbrain channel. DRV: Dorsal radial vessel. NRV: Nasal radial vessel. B: Quantifications of the number of the endothelial cells in
the experiment shown in A. n ¼ 10–15 embryos, **: p < 0.01 ***: p < 0.001. C: Quantification of the number of interstitial foci in the experiment shown in A.
n ¼ 10–15 embryos, ***:p < 0.001. D: Quantification of the vascular density of choriocapillaris in the experiment shown in A. n ¼ 10–15 embryos, ***:p < 0.001. E:
Imaris 3D rendering images of the choriocapillaris showing the lumen of CCs of complete intussusceptive pillars (red arrow) and incomplete pillars (white arrows)
from 72, 96 and 120 hpf. Size bar indicates 10 μm. hpf: hours post fertilization. F: Scheme illustrating the development of choriocapillaris from 24 hpf to 120 hpf.
Development of the choriocapillaris begins with the invasion of the endothelial cells via the PMBC and CrDi at 18–24 hpf. At 36 hpf the endothelial cells forms
aggregates (blood islands) interconnected by thin processes (EC-EC connections), leading to formation of a primitive, non-lumenized vasculature at 48 hpf. The
choriocapillaris become perfused at 72 hpf but remains actively expanding until maturation occurs at 120 hpf.
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3.3. The choriocapillaris is a secondary hematopoietic organ during early
development

It has been suggested that erythrocytes develop within blood islands
in both hyaloid and choroidal vasculatures during early embryonic
development (Lutty and McLeod, 2018). Using kdrl:EGFP; gata 1:DsRed
double transgenic zebrafish, we found that erythrocytes co-developed
with endothelial cells during the early stages of blood island formation
and vasculogenesis in the choriocapillaris, leading to the formation of
blood associated with the vessels even before their lumenization
(Fig. 2A). Following lumenization and onset of perfusion at 72 hpf
(Fig. 2C), however, we observed a sharp increase in the blood content,
which was further elevated between 72 and 120 hpf (Fig. 2A and B). As
other ocular vasculatures (including the hyaloid vessels) developed
through angiogenesis, we did not see any evidence of blood formation
outside of the choriocapillaris, suggesting that this vasculature provides
additional erythroblasts during early embryonic development. Compared
to the size of the hemogenic endothelium in the aorta and the caudal
hematopoietic plexis, these findings suggest that the choriocapillaris may
be an important hematopoietic tissue at least during early development.
4

3.4. Permeability of the choriocapillaris is maintained until late stages of
development

As suggested by the lumenization of the choriocapillaries by 72 hpf,
we found using intra-venous injection of rhodamine-conjugated dextran
that the choriocapillaries initially became perfused by 72 hpf (Fig. 2C).
The percentage of perfused choriocapillaries increased throughout
development more than doubling between day three and four and
increased an additional 50% between day four and five (Fig. 2C and D).
On the other hand, leakiness of the choriocapillaris wasmaintained in the
first four days despite increased perfusion, only dropping 17% between
day two and three and 9% between day three and four (Fig. 2C and E). On
day five, however, the vasculature had matured and leakiness dropped to
approximately half of that on day four. These findings are therefore
consistent with delayedmaturation of the choriocapillaris during the first
four days, which then rapidly matures at 120 hpf.

3.5. Sprouting of the choriocapillaris coincides with Bruch's membrane
formation

To understand the cause of the two-dimensional-morphology of the



Fig. 2. Maturation of choriocapillaris leads to increased perfusion and reduced leakage. A: Confocal micrographs of the posterior eye of Kdrl:EGFP;
Gata1:DsRed double transgenic embryos (endothelium shown in green and erythroblasts shown in red) at 48–120 hpf. Boxed regions are shown in magnified images
below. White arrowheads points to erythrocytes. Size bar indicates 50 μm hpf, hours post fertilization. D: Quantification of the number of erythrocytes in the cho-
riocapillaris between 48 and 120 hpf from the experiment shown in A. n ¼ 10–15 embryos, ***:p < 0.001. C: Confocal micrographs of Kdrl:EGFP embryos (endo-
thelium shown in green) at different time points between 48 and 120 hpf, 1 h after injection with rhodamine-conjugated 70 kDa dextran via the common cardinal vein
(dextran (Dex) shown in red). Boxed regions are shown in magnified images below. Yellow arrowheads points to dextran leaked into the avascular area while white
arrowheads points to dextran contained within the vascular lumen. Size bar indicates 50 μm. D: Quantification of perfusion in the choriocapillaris between 48 and 120
hpf. n ¼ 10–15 embryos, ***:p < 0.001. E: Quantification of the dextran leakage between 48 and 120hpf. n ¼ 10–15 embryos, ***:p < 0.001.

Fig. 3. Ultrastructure analysis of the choriocapillaris over development. Transmission electron micrographs (TEM) of 3–5 days post fertilization (dpf) zebrafish
outer retina and choroid. Boxed regions are shown in the magnified images below. Bm: Bruch's membrane, F. Fenestration, L. Lumen. Size bar indicates 5 μm.
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Fig. 4. Appearance of Rete Mirabile in the zebrafish during development.
A: Bright field micrographs from cross sections of 4 weeks and adult zebrafish
eyes stained with toluidine blue. The boxed regions are shown in the magnified
images below. Size bars indicate 250 μm in each image. CCs. Choriocapillaries,
RM. Rete Mirabile. B: Confocal micrographs of the choriocapillaris and Rete
Mirabile from Fli1a:EGFP transgenic zebrafish (endothelium shown in green) at
2, 3, 4 weeks and adult stages. Yellow arrows indicate avascular area or inter-
stitial foci and white arrows indicates vascular area. Size bars indicate 20 μm in
each image.
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choriocapillaris and its maturation in higher structural detail, we
analyzed the ultrastructure of the endothelium and adjacent Bruch's
membrane/RPE and sclera. On day three, when robust sprouting was
observed in the choriocapillaris, Bruch's membrane had already formed
and provided a shield, preventing sprouting into the neuroretina. The
RPE was however sparse and poorly differentiated at this stage, as many
RPE cells were hypochromatic (Fig. 3 and Supplemental Fig. 2). The
choriocapillaris was heavily fenestrated and no tight junctions or
vascular mural cells could be observed, consistent with the lack of
maturation. Some photoreceptor outer segments had reached the RPE,
but the density was low (Fig. 3 and Supplemental Fig. 2). On day 4 on
the other hand a well differentiated and dense RPE associated with high
density photoreceptor outer segments was apparent in the entire outer
retina (Supplemental Fig. 3). Bruch's membrane was similarly more
defined and had matured further compared to day 3. The chorioca-
pillaris, however, remained heavily fenestrated and free of tight junc-
tions and vascular mural cells (Fig. 3 and Supplemental Fig. 3). At 5 dpf
the choriocapillaris exhibited less fenestrations, a well-defined cyto-
plasm and mural cells were locally associated with the basal aspect of
the vasculature, although the coverage was sparse (Fig. 3 and Supple-
mental Fig. 4). The Bruch's membrane was clearly defined, straight and
thick, and the RPE and photoreceptor outer segments exhibited adult-
like morphology and density (Fig. 3 and Supplemental Fig. 4). These
findings demonstrate that, also at the ultrastructural level, maturation
of the choriocapillaris, and associated structures, takes place late during
larval development just prior to 120 hpf and provides structural evi-
dence for the restriction of choriocapillaris sprouting in two-
dimensions, required for generating its high density and lobular
morphology.
3.6. Development of choroid rete mirabile during adolescence

Additional, posterior choroidal vascular networks are critical for
regulating the flow through the choriocapillaris and may also serve
other, as of yet poorly defined functions. The timing and mechanisms
underlying their development is, however, poorly understood. In
humans, the first seeds of these exterior choroidal vessels are planted
early during human choroid development by posterior sprouting of the
choriocapillaris (Lutty and McLeod, 2018), but we could not detect any
such posterior sprouts in zebrafish during the first 120 h of develop-
ment. By carefully analyzing cross-sections of the eye at adolescence
(i.e. 4 weeks) and adult stages, it was clear that additional, exterior
choroidal vessels were also present in zebrafish, but that these likely
were developed at later stages of development (Fig. 4A). In particular, a
thick multi-layered vasculature was clearly apparent in adults, under-
lying the choriocapillaris in the center of the optic disk, but this struc-
ture appeared to be poorly developed and thin at 4 weeks. It is known
from histological examinations of other animals, including mammals
that juxtaposed to the choriocapillaris, on the posterior side, a vascu-
lature with characteristics of a “rete mirabile” is present with important
functions in regulating exchange of gases, small chemicals or heat
(Chung and Weon, 2008). Using Fli1a:EGFP fish, we performed careful
dissection of the outer retinal layers and found that while a few endo-
thelial cells had migrated posteriorly by 2 weeks post fertilization (wpf)
and inhabited the area of the rete mirabile, the actual vascular network
was not present in this region until at 3 wpf (Fig. 4B). From 3 wpf the
rete mirabile was fully matured and appeared like in the adult fish
(Fig. 4B), although still much smaller than in the adult (Fig. 4A). This
vasculature also exhibited an extremely high density, resembling a
tightly packed pile of bamboo-sticks typical for rete mirabile networks
(Chung and Weon, 2008). The choriocapillaris, on the other hand,
exhibited its terminal morphology and density already from 5 dpf on-
wards, suggesting that this vasculature matures much earlier than the
rete mirabile.
6

3.7. Development of the choriocapillaris is dependent on VEGF-signaling
via VEGFR2

Using newly developed genetically modified zebrafish strains in
which various elements of the VEGF-signaling pathway have been
manipulated, we set out to analyze the involvement of this pathway
during choriocapillaris development. As hypoxia-signaling is one of the
critical regulators of VEGF-production and angiogenesis during devel-
opment and in disease (Jensen et al., 2011), we first investigated changes
to choriocapillaris development in von Hippel-Lindau (VHL-/-) mutants,
in which hypoxia-signaling is enhanced due to the stabilization of
hypoxia-inducible factor (HIF)-1α, alternatively in HIF1α knockout fish.
As expected, VHL-/- fish exhibited markedly increased sprouting and
growth of the choriocapillaris, evident as the presence of a higher
number of smaller interstitial foci, leading to a higher vascular density
compared to wildtype controls (Fig. 5A and B). On the other hand,
HIF1α-/- fish did not demonstrate any apparent change in choriocapillaris
development suggesting that while enhanced HIF1α activity may lead to
more VEGF-induced choroidal angiogenesis, baseline VEGF production is
likely not dependent on HIF1α, alternatively that other VHL-targets may
be involved in VEGF production at these early developmental stages
(Fig. 5A and B). To investigate the role of VEGF-signaling directly, we
next used VEGFR2a (Kdrl) and VEGFR2b (Kdr) knockout fish as well as a
heat-shock inducible VEGF-loss of function strain in which a dominant
negative version of VEGF-A is produced following heat shock. In both
VEGFR2a-/- and VEGFR2b-/- fish, the angiogenic sprouting in the cho-
riocapillaris was severely impaired as evident by the presence of fewer
sprouts and fewer but much larger interstitial foci, leading to a markedly
reduced density of the choriocapillaris. Similarly, overexpressing domi-
nant negative VEGF-A from 24 hpf onwards also reduced the number of
interstitial foci and density of the choriocapillaris (Fig. 5A and B). As both
VEGF-A and VEGF-B signaling are impaired in VEGF-dominant negative
fish, we used previously validated morpholinos (Jensen et al., 2015) to
demonstrate that VEGF-A but not VEGF-B was responsible for impaired



Fig. 5. Development of choriocapillaris is depen-
dent on VEGF-VEGFR2 in zebrafish. A: Confocal
micrographs of the choriocapillaris of 5 days post
fertilization (dpf) embryos from wildtype (WT), VHL
mutant (VHL-/-), hif1aa-/-;hif1ab-/- (HIF1a-/-),
Vegfr2b-/- (kdr -/-), Vegfr2a-/- (kdrl -/-) or fli1a:EGFP;
Hsp70:Vegfaa-DN zebrafish incubated for 1 h at 37 �C
daily from 1 to 5 dpf (Vegfaa-DN) crossed onto the
Fli1a:EGFP background (endothelium shown in
green). Yellow arrowheads indicate interstitial foci.
Size bars indicates 20 μm in each image. B: Quantifi-
cation of the number of interstitial foci in the exper-
iment shown in A. n ¼ 10–15 embryos, ***:p < 0.001.
ns: non-significant.
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choriocapillaris development (Supplemental Fig. 5). Interestingly,
knocking down VEGF-A already from the one cell stage exhibited a
stronger phenotype compared to inducing a pan-VEGF signaling
blockade from 24 hpf onwards in the VEGF-dominant negative fish.
Specifically, while EC migration into and within the outer eye field was
not impaired in VEGF-A knockdown embryos, these ccECs failed to
initiate vasculogenesis and remained as single ECs throughout develop-
ment (Supplemental Fig. 5). At the concentrations of morpholino used in
this study, other vasculatures forming by vasculogenesis including the
aorta and cardinal vein appeared normal, although sprouting angiogen-
esis in the periphery was significantly impaired (Jensen et al., 2015). This
implies that vasculogenesis in the choriocapillaris is more sensitive to
reduced VEGF-A levels as compared to other vasculatures. Taken
together, these findings demonstrate that VEGF-A signaling is a critical
regulator of both early (vasculogenic) and late (sprouting angiogenic)
choriocapillaris development in zebrafish.

3.8. VEGF-dependent delayed maturation is important for mouse
choriocapillaris development

Next, using albino (BALB/c) mice, we investigated choriocapillaris
formation and growth during embryonic and post-natal development and
in adults by immunostaining with anti-CD31 antibodies, which specif-
ically recognizing endothelial cells. Similar to the situation in zebrafish,
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an initial immature choriocapillaris exhibited marked two-dimensional
angiogenic sprouting involving the entire vasculature starting at E12
(Fig. 6A). This remodeling phenotype continued into post-natal stages,
suggesting that the delay in maturation is even more pronounced in mice
compared to zebrafish. As such, stable number of interstitial foci were not
reached until adulthood and these only increased slightly in number
between E12 and P1 (Fig. 6A and B). From a gross morphology point of
view, however, the mouse choriocapillaris was highly similar to that of
the zebrafish both during development and in adults, and sprouting
angiogenesis rather than intussusception also appeared to be the major
mechanism involved in the expansion of the choriocapillaris in mice. To
analyze the role of VEGFR2-signaling during choriocapillaris develop-
ment in mice, we neutralized VEGFR2-signaling for three days by treat-
ment at E12 with an anti-VEGFR2 neutralizing antibody followed by
investigation of the choriocapillaris at E16. Similar to the findings in
zebrafish, we observed a markedly reduced number of interstitial foci
and sprouts, corresponding to a greatly reduced choriocapillaris vascular
density in the VEGFR2-neutralizing antibody treated embryos compared
to control IgG-treated embryos (Fig. 6C–E). Taken together, these results
demonstrate that choriocapillaris development in both zebrafish and
mice depend on ubiquitous and sustained VEGF-dependent sprouting
leading to delayed maturation, which was required for endowing this
vasculature with its uniquely high vascular density and 2-D sheet-like
lobular morphology already from early developmental stages.
Fig. 6. Development of the choriocapillaris in
mice is dependent of VEGFR2 signaling. A:
Confocal micrographs of the choriocapillaris
(CCs) from embryonic day (E)12, 16, postnatal
day (P)1 and adult BALB/c mice stained with
anti-CD31 (endothelium shown in green). Yellow
arrowheads indicate interstitial foci. B. Quantifi-
cation of the number of interstitial foci in the
experiment shown in A. n ¼ 10–15 areas of in-
terest from four embryos collected from two lit-
ters, ***:p < 0.001, **:p < 0.005. A: Adult. C.
Confocal micrographs of the choriocapillaris from
E16 BALB/c mice treated with antiVEGFR2
neutralizing antibody or control IgG antibody for
3 days before staining with anti-CD31 antibody
and visualization on the right side. D: Quantifi-
cation of the number of interstitial foci in the
experiment shown in C. n ¼ 10–15 areas of in-
terest from four embryos collected from two lit-
ters, ***:p < 0.001. antiV: Anti-VEGFR2-treated.
E: Quantification of the number of sprouts in
the experiment shown in C. n ¼ 10–15 areas of
interest from four embryos collected from two
litters, ***:p < 0.001.
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4. Discussion

The unique density and morphology of the choriocapillaris are criti-
cally involved in the development and maintenance of sight as well as
development or progression of vision threatening disorders such as AMD,
occurring when the tight regulation of ocular vascular homeostasis is
disrupted (Luo et al., 2013; Cao et al., 2008). Reduced blood flow
through the choriocapillaris in adults leads to outer retinal ischemia and
is the key underlying factor for geographic atrophy of the photoreceptors
and RPE, characterized in patients with “dry” AMD. On the other hand,
pathological growth of the choriocapillaris outside of their 2-dimensional
plane and into the RPE/retina underlies sub-retinal edema and hemor-
rhage characteristic of patients with “wet” AMD (Jager et al., 2008). In
addition, the choriocapillaris is critically involved in the formation of the
RPE, but also more distal structures during development (Zhang and
Wildsoet, 2015). In spite of the importance of the choriocapillaris in
health and disease, its unique morphology and the vast amount of studies
investigating other ocular vasculatures (Jin et al., 2017; Connor et al.,
2009), the mechanisms involved in the development of the chorioca-
pillaris remains poorly understood.

In this work we present several novel insights into the mechanisms
underlying choriocapillaris development. First, we show that the cho-
riocapillaris form through vasculogenesis in a synchronized manner
across the entire outer eye field. This synchronization was enabled by the
preceding recruitment of single endothelial cells into the outer eye field,
their aggregation into blood islands and the extension of endothelial
processes connecting adjacent blood islands. This is to our knowledge the
first time synchronized vasculogenesis has been demonstrated on a
tissue-wide scale. In humans, blood islands were reported to form in the
choroid and hyaloid prior to the development of choriocapillaris and
hyaloid vasculature respectively (Lutty and McLeod, 2018; Lutty et al.,
2010), suggesting that the synchronized vasculogenesis mechanism may
be conserved in humans. Intriguingly, we show that erythroblasts were
formed in these blood islands and existed in the premature chorioca-
pillaris before the onset of perfusion through these vessels. This suggests
that the choriocapillaris is a hematopoietic tissue during development. As
the choriocapillaris is a much larger vasculature at these stages compared
to other hematopoietic sites such as the hemogenic endothelium of the
aorta or caudal hematopoietic plexus, this suggests that the chorioca-
pillaris is a major contributor of erythroblasts in the early embryo. From
approximately 36 hpf, the thin endothelial processes interconnecting
adjacent blood islands developed into a primitive, non-lumenized
vascular structure, which eventually became lumenized and perfused at
72 hpf. From the 36 hpf stage and onwards, the choriocapillaris mainly
expanded by sprouting angiogenesis. Due to its unique morphology and
density, it has been suggested that the choriocapillaris developed by
intussusception, at least in birds (Djonov et al., 2000). However, carefully
investigating numerous time-lapse videos captured between 3 and 5 dpf,
we could not find evidence for intussusception, but ubiquitous sprouting
which included neighboring endothelial cells and anastomosis of indi-
vidual sprouts was evident. Our data does not rule out a role for intus-
susception in formation of the choriocapillaris, but we suggest that
time-lapse or similar dynamic imaging techniques, in addition to
morphological characterization, should be used to establish proof of
intussusception during choriocapillaris development in future studies.
Sprouting was sustained throughout development and across the entire
choriocapillaris, and combined with delayed recruitment of perivascular
mural cells and maturation of the endothelium in terms of tight junction
formation and restricting fenestration. Similar persistent sprouting
coupled to delayed maturation phenotypes was also observed in the
mouse choriocapillaris during embryonic and early post-natal develop-
ment. The zebrafish and mouse choriocapillaris matured at 120 hpf and
post-natal stages respectively, when vision is enabled and becomes
important for survival of the animal. VEGF-signaling via
VEGFR2-induced PI3-kinase activation is critical for development of
most vasculatures (Arbiser et al., 2007). Blocking VEGF-signaling
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through VEGFR2 during development, however, led to premature
maturation and resulted in reduced vascular density in the chorioca-
pillaris of both zebrafish and mice. Blocking VEGF production from the
RPE in mice past E16 was found to be well tolerated and did not lead to
reduced choriocapillaris density in adults (Le et al., 2010). As we
demonstrate that the choriocapillaris was not fully developed at E16 in
mice, it suggests that other signaling pathways may also be important
and able to compensate for the lack of VEGF-A during choriocapillaris
development. Previous studies have suggested that the choriocapillaris
sprouts posteriorly, already from early stages of development in humans
and mice (Lutty and McLeod, 2018; Le et al., 2010). In order to achieve
the 2-dimensional, sheet-like morphology of the choriocapillaris, poste-
rior sprouting, however, has to be regulated and reduced compared to
lateral sprouting. However, how this is achieved has not been addressed
in the past. We show here that choriocapillaris sprouting in zebrafish was
restricted in the two-dimensional plane during embryonic and early
larval development due to shielding by Bruch's membrane present at the
retinal side, and a basement membrane present at the scleral side already
from the onset of sprouting. This shielding did not allow choriocapillaries
to grow into the retina or sclera at these stages. After the terminal
morphology and density of the choriocapillaris had been achieved,
however, the posterior inhibition was relieved leading to the develop-
ment of other choroidal vasculature structures from 14 dpf onwards. We
show here that the major of these additional choroidal vasculatures is a
rete mirabile forming between 14 dpf and 1 mpf, and further growing in
size until adult stages. Rete mirabile are very high density vascular net-
works with apparent functions related to exchange of gases, chemicals or
heat from one compartment to another (Bataille et al., 2007). Rete mir-
abile vasculatures have also been found in the posterior eye/choroid of
various other animals as well as occasionally humans. In humans, how-
ever, the development of rete mirabile in the choroid is associated with
Moyamoya-disease complications in patients with a rare, but serious
disorder known as PHACE syndrome (Chung and Weon, 2008; Rotter
et al., 2018). Rete mirabile could also be a forerunner of hemangiomas
(Lapidoth et al., 2009), which has been suggested in PHACE syndrome
patients (Rotter et al., 2018). Rete mirabile vasculatures have never
before been described in the zebrafish, but we expect that the discovery
of these vessels in this important animal system may allow investigating
their development in more detail. This may reveal novel mechanisms that
could be targeted therapeutically for avoiding rete mirabile formation
and thus treating patients with PHACE syndrome in the future.

5. Conclusions

In this work we demonstrate a new concept in developmental biology,
namely the synchronized formation of a vasculature across an entire
tissue by showing that the choriocapillaris is formed across the entire
outer eye field by synchronized vasculogenesis. This was enabled by the
recruitment and homogeneous interspersion of endothelial cells clus-
tered within hematopoietic blood islands, which formed the basis for
establishing the entire choriocapillaris in a single vasculogenic event
between 36 and 48 hpf. We also demonstrate how the unique density and
structure of the choriocapillaris is formed by ubiquitous and sustained
sprouting angiogenesis within a two-dimensional plane, made possible
by VEGF-induced delayed maturation of the vessels far beyond the stage
where they become perfused with blood. Thirdly, we for the first time
demonstrate the development of the choroidal rete mirabile, formed
posterior to the choriocapillaris at the center of the optic disk in zebrafish
from approximately 2 wpf. These novel findings shed new light on the
mechanisms underlying the establishment of the choriocapillaris, a
unique and poorly understood vasculature with key importance for
regulation of sight in health and disease. We further expect this work will
inspire the further use of zebrafish for understanding other aspects of
choroidal vascular biology including the discovery of new targets for
treatment of pathological choroidal vascular growth such as in patients
with AMD or PHACE syndrome in the future.
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