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Background: Differentiation patterns of the neural retina and its refinal vasculature are not well matched.
The foveal region differentiates first, however the central retina is not vascularised until late in gestation.
The authors explored the hypothesis that higher rates of endothelial cell proliferation in the choriocapillaris
of the central retina might compensate for the slow growth of central retinal vessels, providing
supplementary nutrients to the region during the early stages of neuronal maturation.

Methods: Frozen sections of five human fetal eyes (14-18.5 weeks’ gestation), were examined for Ki-67
and CD34 immunoreactivity using confocal microscopy. Measurements of choriocapillaris area and the
number of proliferating choroidal endothelial cells were used to calculate the rate of choroidal endothelial
proliferation at five different chorioretinal locations.

Results: The choriocapillaris area is consistently greater in the foveal region than at other locations and
increases progressively with age. A higher rate of endothelial cell proliferation was found in parts of the
choriocapillaris associated with the undifferentiated (proliferating) neural retina, compared with the
differentiated, central region.

Conclusion: The findings suggest that mechanisms regulating proliferation and growth of the choroidal
vasculature are independent of differentiation in the neural retina, and are thus profoundly different from
mechanisms that regulate formation of the retinal vasculature.

lined elements present in the mesenchyme surrounding

the anterior optic cup as early as 29 days’ gestation, and
its development into a loosely stratified aggregation of vessels
is largely complete by 24 weeks’ gestation.' * The chorioca-
pillaris is the innermost capillary layer of the choroid. It
comprises a close, thin walled, highly permeable network of
endothelial cells (EC) with little or no basement membrane
material, and supplies the neural retina by diffusion across
the retinal pigmented epithelium (RPE) and Bruch’s mem-
brane. Little is known about the mechanisms that regulate
development of the choroid (see, however, Steinle ef al’).

In contrast, development of the retinal vasculature is better
understood and the mechanisms regulating its growth and
development are well documented. The retinal vessels form
later than those in the choroid, the first vessels forming at the
optic disc at approximately 14 weeks’ gestation, the final
stage of development being formation of the perifoveal
capillary plexus just after birth.*” Initially the retinal vessels
grow in a lobular arrangement, each lobule defining the
territories of one of the quadrantic arteries of the mature
retina.® '>"* Nasal to the optic disc the superior and inferior
lobes merge along the equator at approximately 20 weeks’
gestation. Temporally, the superior and inferior lobes of
vasculature skirt around the foveal region to meet along the
equator, peripheral to the foveal region, at approximately
25 weeks’ gestation.” * '* The long trajectory of the temporal
vessels, combined with a slow growth rate,” results in the
central retina remaining avascular for a much longer period
than other parts of the retina. The central fovea itself is not
normally vascularised at any stage of development.” '*

It has been argued that development of the retinal
circulation is determined by the ability/inability of the
choroid to deliver nutrients to the retina.'® ' Indeed, it is
widely accepted that formation of the retinal vasculature is
induced by a transient hypoxia associated with increased

The choroid develops early, with primitive endothelium
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metabolic activity in maturing retinal neurons and photo-
receptors, resulting in the proliferation and migration of
retinal endothelial cells, mediated by growth factors includ-
ing hypoxia inducible factor-lalpha (HIF1-o) and vascular
endothelial growth factor (VEGF)."*** Because the retina
matures from centre (fovea) to periphery, the differentiation
patterns of the neural retina and its retinal vasculature are
not well matched. In humans, all of the retinal layers are
evident and there is a full complement of cells at the incipient
fovea by 11 weeks’ gestation,” ** but the perifoveal capillary
bed does not begin to form until 25 weeks’ gestation and is
not complete until after birth. This delay in central retinal
vascularisation means that the metabolic demands of rapidly
maturing central neurons are supplied by diffusion from the
choroid, along with some diffusion from the hyaloid vessels
via the vitreal body, until relatively late in development.' *

We hypothesised that during the period when the central
retina is largely avascular, metabolic activity in central retinal
neurons might be supported by increased capacity in the
choriocapillaris, reflected by increased proliferation of chor-
iocapillaris EC. Consistent with the accepted mechanism of
retinal vascularisation,* ' we predicted that maturation of
neurons at the incipient fovea and adjacent retina might
drive EC proliferation in the adjacent choriocapillaris during
the early phases of retinal vascular development. The results,
however, indicate that proliferation of choroidal EC is not
regulated by maturation of retinal neurons.

Abbreviations: BMSC, bone marrow stromal cells; EC, endothelial cells;
F, foveal; FGF, fibroblast growth factor; GCL, ganglion cell layer; HIF1-
a, hypoxia inducible factor-1alpha; IR, immunoreactive; N, nasal; NFL,
nerve fibre layer; phosphate buffered saline, ; BS, PBS; RPE, retinal
Figmenfed epithelium; T, temporal; VEGF, vascular endothelial growth
actor



Development of the human choriocapillaris
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(A) Diagrammatic representation of sample areas analysed; inset showing central rei;ion (fovea shaded in blue). (B) Adobe Photoshop

image (250 um x 250 um; 512 pixels x 512 pixels) of a 17 weeks’ gestation chorioretinal sample showing Ki-67-IR ﬁro“Ferating cells (green) and the

CD34-IR choriocapillaris endothelium (red). (C) Single red channel, after blue and green channels are filled with blac

. The choriocapillaris is selected

as shown by the white outline. (D) Cropped imo?e of the selected choriocapillaris. (E) The inverted cropped image is imported into NIH Image in grey

scale. (F) Thresholding of the image into binary

orm, where red pixels above background are changed into black pixels. Measurement macros were

then used to calculate the vascular area of the choriocapillaris. ONZ, outer neuroblastic zone; RPE, refinal pigmented epithelium; CC, choriocapillaris;

BV, blood vessel.

MATERIALS AND METHODS

Specimens

Five human fetal eyes, aged 14, 15, 17, 17.5, and 18.5 weeks’
gestation, were obtained from terminations of pregnancy
with informed maternal consent, following approval from the
human ethics committee, University of Sydney. The gesta-
tional age was determined by preoperative obstetric ultra-
sound and postmortem ocular morphometry. Following
removal of the anterior segment and vitreous, eye cups were
fixed in 2% paraformaldehyde/0.1 M phosphate buffered
saline (PBS; pH 7.4), washed in PBS, and placed in 30%
sucrose/PBS (4°C). Eye cups were embedded in TissueTek
OCT (Sakura Finetek, CA, USA), snap frozen in liquid
nitrogen cooled isopentane (BDH, Sydney, Australia), and
stored at —80°C. Transverse frozen sections (20 um) were cut
on a Leitz 1720 cryostat and collected onto poly-r-lysine
(Sigma-Aldrich, Sydney, Australia) and gelatin coated slides
(BDH). Only sections passing through the incipient fovea and
the optic disc were used for analysis.

Immunohistochemistry

Sections were placed in 0.01 M citrate buffer (pH 6.0)/0.4%
saponin at 80°C for 5 minutes to enhance antigen detection,
cooled to room temperature, rinsed, and blocked in 10%
normal goat serum/PBS for 60 minutes. Sections were
incubated in polyclonal rabbit anti-human Ki-67 antibody

(1:50) to label proliferating cells, and monoclonal mouse
anti-human CD34 antibody (1:100) to label vascular
endothelium,'? at 4°C overnight. After rinsing in PBS, sections
were incubated for 60 minutes in goat anti-rabbit Alexa-488
(1:1000; Molecular Probes) to detect bound anti-Ki-67 and
goat anti-mouse Alexa-594 (1:1000; Molecular Probes) to
detect bound anti-CD34. Sections were then rinsed in PBS,
mounted in glycerol/DABCO (triethylenediamine; Sigma),
coverslipped, and sealed with nail varnish. A negative
control, omitting the primary antibody, was included in each
experiment.

Confocal microscopy

For each specimen, three sections from three different slides
were analysed. Fifteen areas/section were sampled (135
sample areas/specimen) and subsequently grouped into five
chorioretinal regions—incipient fovea (foveal, F), peripheral
(nasal, N; temporal, T), and transitional regions (nasofoveal,
NF; temporofoveal, TF) using morphological criteria (fig 1A).
The incipient fovea was identified by (1) the absence of
proliferating cells, (2) the presence of cone photoreceptors
only (no rods), and (3) the presence of all characteristic
layers of the neural retina.”” The peripheral regions (T and N)
were identified as having only a differentiated ganglion cell
layer (GCL), the deeper retina having no layers and
comprising a maximum density of Ki-67 immunoreactive
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Figure 2 Cell proliferation in 18.5 weeks’ gestation human
chorioretinal locations. (A) In the incipient fovea (“foveal’” location), no
Ki-67 proliferating cells (green) are present in the retina but are
apparent in the CD34-IR choriocapiﬁoris (red; arrowheads). (B)
Numerous Ki-67-IR proliferating cells (green, arrows) are seen in the
outer neuroblastic zone in a peripherq?samp|e. In the choriocapillaris,
proliferating cell nuclei are generally seen in vessel walls away f[:om the
refina (arrowhead). CC, choriocapiﬁ/aris; INL, inner nuclear layer; ONL,
outer nuclear layer; ONZ, outer neuroblastic zone; OPL, outer plexiform
layer; RPE, retinal pigmented epithelium.

(IR) cells.* The transitional regions (TF and NF), like the
peripheral ones, had a fully differentiated GCL and partially
differentiated outer retina containing relatively few (<15)
Ki-67-IR cells.

Sections were imaged using a Leica upright scanning laser
confocal microscope (Leica TCSNT software, version 1.6.587).
An argon-krypton laser with dual filters for maximum
excitation (488 nm and 594 nm) was used to visualise anti-
Ki-67-IR proliferating cells and anti-CD34-IR vascular
endothelium respectively. Each sample area
(250 pum %250 um) was viewed using a 40x oil immersion
objective. Ten optical z-sections at 1 um intervals were
collected from each sample location (1350 images/specimen).
Photomultiplier gain, offset, aperture, and laser power
settings were standardised and maintained for all measure-
ments for comparisons between specimens.

Image analysis

Counting proliferating cells

Immunolabelled confocal images were opened in Adobe
Photoshop 5.0.2 (fig 1B) with z-sections of each field
comprising different layers of each image. Proliferating cells
were counted in each layer and identified as cells with a
green labelled (Ki-67-IR) nucleus within the red stained
(CD34-1IR) blood vessel wall, present in at least three adjacent
layers. Each double labelled cell was counted only once.

Estimating choriocapillaris area

Layers were flattened and green and blue channels filled with
black to allow visualisation of the single red channel (fig 1C).
The length of choriocapillaris was a constant of 250 um
(fig 1D). The identified region of choriocapillaris adjacent to
Bruch’s membrane and containing no large vessels was
copied, pasted into a new Photoshop document, colour
inverted, saved in TIFF format and imported into NIH
Image software (version 1.62, http://rsb.info.nih.gov/nih-
image/) with the units set to pixels (fig 1E). Three estimates
of area, which varied by no more than 4%, were taken from
each flattened image and the average area recorded in pixels,
and converted to micrometres (um?).
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The amount of red in the background of each image was
determined by sampling at least three vessel free areas. After
thresholding, each image was converted into binary form
(fig 1F) and measurement macros used to calculate the
vascular area. Counts of proliferating cells v CD34-IR
choriocapillaris area were recorded in Microsoft Excel
according to gestational age and chorioretinal region. The
rate of cell proliferation in the choriocapillaris was calculated:
(number of proliferating cells in a sample region)/(chorio-
capillaris area).

Statistical analysis

After normalising the data we used ANOVA to compare the
fovea with other locations (NF, N, TF, and T) at each age for
(a) mean choriocapillaris area, and (b) mean rates of
choriocapillaris proliferation. To elucidate trends in chorio-
capillaris development we grouped the data based on degree
of retinal differentiation. Before 16 weeks’ gestation only a
very small area of central retina is differentiated; after this
age the differentiated region grows rapidly in size, beyond the
incipient macular region. We use ““<16 weeks’ gestation”
and ‘““>16 weeks’ gestation” to indicate these groups,
respectively. Grouped data were tested for significance using
the Kruskal-Wallis and the Conover Inman post hoc tests
(StatsDirect, p<<0.05).
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Figure 3 Analysis of choriocapillaris endothelial area, by location and
age. (A) Graphs showing the area of CD34 immuno|abeﬁin in the
choriocapillaris SE), shown ot three of the five locations ana?ysed—
nasal, temporal, and foveal —for clarity. The graphs show that (a) there
is a steady increase in choriocapillaris area over the age range studied,
and (b) the area of choriocapillaris at the incipient fovea is greater than
in the peripheral locations at all the ages analysed. Foveal
choriocqpiﬁaris area is significantly di&erenf from the other locations by
ANOVA (p<0.001) at each age except one sample at 17.5 weeks’

estation (F v N). (B) Data from all five locations in which measurements
?rom the two youngest retinas (14 and 15 weeks’ gestation) (WG) are
grouped and compared with data from the three ﬁder retinas (17—
18.5 weeks’ gestation). The data show that in the transitional locations
(NF and TF) cﬁoriocqpi”oris area is greater than in the periphery, but not
as high as in the fovea, in both age groups. Thus, the data indicate a

rogressive decrease in choriocapillaris area from central to peripheral
E)cqtions. *Denotes significant dii!?erences, p<0.05 (Kruskal-Wallis test
and Conover Inman post hoc test).
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RESULTS

Immunolabelling

Antibody to CD34 (red) consistently labelled cells in the
choroid and choriocapillaris (fig 2A and B). Few retinal blood
vessels were identified at 14 and 15 weeks’ gestation. In the
17-18.5 weeks’ gestation specimens, EC labelling was evident
at the nerve fibre layer (NFL)/GCL interface, temporal to the
optic disc. No labelling was present in control sections when
primary antibody was omitted.

Ki-67-1IR (green), indicative of proliferating cells, was seen
consistently throughout the choroid within the vascular
endothelium and stroma (fig 2A and B) and in the nuclei of
neuroblasts in undifferentiated retina of all specimens
(fig 2B). In the choriocapillaris, the proliferating cells were
most commonly seen on the sclerad aspect of vessel walls,
away from the RPE. Proliferating cells were also seen in the
optic nerve, in presumed EC in inner retina of some
specimens, but rarely in the RPE. No labelling was present
in control sections with the primary antibody omitted.

Choriocapillaris area

The choriocapillaris endothelium appeared as CD34-1R, small
calibre profiles oriented parallel to the RPE (fig 1). Vessels
outside the choriocapillaris could be identified travelling
obliquely over several sections, were generally larger in
diameter, but not readily identifiable as belonging to either
Sattler’s or Haller’s layer.

Choriocapillaris area by location and age is illustrated in
figure 3. Measurements from the transitional areas (NF and
TF) are omitted from figure 3A for clarity. When chorioca-
pillaris area at the foveal location is compared with nasal and
temporal locations the differences are statistically significant
(p<0.001, ANOVA), except for the foveal versus nasal
samples at 17.5 weeks’ gestation (fig 3A). The grouped data
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Figure 4 Rates of choriocapillaris EC proliferation (SE) per unit area of
choriocapillaris. (A) The mean rate of EC proliferation in the
choriocapillaris (all locations) is shown for each eye. The data indicate a
reduction in the proliferation rate, with increasing age. (B) Graphs
showing the rate of EC proliferation at three locations at each age.
Nasofoveal and temporofoveal locations are omitted for clarity. The data
suggest that (a) there is a decline in the rate of proliferation with age at
the foveal and peripheral locations, and (b) rates of proliferation at the
fovea are less than in the periphery at all ages studied. Proliferation rates
at the foveal locations are significantly diF?erent from the other locations
at 14 weeks’ gestation (F vN; F vT), 17.5 weeks’ gestation (F v T), and
18.5 weeks’ gestation (F v N; F v T) by ANOVA (p<0.001).
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also indicate a significant increase in choriocapillaris area
with age at all locations (p<<0.05, Kruskal-Wallis test and
Conover Inman post hoc test) (fig 3B).

EC proliferation

There were fewer proliferating cells in the choriocapillaris
underlying the foveal region compared with other locations
at all ages (data not shown). In the <16 weeks’ gestation
group peak numbers of proliferating cells were observed at
NF and TF locations (2.33 cells/field (SE 0.33); 1.67 (SE 0.21)
but in the >16 weeks’ gestation group peak numbers were in
the peripheral chorioretinal locations (N, 1.67 (SE 0.24); T,
2.22 (SE 0.15)). This suggests a proliferation gradient in the
choroid, but did not reach statistical significance, probably
because of the relatively small sample size.

The rate of cell proliferation was calculated as the number
of proliferating cells/unit of choriocapillaris EC area. The
highest mean rate of choriocapillaris EC proliferation
occurred at 14 weeks’ gestation, and declined as a function
of age (fig 4A). Analysis by age and location indicated that
the lowest rates of proliferation were in central locations
compared with peripheral (N and T) locations at all ages
(fig 4B), reaching statistical significance in samples at
14 weeks’ gestation (F v N; F v T), 17.5 weeks’ gestation (F
v T), and 18.5 weeks’ gestation (F v N; F v T) (ANOVA,
p<0.001).

DISCUSSION

Our data support three new findings. Firstly, the area of the
choriocapillaris endothelium is greater in the foveal region at
all ages studied, and declines toward the periphery.
Choriocapillaris area also increases, at all locations analysed,
as development progresses (fig 3). Secondly, the rate of
choriocapillaris EC proliferation declines dramatically over
the period studied (14-18.5 weeks' gestation, fig 4A).
Thirdly, when the rate of EC proliferation is calculated
(number of proliferating cells/unit area of choriocapillaris),
the lowest rates of EC proliferation are at the incipient fovea
for all ages (fig 4B).

The larger area of choriocapillaris endothelium in the
foveal region indicates that, like the retina, the central
choriocapillaris is specialised very early in development. This
observation is consistent with the choriocapillaris specialisa-
tion seen underlying the foveal region of the adult human eye
that appears to facilitate a higher rate of oxygen and nutrient
delivery to central photoreceptors per unit time, compared
with other parts of the retina.”” ** While our data suggest the
choriocapillaris area increases as development progresses
neither the full time course of this expansion, nor at what
stage choriocapillaris area stabilises, is established. Analysis
of proliferating EC by location indicates there may be a wave
of proliferation passing towards the periphery over the time
course of the present study (NF/TF<16 weeks’ gestation
compared with N/T>16 weeks’ gestation). Although not
statistically significant, this is an unexpected finding worthy
of further investigation. One possible explanation for the
larger areas of choriocapillaris at foveal locations earlier in
development (<14 weeks’ gestation), is that peak EC
proliferation occurs centrally, establishing a substantial
choriocapillaris that is added to by subsequent EC prolifera-
tion. At this stage suitable specimens are not available to
validate this suggestion.

Most significantly, our data indicate that EC proliferation
in the choriocapillaris does not appear to be promoted by
increased metabolic activity in central retinal neurons. Such a
mechanism is widely thought to regulate development of the
retinal vasculature.” If a similar mechanism regulated
development of the choriocapillaris we would expect peak
EC proliferation at foveal locations, which would increase
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with increasing age—at least up until a significant retinal
vasculature is established in temporal retina. However, we
find reduced EC proliferation at foveal locations at all ages
studied. Furthermore, the rate of EC proliferation at foveal
locations is stable between 14 and 18.5 weeks’ gestation
(0.6-1.2x10 7 proliferating cells/um? choriocapillaris), when
the central retina is undergoing rapid maturation,” *
suggesting no dynamic relation between neuronal matura-
tion in the differentiating retina and choroid during this
period.

Earlier studies in this laboratory suggest that a factor(s)
expressed in central retina inhibit retinal vessel growth in the
foveal region"’' and may reduce EC proliferation rates."”
Such factors may also act on the adjacent choriocapillaris,
resulting in the reduced rates of EC proliferation in the
“foveal” chorioretinal location described here. While such an
effect cannot be discounted, other evidence regarding EC
growth, origins and phenotypes need to be considered.

In very early human ocular development (<10 weeks’
gestation) both VEGF and the KDR receptors are expressed at
relatively high levels in the choroid, while at stages
comparable with this study, very little VEGF or KDR is
detected.”” Consistent with this, little VEGF mRNA expres-
sion is seen in the choroid of human and monkey eyes at
equivalent ages of =14 weeks’ gestation,®*' although VEGF
mRNA is detected in the RPE.* Although conditional
inactivation of VEGF expression in the RPE results in absence
of the choriocapillaris and microphthalmia in mice,” in vitro
studies show that VEGF has only mild effects on choroidal
EC proliferation compared with strong effects for FGF-2.**
Furthermore, choroidal EC, in contrast with retinal EC,
display increased proliferation and migration when stimu-
lated with nerve growth factor.”

Other evidence indicates divergent lineages of EC with
different response characteristics. Lineage negative haema-
topoietic, bone marrow derived stem cells give rise to
endothelial precursor cells that can integrate into peripheral
vasculature’* and, when injected intravitreally, selectively
seek out astrocytes and are incorporated into retinal
vessels.” * Bone marrow stromal cells (BMSC) non-haema-
topoietic pluripotent cells—can give rise to a variety of
mesenchymal phenotypes, including EC.” * BMSC derived
EC are more responsive to fibroblast growth factor (FGF-2)
than VEGF, proliferating at double the rate.”” Given the time
lag of at least 10 weeks between initial formation of the
choroid and vascularisation of the retina, and that formation
of a retinal vasculature is not a constant feature of vertebrate
eye development, the possibility that choriocapillaris EC and
retinal EC derive from different lineages appears strong. This
may explain some of the differences in response character-
istics of retinal and choroidal EC, including the lack of
response of choriocapillaris EC to the metabolic demands of
the differentiating retina described here.
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