Brief Communications

Feature article

Functional OCT angiography reveals early physiological
dysfunction of hyaloid vasculature in developing mouse eye
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Impact statement

Hyaloid vascular system (HVS) is known to
have an essential role in the eye develop-
ment. However, established knowledge of
the HVS largely relies on end-point studies
with biochemically fixed tissues, lacking a
full description of the natural dynamics of
the HVS correlated with eye development.
An imaging methodology for noninvasive,
longitudinal, and high-resolution monitor-
ing of the HVS is important not only for
better understanding of the nature of the
vision system and is also valuable for better
study of abnormal eye conditions. Here, we
report the feasibility of in vivo optical
coherence tomography (OCT) and OCT
angiography (OCTA) imaging of the HVS

Abstract

Hyaloid vascular system (HVS) is a transient capillary network nourishing developing eye.
Better study of the HVS regression correlated with eye development is essential for in-depth
understanding of the nature of vision system. In this study, we demonstrate the feasibility of
longitudinal optical coherence tomography (OCT) and OCT angiography (OCTA) monitoring
of the HVS in C57BL/6J mice. OCT enables morphological monitoring of the HVS regres-
sion, and OCTA allows physiological assessment of the HVS involution correlated with eye
development. Functional OCTA reveals early physiological dysfunction before morpholog-
ical regression of the hyaloid vasculature in developing mouse eye. We anticipate that
noninvasive, simultaneous OCT/OCTA observation of morphological regression and phys-
iological degradation in normal and diseased animal models will be valuable to unravel the
complex mechanisms of the HVS regression correlated with normal eye development and

regression in developing mouse eye. OCT
enables morphological imaging of the HVS
structure, and OCTA allows functional
assessment of the HVS physiology corre-
lated with eye development.

abnormal persistent hyaloid conditions.
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Introduction

Hyaloid vascular system (HVS) is a transient vascular net-
work, nourishing immature intraocular components of the
developing embryonic and fetal eye. The HVS are all arter-
ies and the venous drain is achieved by the choroidal
veins,' and the HVS undergoes spontaneous regression
by the fifth month of gestation in humans as the growing
retinal vasculature starts to deliver oxygen to the retina.”
However, failure of the regression causes a congenital eye
disease referred to as persistent hyperplastic primary vit-
reous (PHPV) or persistent fetal vasculature (PFV), which
can lead to cataract, intraocular hemorrhage, and retinal
detachment.® Despite its clinical importance, the exact

ISSN 1535-3702
Copyright © 2019 by the Society for Experimental Biology and Medicine

mechanism of the HVS regression correlated with eye
development is not fully understood, since experimental
study on the living fetus and infant is almost impossible.
Thus, established knowledge is mainly elucidated by his-
tological studies of postmortem human tissues.*

Among laboratory animals, the highly vascularized
mouse eye offers several advantages to the HVS study.
Unlike human, newborn mice have the immature retinal
vasculature and persistent hyaloid vessels, which mostly
regress at postnatal day 12 (P12) to P16.>® Moreover, the
ocular vascular systems of the mouse can be experimentally
or genetically manipulated, and various strains with
known genomes are commercially available for Ilab
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research. Nevertheless, even the mouse study has tradition-
ally relied on end-point analysis with biochemically fixed
tissues, lacking a full description of the natural dynamics of
the HVS correlated with eye development.” This signifi-
cantly limits the investigation of the relationship between
hyaloid vessels and surrounding ocular tissues including
the retina, the lens, and the vitreous chamber.

A noninvasive imaging approach for high spatiotempo-
ral resolution investigation of the HVS regression is essen-
tial for better understanding of the three-dimensional (3D)
dynamics of the hyaloid vessels correlated with the retinal
development. Micro-CT® and ultrasonography’ demon-
strated in vivo hyaloid vascular imaging. However, long
acquisition duration and processing time, and low spatial
resolution were limiting factors. On the other hand, optical
coherence tomography angiography (OCTA) is an emerg-
ing noninvasive imaging modality that visualizes the pres-
ence of blood flow and forms detailed 3D images of ocular
vasculatures with high spatiotemporal resolution.'®!! Both
OCT and OCTA of retinal vasculatures have been well
established, but their application for the HVS study has
not been well explored. This study aims to demonstrate
longitudinal OCT imaging of morphological regression as
well as OCTA observation of physiological distortion of the
HVS in C57BL/ 6] mice. Some of these data were presented
in preliminary form at the 2019 SPIE Photonics West
Conference.'

Materials and methods
OCT imaging system

Figure 1 shows a schematic diagram of a custom-designed
OCT system employed for in vivo hyaloid vascular imaging.
A wide bandwidth near-infrared (NIR; AZ=100nm,
/=840nm) super-luminescent diode (SLD; D840,
Superlum, Carrigtwohill, County Cork, Ireland) was used

75/25
fiber coupler %

as the OCT light source to provide high axial resolution
(~3 pm), and the lateral resolution of the system was esti-
mated at 12 pm. A linear CCD camera (AViiVA EM4, e2v
Technologies, Chelmsford, UK) used in the custom-built
OCT spectrometer provided the frame speed of 30kHz
A-scan rate. The light power incident on the mouse
cornea was set to 0.95 mW.

Animal preparation

All animal experiments were performed by following the
protocols approved by the Animal Care Committee at the
University of Illinois at Chicago. Three wild-type mice
(C57BL/6J, The Jackson Laboratory, Bar Harbor, ME)
were used in longitudinal OCT/OCTA measurements of
the HVS. The mouse was first anesthetized with a mixture
of 100mg/kg ketamine and 5mg/kg xylazine given by
intraperitoneal injection. A drop of ophthalmic mydriatic
(1% atropine sulfate ophthalmic solution, Akorn, Lake
Forest, IL) was then applied to the left eye of the mouse
to dilate the pupil where imaging was performed. After the
pupil was fully dilated, the mouse was mounted onto the
animal holder equipped with a bite bar and ear bars to
minimize motion artefacts. A drop of eye gel (Severe;
GenTeal, Novartis, Basel, Switzerland) was further applied
on both eyes, and a cover glass (12-545-80; Microscope
cover glass, Fisherbrand, Waltham, MA) was placed on
the imaging eye.

Image acquisition

The hyaloid vascular images were acquired in a laboratory
room under ambient light condition. During the image
acquisition, the optic nerve head (ONH) was placed at
the middle of the imaging area as a reference imaging
point. Figure 2(a) represents an OCT volumetric image of
the back of the mouse eye, acquired over 1.2mm (width)

ND filter

Figure 1. Optical diagram of the OCT setup. CL: collimation lens; L1, L2, L3: lens; PC: polarization controller; SLD: super luminescent diode (1 =840nm). The inset
figure indicates the imaging area in the mouse eye. (A color version of this figure is available in the online journal.)
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Figure 2. Representative (a) OCT (Video 1) and (b) OCTA (Video 2) images of a wild-type mouse eye at P14 (Video 1, AVI, 2.4 MB; Video 2, AVI, 1.1 MB). Ventral (c1 and
d1), temporal/dorsal (c2 and d2), and nasal/ventral (c3 and d3) views of the OCT (c) and OCTA (d) images. Scale bars: 100 um. (A color version of this figure is available

in the online journal.)

x1.2mm (length) x 1.4mm (height). This imaging region
contains part of the lens, the retina, and the hyaloid vessels
with floaters. OCT 3D volume consisted of 500 B-scans and
each B-scan was composed of 500 A-scans. In addition, the
OCTA images were constructed by the speckle variance (SV)
calculation using four repeated OCT B-scans at each scan-
ning position (Figure 2(b)). Thus, OCTA 3D volume was
obtained by a total of 4 x 500 x 500 A-scans.

Results

The OCT image in Figure 2(a) shows three types of the HVS
branches: (1) the hyaloid artery (HA), which arises from the
primitive dorsal ophthalmic artery and enters the eyecup
through the embryonic fissures and extends to the posterior
pole of the lens, (2) the vasa hyaloidea propria (VHP),
which is capillary branches from the HA into the vitreous
chamber and anastomoses anteriorly with a vessel network
surrounding the lens, and (3) the tunica vasculosa lentis
(TVL), which is terminal branches of the HA and cups
the posterior surface of the lens.”> However, multiple
VHP capillaries observed in the OCT image (green
arrows, Figure 2(a)) were absent in the OCTA image
(Figure 2(b)), indicating functional loss, i.e. lacking blood
flow in the VHP vessels. Comparative OCT (Figure 2(c))
and OCTA (Figure 2(d)) images viewed from different ori-
entations confirmed the observation. The VHP is known to
supply oxygen to the inner retina until the formation of
retinal vasculature.* Thus, it largely regresses at P14,>°
when three retinal vascular plexuses are formed.'*

In order to further confirm the difference between the
morphological regression and functional loss of the HVS,
Figure 3 illustrates representative OCT and OCTA images
captured at P14, P21, and P28. Comparative en face projection
images of OCT (Figure 3(a4) to (a6)) and OCTA (Figure 3(b4)
to (b6)) clearly revealed functionally impaired vessels from
intact vascular structures (yellow arrows). Retinal vascula-
ture was excluded from the en face OCT and OCTA of the
HVS. Figure 3(a) and (b) also confirm that the regression
process begins with atrophy of the VHP, followed by the
capillaries of the TVL, and finally the HA. Moreover, differ-
ent populations of floaters in the vitreous were observed
with aging (Figure 3(a)). These floaters are mainly composed
of macrophages and retrolental cell mass,'® and eventually

cleaned by phagocytosis.'® Therefore, the vitreous chamber
became transparent with aging.

Quantitative analysis of vessel and floater densities was
performed with three wild-type mice, and OCT/OCTA
images were longitudinally acquired at P14, P21, and P28.
OCTA vessel images (Figure 3(b4) to (b6)) were used for the
density calculation after binarization, while the isolated
floaters (Figure 3(c)), derived from en face OCT images
(Figure 3(a4) top (ab)) after vessel removal, were used for
the floater density calculation. The result in Figure 3(d)
shows that the vessel density steadily decreases with age
as the vascular regression proceeds (2.72+0.2% [P14] to
0.89+0.1% [P28]). The floater density also gradually
decreases (1.97 £0.2% [P14] to 0.62+0.2% [P28]). The two
density curves present a similar biphasic trend, i.e. a fast
regression period between P14 and P21 and a slow regres-
sion period between P21 and P28.

Discussion

In summary, we demonstrated the feasibility of noninvasive,
longitudinal in vivo OCT and OCTA monitoring of the HVS in
developing mouse eye. OCT enables morphological monitor-
ing of HVS structural regression, and OCTA allows physio-
logical assessment of the HVS involution correlated with eye
development. Functional OCTA reveals early physiological
dysfunction, i.e. lacking blood flow, before morphological
regression of hyaloid vasculature in developing mouse eye.

The exact mechanisms responsible for the involution of
the hyaloid vessels during eye development are not well
understood. However, several contributing factors are
believed to be directly involved in the regression process
of the HVS. Cessation of blood flow in hyaloid vessels is a
potential triggering factor of the vascular regression.”
Reduced shear stress on the endothelial surface of the
blood vessel due to reduced blood flow is known to stim-
ulate expression of vasoconstrictors,'® and vasoconstriction
of the HA preceded the involution of the HVS.'® A recent
histochemical study also found a reduced vessel diameter
during the regression of the VHP. They further confirmed
severe vascular congestions due to neutrophilic leukocytes
aggregated with numerous erythrocytes in the lumen of
hyaloid vessels, followed by the vascular regression.'” In
this study, we consistently observed fragmented threadlike
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Figure 3. Comparative (a) OCT and (b) OCTA images from a wild-type mouse eye measured at P14, P21, and P28. a1, a2, and a3 illustrate side views of OCT images
and a4, a5, and a6 illustrate en face OCT projection images at the three time points. b1, b2, and b3 illustrate side views of OCTA images and b4, b5, and b6 illustrate en
face OCTA projection images at the three time points. Yellow arrows indicate capillaries in functional loss. c1, c2, and ¢3 show floater images, which isolated from a4,
ab, and a6, respectively. (d) Hyaloid vessel density and floater density measurements. Scale bars: 200 um. (A color version of this figure is available in the online

journal.)

vascular structures in OCT similar to the aggregated cellu-
lar mass in the lumen (Figure 3(a4) to (a6)), and they
revealed a dysfunction, i.e. a lack of blood flow, in OCTA
(Figure 3(b4) to (b6)). The early functional loss and frag-
mented vasculatures observed in this study can support the
notion of the reduced blood flow as a major triggering
factor of the vascular regression. Longitudinal observations
of OCT/OCTA within a shorter time interval would pro-
vide more detailed information on the hemodynamic
changes correlated with morphological deformations of
the HVS.

On the other hand, under some conditions, apoptosis of
endothelial cells and phagocytosis of their atrophic vessels
by macrophages may be the primary mechanism triggering
the HVS regression. Numerous macrophages are found
around the capillaries of regressing hyaloid vessels in
developing eyes,>®® and it is reported that macrophages
alone can induce the programmed hyaloid vessel regres-
sion.">*" In this study, OCT images revealed numerous
hyperreflective round-shaped floaters as well as smaller
and irregular shaped floaters in the vitreous, which were
absent in OCTA (Figures 2 and 3). We speculate that the
hyperreflective round-shaped floaters may reflect active
macrophages, directly involved in the regression process.
Further OCT/OCTA study with mutant mice,”" which have
persistent hyaloid vessels and lack resident macrophages in
the vitreous, can verify the different signal sources from
different cell types among the floaters.

Moreover, the HVS regression can also be controlled by
tissue oxygenation like sprouting angiogenesis. Hyperoxia
leads to vascular endothelial growth factor (VEGEF)

downregulation, causing substantial obliteration of retinal
capillaries.”? Another intriguing contributing factor is an
unknown common signaling pathway between the HVS
and the retinal vasculature, considering the development
of retinal vasculature occurs contemporaneously with the
involution of hyaloid vessels." It is interesting to note that
the disturbed deeper plexus formation in various mutant
mouse retinas directly affects hyaloid vessel regression.”
We have recently demonstrated OCT and OCTA of retinal
vascular morphology and physiology.”** We anticipate
that the concurrent OCT and OCTA study of the retinal
vasculature and the HVS in normal and diseased animal
models will be valuable to unravel the complex mecha-
nisms of the HVS regression correlated with normal eye
development and abnormal persistent hyaloid conditions.
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