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ABSTRACT

Murine models of visual impairment provide micro-vascular insights into the 3-D network disarray
in retinopathy. Current imaging and analysis tend to be confined to the 2-D retinal vasculature.
We hereby integrated selective plane illumination imaging or known as light-sheet fluorescence
microscopy (LSFM) with dual-illumination, followed by computational analyses, to reveal the
topological network of vertical sprouts bridging the primary and secondary plexuses in a postnatal
mouse model of oxygen-induced retinopathy (OIR). We revealed a preferential obliteration of the
secondary plexus and bridging vessels despite a relatively unscathed primary plexus. We
compared the local versus global vascular connectivity using clustering coefficients and Euler
numbers, respectively. The global vascular connectivity in hyperoxia-exposed retinas was
significantly reduced (p < 0.05, n = 5 vs. normoxia), whereas the local connectivity was preserved
(p > 0.05, n = 5 vs. normoxia). We further applied principal component analysis (PCA) to
automatically segment the vertical sprouts, corroborating the preferential obliteration of the
interconnection between vertical sprouts and secondary plexuses that were accompanied with
impaired vascular branching and connectivity, and reduced vessel volumes and lengths (p < 0.05,
n=5 vs. normoxia). Thus, integration of 3-D selective plane illumination with computational
analyses allows for early detection of global and spatially-specific vaso-obliteration, but preserved
local reticular structure in response to hyperoxia-induced retinopathy.
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Introduction

Aberrant retinal angiogenesis is a hallmark of numerous retinal disorder-mediated
vasculopathies, including retinopathy of prematurity and diabetic retinopathy, resulting in visual
impairment®2. Premature newborns are susceptible to hyperoxia and the development of
retinopathy of prematurity as a result of supplemental oxygen therapy often needed due to
premature development of their lungs, leading to vascular bed depletion®®. These newborns
further develop ischemia-induced neovascularization in the retina due to local hypoxia and
increased metabolic demand*®. Similarly, diabetic patients are also prone to developing
proliferative retinopathy and aberrant neovascularization as a result of hypoxia”®.

To quantify microvascular damage that occurs early in diabetic retinopathy, ophthalmologists
have relied on several clinical imaging modalities, including fundus photography, fluorescein
angiography (FA), and optical coherence tomography angiography (OCTA). These imaging
modalities allow for screening and monitoring of vision-threatening complications in adults °12,
OCT-angiography enables visualization of preclinical retinal vascular changes, including the
remodeling of the foveal avascular zone (FAZ), capillary nonperfusion, and reduction of capillary
density?16, However, the quality of these clinical images in neonates and young children is often
limited by ocular movement and restricted field of view.

To elucidate vasculopathy in the presence of retinopathy of prematurity, researchers have
used the mouse models of oxygen-induced retinopathy (OIR) 178, Akin to ocular development in
humans, the post-natal mouse retina is considered to be a viable model to underpin the
development of retinal vascular network217. The existing modalities to image and quantify the
retinal vascular network are frequently confined to either 2-D or whole-mount samples'®?°, To
identify the early abnormalities and progression of OIR in 3-D, we hereby integrated selective
plane illumination microscopy or known as light-sheet fluorescence microscopy (LSFM) with dual-
ilumination, followed by quantitative analyses to acquire 3-D volumetric images?:?. Unlike

confocal or two-photon microscopy which usually utilizes a point scanning approach, LSFM
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generates a sheet of light to rapidly scan across the optically-cleared specimens?::26:27, This
approach provides an entry point to investigate the intact murine ocular system and rapid data
acquisition to minimize photo-bleaching. LSFM further provides the high axial resolution needed
to precisely quantify the multi-layered vascular network; namely, the vertical sprouts embedded
between the primary and secondary plexuses 1728,

To this end, we customized an optical clearing technique to preserve the 3-D conformation of
the hemispherical murine retina and its vascular network for LSFM imaging. Following hyperoxia
(75% 0O) exposure to post-natal mice for 5 days (P7-P12), we quantified the preferential
obliteration of vertical sprouts and secondary plexuses that peaked at day 12. Using principal
component analysis (PCA), we developed an automated segmentation algorithm to demonstrate
a significant reduction in the volume fraction of the vertical sprouts that interconnect between the
primary and secondary plexuses. By using both Euler numbers and clustering coefficients, we
revealed a reduction in the global vascular connectivity, but the preserved local connectivity in
oxygen-induced retinopathy (OIR). With the copious data generated from LSFM techniques, our
computational analysis, including PCA, was applied to identify deep capillary obliteration
underlying OIR-mediated retinopathy outcomes. We hereby establish a novel multi-scale pipeline
to unravel preferential obliteration of secondary plexus and vertical sprouts in the postnatal murine
OIR model, allowing for detection of early changes in hyperoxia-mediated microvascular disarray

underlying progression to visual impairment.

Results

Schematic pipeline for dual-illumination light-sheet imaging of the mouse retinal
vasculature
To achieve high-spatial resolution for the 3-D complicated retinal vascular network (Fig 1A-B),

we developed an eight-step pipeline for light-sheet imaging and quantification (Fig. 1C). Details
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will be introduced in the following sections. After euthanizing the mice at postnatal day 12 (P12),
the ocular globe was enucleated and dissected to obtain the intact hemispherical retinas followed
by polymerization and lipid removal in the monomer solution and clearing solution for optical
transparency (Fig. 1D). Next, immunofluorescence staining with Isolectin B4 (Vector Lab, CA)
was performed to label the vascular endothelium in preparation for light-sheet imaging. Following
filament tracing, the morphology and topology of the retinal vasculature were characterized by

guantifying the vascular branching points, Euler characteristics, and clustering coefficients.

3-D characterization of the vascular network under normoxia condition

LSFM with dual-illumination was employed to unravel the 3-D vascular network in the
hemispherical retina in which the endothelial cells were labeled with Alexa Fluor 488 (Fig. 2A-B).
Representative volumes of interest (VOIs) were selected, including the 2-D section (red dashed
line), peripheral vascular networks in the peripheral region (orange box), the middle region (blue
box) (Fig. 2B), and 2-D slice (Fig. 2C), to highlight the two-layered plexus and its 2-D connections.
The LSFM-acquired 3-D images provide high-axial resolution as demonstrated by the color-coded
depth penetration into the hemispherical retinal vasculature (Fig. 2C). The volumetric rendering
of the VOI (blue box) revealed the 3-D vascular sprouts interconnected with the primary and
secondary plexuses (Fig. 2D, Supplementary Movie 1). The light-sheet imaging further allowed
for visualization of the 3-D vascular network from the selected VOlIs at various depths (Fig. 2E-F),
uncovering the interconnected capillary vascular bed at 5 um in diameter via the color-coded
depth imaging (Fig. 2G-H). Thus, our custom-built light-sheet microscope with dual illumination
revealed the hemispherical vascular network with high axial resolution to unravel the novel multi-

layered capillary plexuses under normoxia condition.

Morphological and topological quantification of the 3-D retinal vascular network under

normoxia condition
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We first applied the filament tracing strategy to characterize the retinal morphology and topology.
Vascular connectivity and cluster coefficients were quantified (Fig. 3A, Supplementary Movie 2),
as illustrated by the nodes (in green) interconnecting with the 3-D vascular network (in red). The
connectivity and mean clustering coefficients for the intact retina in the absence of hyperoxia
exposure were 1.6x10* and 2.9x1072, respectively. The former coefficient indicates the high
number of loops present in the retinal vascular network, and the latter denotes the low degree of
clustering of these individual nodes. We interrogated the central (yellow disk), middle (orange
donuts), and peripheral (blue donuts) regions of the hemispherical network (Fig. 3). We selected
5 volumes of interest (VOIs) from each of the regions for analysis as a standard assessment for
retinopathy !. The 3-D vascular structure was visualized (Fig. 3B, D, and F), allowing for the
application of filament tracing to characterize the different vessel lengths, branching points, and
connections from the central, middle to peripheral regions. Using the filament tracing results, we
were able to label the nodes in blue and segments in green (Fig. 3C, E, and G). The means of
the entire vessel lengths were 6.62x10° +7.4x10? um for the central, 7.29 x10%+8.9x102? um for
the middle, and 8.26 x10% +1.9x10% um for the peripheral regions. The difference among these 3
regions was statistically insignificant in the absence of hyperoxia exposure (p > 0.05, n=5). The
means of the entire vessel volumes were 9.19 x 10°+1.63x10° um?3, 9.81 x 10° £1.59x10° um?,
and 9.27 x 10° +2.5x10° um?3, respectively. There were 146 *#23.1 nodes and 32.3+9.3 in
connectivity in the central region, 157.3 +41.3 nodes and 35 £9.85 in connectivity in the middle
region, and 172.3 £49.1 nodes and 43.3 £16.1 in connectivity in the peripheral region (Fig. 3H-K).
Thus, the differences in vascular lengths, volumes, connections, and branching points among the
three representative regions of the retinal vasculature were statistically insignificant under the

normoxia condition.

Changes in morphological and topological quantification under hyperoxia condition
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In response to hyperoxia, the 3-D vascular network (Fig. 4A-B, Supplementary Movie 3-4) and
filament tracing (Fig. 4C, Supplementary Movie 5) in the oxygen-induced retinopathy (OIR) group
were distinct from the normoxia groups (Fig. 4). A preferential depletion of the capillaries in the
primary plexus developed in the central region, whereas depletion of vertical sprouts and
secondary plexus occurred in all three regions as evidenced by the selected VOI (Fig. 4D-E). We
further compared the topological parameters (Fig. 4F), including total length (normoxia:
1.2x10%+3.1x10% OIR:2.6x10°t1.3x10* pum, p<0.001, n=5), total volume (normoxia: 7.3x10’
+1.4x107; OIR: 3.2x1074+8.2x10° pm3, p<0.05, n=5), branching point (normoxia: 2.7x10%+9.6x10%;
OIR: 5.8x10%+1.3x103, p<0.001, n=5) and connectivity (normoxia:1.1x10%+6.9x10?% OIR: 2.3x10°
+9.1x102, p<0.01, n=5) for the intact retinal vascular network (Fig. 4F). Taken together, our
guantitative analyses corroborate the preferential obliteration of the 3-D capillary network in

response to hyperoxia.

Frequency of clustering coefficients to demonstrate local vs. global vascular network

We computed the distribution of the clustering coefficients for each node in the vascular network
(Fig. 5A-B). Clustering coefficients represent the degree of regional vascular clustering, ranging
from O0to 1. In both normoxia- (P12) and hyperoxia-treated mice, approximately 10% of the nodes
exhibited positive clustering coefficients, whereas 90% of the nodes were nearly zero (grey),
suggesting a paucity of connection with neighboring nodes in the 3-D vasculature. The common
clustering coefficients and frequent degrees were 0 and 3, respectively, in the vascular network
(Fig. 5B-C). These findings indicate that most of the nodes form connections with three
neighboring nodes with no connections between its neighbors, supporting the reticulated structure
of the 3-D vascular network, analogous to a honeycomb pattern. In addition, the local reticulated
pattern was preserved despite hyperoxia-induced depletion of capillaries. We further compared
the average clustering coefficients among the central, middle, and peripheral regions of the retina

(Fig. 6A-B), revealing statistically insignificant differences between normoxia and hyperoxia
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conditions (central = 0.026+£0.012 vs. 0.047+0.032, p > 0.05; middle = 0.027+0.018 vs.
0.039+0.013, p > 0.05; peripheral = 0.044+0.019 vs. 0.038+0.018, p > 0.05, n = 5). This
comparison revealed that the local connectivity was preserved, whereas the global connectivity
was significantly reduced (local = 0.032+0.018 vs. 0.043 +£0.024, p > 0.05, n = 5 and global =
1.1x10%+6.9x102 vs. 2.3x10%+9.1x10?, p < 0.05, n = 5) (Fig. 4 and 6). Thus, clustering coefficients

support the preserved local, but impaired global capillary connection in response to hyperoxia.

Computational analyses of the plexuses and vertical sprouts following hyperoxia

condition

Segmented 3-D image stacks for the entire retinal vasculature were derived from filament tracing
results to construct an intact retinal vasculature structure. We randomly selected 4 VOIs with 200
pum in thickness to quantify the volume fraction of vertical sprouts, defined as the volume of vertical
sprouts divided by the total volume of the vascular network. The representative images for the
maximum intensity projection (MIP) of the automated segmented plexus and vertical sprouts were
assessed from selected image slices (Supplementary Figure 1B-C). In addition, the 3-D rendering
results (Fig. 7A-B) of the plexus (in yellow) and vertical sprouts (in blue) demonstrate the distinct
phenotype and statistically significant obliteration (p<0.05 vs. normoxia, n=5) of the vertical
sprouts following hyperoxia treatment (Fig. 7A & B). Differential obliteration was observed; namely,
17.98%+5.2% vs. 0.69%+0.75% in the middle, and 18.89%+7.43% vs. 0.51%0.62% in the
peripheral regions (Fig. 7C-D). To validate our quantification, we segmented the vertical sprouts
and plexuses via manual and automated labeling. The generalized dice coefficients were
calculated to compare the similarity between the manual annotation and the automated
segmentation under different conditions?®. To optimize automated segmentation, we introduced
the sliding window (40x40x40 pm) with 20 um in shifting distance and 35 degrees as the cutoff

angles (Fig. 7E). Maximum dice coefficient and low standard deviation indicate accurate
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segmentation of vertical sprouts (Supplementary Tables 1-3). Finally, the representative VOI
demonstrated the color-coded (X: Blue, Y: Green: Z: Red) 3-D rendering of the vascular networks
based on the orientation of the vessels (Fig. 7F). Our computational strategy allows for multi-scale

interrogation of the entire 3-D vascular network (macro-scale) vs. small VOIs (micro-scale).

DISCUSSION

Over the past decades, advances in imaging modalities have dramatically enhanced the
fundamental and experimental understanding of angiogenesis, treatment, and visual outcomes in
numerous retinal disorder-mediated vasculopathies, including retinopathy of prematurity and
diabetic retinopathy. In light of the paucity of findings in hyperoxia-induced micro-vascular injury,
our light-sheet imaging uncovered the interconnection of the morphological network of vertical
sprouts bridging the primary and secondary plexuses in a mouse model of oxygen-induced
retinopathy (OIR). We developed a computational model to corroborate the reticular vascular
network undergoing capillary obliteration, revealing preferential vaso-obliteration in the deep
plexus and the bridging vessels under hyperoxia condition. Our laser light-sheet with dual
illumination further revealed a 3-D drop-out phenomenon of the deep plexus preceding capillary
obliteration in the superficial plexus, otherwise challenging with the 2-D imaging system?”%,

In the retina, vascular development is regulated by a host of molecular signaling pathways
that are coordinated by interactions between external environmental cues and internal metabolic
activities®®. Murine retinal vasculature provides a viable platform to investigate epigenetic effects
on angiogenesis?1’, Disturbances to the signaling pathways, including changes in oxygen and
nutrient provision, promote pathological vaso-obliteration, resulting in structural and functional
abnormalities during angiogenesis®®!’. In diabetic retinopathy, hypoxia due to non-perfused
capillary is a power inducer of vascular endothelial growth factor (VEGF) expression; thereby,

promoting neo-angiogenesis and vascular permeability’. In retinopathy of prematurity,
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pathological depletion of capillary network progresses to irreversible blindness *©. To this end,
developing LSFM imaging allows for imaging the 3-D hemispherical vascular network, uncovering
multi-layer vascular changes, and quantifying epigenetic vs. genetic perturbations, with
translational implication for therapeutic targets to restore vision 21731,

The conventional modalities to image retinal vascular structures are usually prepared via flat-
mount samples, with the fluorescently-labeled structures detected via confocal or fluorescence
microscopy*®1932-35_ Unlike wide-field and confocal microscopes, LSFM enables rapid optical
sectioning at high acquisition rates??%3. Optical sectioning generates a sheet of light, allowing for
a selective plane to be illuminated and excited with high axial resolution; thereby, mitigating
photobleaching?’. Thus, LSFM imaging enables rapid imaging acquisition of the entire mouse
retina in ~2 minutes, minimizing the photo-toxicity while providing high throughput studies.

Advances in optical clearing techniques have rendered the rodent tissue or organ systems,
including retinas, transparent for LSFM imaging?233¢-3°, These techniques remove lipids from
tissues to minimize photon scattering while stabilizing the 3-D structural conformation 4042,
allowing for deep laser penetration into a large-sized samples*®#3-4¢, 3-D imaging of murine
hyperoxia-induced retinopathy often constitutes technical challenges in association with the
premature ocular development and small size of the neonatal mouse eye. To elucidate the 3-D
microvascular network in retinopathy of prematurity, we demonstrate the capacity of LSFM
imaging to reveal the differential effects of pathologic hyperoxia in the multi-layers of the neonatal
retinal vasculature. Our pipeline provides deep tissue penetration with high spatial resolution to
visualize the reticular vascular network at different stages of retinal vasculopathies.

In human diabetic retinopathy, hypoxia-induced injury to the superficial and deep capillary
plexus has been quantified via optical coherence tomography angiography (OCTA)*#8 branch
retinal vein occusion*®, and sickle cell disease®. For instance, OCTA shows vessel density from
the deep capillary network as an early marker of diabetic vasculopathy*®, otherwise challenging

to detect with fundoscopic examination*’. OCTA further demonstrates the reduction in vessel
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density within the superficial and deep capillary plexuses, that altered the corresponding retinal
layers®t. Although OCTA provides the clinical and in-vivo capability, the limitations of a relatively
small field of view, and image artifacts due to patient movement/blinking underlie difficulties of
capturing the entire retinal vasculature from the center to peripheral regions, especially in small
animal models®2. Thus, the aforementioned studies highlight the clinical relevance for elucidating
the differential capillary depletion in a 3-D retinal vascular networks.

In the mouse model of oxygen-induced retinopathy, LSFM imaging, followed by computational
analyses, quantifies the 3-D morphological and topological parameters for the entire vascular
network. In addition to the vessel lengths, vessel volumes, and branching points, our
computational analyses further quantified the global vs. local vascular connectivity by Euler
numbers and clustering coefficients, respectively. Unlike the conventional estimation of the
network connections via the branching points, the Euler numbers simultaneously reflect both
connectivity and topological features in the 3-D network 3%, facilitating the measurement of the
connectivity of physiological structures, including the vascular networks and trabecular bones 195¢-
% In addition, the clustering coefficients capture the local connectivity and degree of organization
of the regional vascular network for every vertex in the vascular and neuronal network®°-62, Both
Euler numbers and clustering coefficients enabled us to characterize the 3-D topography of the
vascular network. Following hyperoxia-induced retinopathy, there was a significant reduction in
global connectivity, but the local reticular pattern was preserved. We were also able to apply
principal component analysis (PCA) to automatically segment the vertical sprouts from the
plexuses and to quantify the volume fraction in the plexuses and vertical sprouts under normoxia
vs. hyperoxia conditions, corroborating the differential depletion in vertical sprouts and the
secondary plexus. Despite the well-defined formula to quantify the Euler numbers and clustering
coefficients, the uncertainties reside in the accuracy of the segmentation of the blood vessels by
using filament tracing. Machine learning-based automated segmentation for the vessels provides

an alternative approach to abbreviate the segmentation process and to obviate the need for
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filament tracing. Taken together, we unraveled the preferential vaso-obliteration accompanied
with the impaired vascular branching, connectivity, and reduced vessel volumes and lengths in
OIR retinas.

Overall, LSFM illumination enables deep tissue penetration to unravel structural changes in
3-D retinal vascular networks. Integration of light-sheet imaging and 3-D computational analyses
detects and quantifies global vaso-obliteration, but preserved local 3-D reticular vascular
architecture in support of the differential vascular obliteration in hyperoxia-mediated retinopathy.
With the copious data generated from advanced optics, quantitative strategy in 3-D, provides
structural insights into retina disorders-associated vascular obliteration vs. proliferation, with

translational significance for early detection and intervention to restore visual impairment.

Material and Methods

Ethics statement
All animal studies were performed in compliance with the IACUC protocol approved by the UCLA
Office of Animal Research and in accordance with the guidelines set by the National Institutes of

Health. Humane care and use of animals were observed to minimize distress and discomfort.

The modified passive CLARITY for retina

We optimized the CLARITY methods for fixed retinas as previously described 424°, The mice were
euthanized at P12 for dissection of the ocular globe. We enucleated the intact ocular globe
followed by fixation in 4% paraformaldehyde (PFA) (w/v) for 1.5 hours. We then removed the
cornea, sclera, lens, and choroid while preserving the retina in its 3-D hemispherical configuration.

The 3-D retinas were then immersed in 4% paraformaldehyde (w/v) overnight (Fig. 1D-D),

followed by overnight incubation in the monomer solution (4% Acrylamide (w/v), 0.05% Bis-

Acrylamide (w/v), and 0.25% VA-044 initiator (w/v) in PBS) (Fig. 1D-@). Next, samples were
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placed into a 37 °C water bath for 6 hours for hydrogel polymerization (Fig. 1D-@®). A degassing

nitrogen flush or addition of an oil layer was performed to minimize exposure to oxygen. Next,
retinas were incubated in the clear solution (4% w/v sodium dodecyl sulfate (SDS) and 1.25% w/v

boric acid (pH 8.5) at 37 °C to remove non-transparent lipid contents. (Fig. 1D-@®). The retina was

rinsed for an additional 24 hours in 1X PBS to remove residual SDS, followed by incubation in the
refraction index matching solution RIMS (40 g histodenz in 30 ml of 0.02 M PBS with 0.1% tween-
20 and 0.01% neutralized sodium azide (pH to 7.5 with NaOH)) to achieve transparency. This
method enables preservation of the 3-D structure and maintains integrity of the retinal vasculature
during clearing. Selected P12 retinas (n=3) were collected for direct immunostaining without

optical clearing (hon-cleared group) for comparison (Supplementary Fig.2).

Animal model and OIR induction in postnatal mice

C57BL/6J mice were acquired from the UCLA Division of Laboratory and Animal Medicine colony.
All mice were housed in 12:12 hour light-dark cycles. Female pregnant mice were fed ad libitum
with standard rodent chow diet (Pico Lab Rodent Diet 20, cat#5053, Lab Diet, St. Louis, MO) and
water during pregnancy and lactation. Oxygen-induced retinopathy (OIR) was produced using
standard published guidelines®. Pups were designated at P0.5 on the morning that they were
delivered. Per protocol recommendations, litters were culled to eight pups. Mothers were
randomly assigned to normoxia or hyperoxia (OIR) conditions. To induce OIR, the newborn mice
in OIR groups were exposed to 75% oxygen continuously in an airtight chamber (Biospherix Proox
model 360, Parish, NY, USA) with their nursing mothers from P7 to P12 before removal to room
air, whereas the normoxia group remained in room air (21% oxygen) throughout the postnatal
period. Pups whose mothers demonstrated stress after removal from the oxygen chamber in the

hyperoxia condition were fostered to a nursing mother until euthanasia at P12.
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Immunostaining for retinal vasculature

The optically transparent retinas were placed into a blocking buffer Perm/Block (1X PBS + 0.3%
Triton-X + 0.2% bovine serum albumin + 5% of fetal bovine serum) solution for 1 hour at room
temperature with gentle shaking. Primary biotinylated GS isolectin B4 (1:50, Vector lab, CA) was
used to stain retinal vasculature. Following 2 days of incubation at 4 °C, retinas were washed with
PBSTX (1X PBS + 0.3% Triton-X). Strepatavidin conjugated with Alexa-488 (1:100, Invitrogen,
CA) was utilized to amplify primary-specific fluorescence. The retinas were washed with PBSTX

(1X PBS + 0.3% Triton-X) following each step.

Light-sheet fluorescence microscope (LSFM) with dual-illumination to image 3-D retinal
vascular network

We custom-built our LSFM with dual-illumination for imaging the 3-D retinal vasculature 212263,
The detection arm is composed of a stereomicroscope (MVX10, Olympus, Japan) with a 1X
magnification objective (NA = 0.25), a scientific CMOS (sCMOS, ORCA-Flash4.0 LT, Hamamatsu,
Japan) and a series of filters (Exciter: FF01-390/482/532/640; Emitter: FF01-446/510/581/703;
Dichroic: Di01-R405/488/532/635, Semrock, New York, USA). The illumination arm, orthogonal
to detection, is composed of the continuous wave laser at 473 nm and 532 nm (LMM-GBV1-PF3-
00300-05, Laserglow Technologies, Canada) (Supplementary Figures 3A-B). The lateral and
axial resolutions are 5 ym and 6 um, respectively (Supplementary Figure 3C). For image
acquisition, the samples were immersed in the RIMS (RI: 1.46-1.48) with a 1% agarose solution
in a Borosilicate glass tube (Rl = 1.47, Pyrex 7740, Corning, New York, USA) to reduce refraction
and reflection from various interfaces. The glass sample holder was placed in a 3-D-printed
opening chamber, made of acrylonitrile butadiene styrene (ABS) (uPrint, Stratasys, USA) and

was filled with 99.5% glycerol (Rl = 1.47).
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Computational analyses for the morphological and topological parameters of the vascular
network

The raw data were preprocessed in ImageJ to remove stationary noise®% and the background
was reduced by rolling ball background subtraction (20 pixels in radius). To provide the axial
visualization or the depth of the 3-D vascular network, we applied the depth-coded plugin in
ImageJ to enhance visualization of the superficial and deep capillaries. In addition, 3-D rendering
and semi-automated filament tracing were performed and processed in Amira 6.1. The results of
filament tracing were used to quantify both the morphological (Euler-Poincaré characteristic) and
topological parameters (clustering coefficients). The Euler number, ¥, of the 3-D object is defined
as follows®5®;

X =No— N1+ N2— N3, (2)
where ng, N1, Nz, and nz are the numbers of vertices (V), edges (E), faces (F) and the individual
voxels contained in a 3-D object, respectively. In the setting of increasing connected edges, the
Euler number decreases while the network becomes well-connected. We provided an analysis of
the changes in Euler number in response to the morphological difference in Supplementary Figure
4A. The Euler number remained the same when the new connections form a branching structure
(first row of Supplementary Figure 4A). In addition, the Euler number was reduced when a new
connection formed loops in a reticular-like structure (second row in Supplementary Figure 4A),
whereas the Euler number was increased when the new connection formed the disconnected
objects (third row in Supplementary Figure 4A). Thus, two factors are the main contributors to the
Euler number: 1) the number of loops (holes), and 2) the numbers of disconnected objects'’. In
this context, we defined the connectivity for the vascular network as ¢

Connectivity=1-y, (2)
In comparison to the Euler number, the clustering coefficient (C) reflects the local connectivity
of individual vertex or node in the vasculature 55266 The clustering coefficient of each vertex and

the average clustering coefficient C are defined as follows, respectively:
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_ number of pairs of neighbors connected by edges

! number of pairs of neighbors

C=-%C =1,2..N, (3)
The local clustering coefficient C; for a vertex v; is given by the proportion of links between the
vertices within its neighborhood divided by all possible connections between its neighbors
(Supplementary Figure 4B). For detailed mathematical calculation, a graph G (Equation 4)
consists of a set of edges, E, and vertices, V, and an edge, e, is connecting vertex v; with vertex
vj (Supplementary Figure 4B). We define the neighborhood set N; of vertex v; for its directly

connected neighbors (Equation 5). By defining ki=| Ni | as the number of neighbors in set N; for

vertex vi, the clustering coefficient C; for vertex v; can be calculated (Equation 6).

G= (V, E), (4)
Ni = {vj:eij eE vV €ji € E}, (5)
Cl- _ 2><|{e]'k:v]-,vkENi.ejkEE}| (6)

ki(ki-1)

Quantitative Analysis of vascular plexuses and vertical sprouts in retinal vasculature

The segmented 3D image stacks were derived from the filament tracing results for intact retinal
vasculature, and they were resampled along the axis passing through and being perpendicular to
the optical disk. To quantify the volume of vertical sprouts, we developed automated segmentation
based on principal component analysis (PCA) for reducing the dimensionality for the large data
set. Considering a thin section from the retinal vasculature image stack with the origin at the
center of mass, the vessels belonging to the primary and secondary plexuses are mainly in
azimuthal or polar directions, whereas the majority of the vertical sprouts develop in a radial
direction (Supplementary Figure 1A). To quantify the vessel direction for 3-D image stacks, we

introduced a sliding window to sample the principal component representing the vessel orientation
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inside the window (Supplementary Figure 1A). The coordinates of each segmented blood vessel
inside the sliding window were extracted and recorded for deriving the representative principal
component for each window (Supplementary Figure 1A). Next, we applied the center of the mass
as the origin to calculate the angle (8) between the principal vector of the voxel and the vector
from the origin to the center of the voxel (Supplementary Figure 1A). We have optimized the
sliding window size and the value of the cut-off angle for differentiating the vertical sprouts from

the vascular plexuses.

Statistical analysis

All data were presented as mean + SD. Statistical significance was using unpaired two-tailed
Student’s t-test for comparison of two groups and one-way ANOVA with Tukey post hoc analysis
for multiple group comparisons. The level of significance was set at p <0.05.
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Figure 1. Light-sheet fluorescence microscopy (LSFM) to uncover the 3-D micro-vascular
network. (A) A schematic illustration of the intact ocular globe, consisting of retinal and choroidal
vasculature that were imaged and analyzed. (B) A superficial primary retinal vascular plexus lies
in the nerve fiber layer (NFL), whereas the secondary plexus is located deep in the outer plexiform
layer (OPL). (C) The pipeline quantitatively analyzed the 3-D hemispherical retinal vascular plexus
using modified CLARITY and LSFM. (D) Modified passive CLARITY was applied to optically clear
the retina as articulated in the Methods section.
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Figure 2
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Primary plexus

Figure 2. LSFM imaging of the intact 3-D hemispherical retina. (A-B) The intact vasculature
in the 3-D retina provides representative regions of interest. The white dashed line depicts the
contour of the hemispherical retina. (C) The vertical sprouts, bridging the primary and secondary
plexus, are highlighted in the representative 2-D section (red dashed lines in B) of the retinal
vascular network. (D) 3-D vertical sprouts between the primary and secondary vascular plexus
(blue box in B) are located in the nerve fiber layer and the outer plexiform layer. (E) The 3-D and
(F) 2-D peripheral regions (orange box in B) of the retina are accentuated. (G) The diameter of
the capillary is ~ 5-10 um and (H) the 3-D capillary network (dashed box in F) is color-coded to
indicate the depth. Scale bars: (A-C) 500 pm; (D) 200 pm; (E-F) 300 pm; (G-H) 50 um. Depth
color-coded scale: 0~240 pm in (H).
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Figure 3. The quantitative comparison between the regions of healthy vascular network.
(A) 3-D filament tracing of retinal vasculature was performed from the intact hemisphere retina.
Representative (B, D, F) 3-D rendering and (C, E, G) filament tracing of different volumes of
interest (VOI) were demonstrated in the central (B, C), middle (D, E) and peripheral (F, G) regions
of the intact retina. (H-K) Quantification of the morphological and topological parameters; vessel
lengths, vessel volumes, connectivities, and branching points for different VOIs from the retina,
demonstrating the capability and flexibility of our pipeline to quantify the specific region of interest.
Scale bar: (A) 500 um; (B-G) 100 pm.
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Figure 4. 3-D vascular network to highlight the preferential vaso-obliteration in vertical
sprouts and the secondary plexus in OIR. 3-D rendering of retinal vasculature was performed
from the (A) normoxia and (B) OIR intact retina, demonstrating marked vaso-obliteration in the
OIR retina. (C) 3-D filament tracing of vasculature for the intact retina was demonstrated from the
OIR group. (D-E) 3-D rendering results from two volumes of interest (VOIs) in the normoxia (D)
and OIR (E) groups indicating the differential depletion and absence of secondary plexus and
vertical sprouts in the OIR mice. (F) Quantification of the morphological and topological
parameters revealed the statistically significant lower values of total lengths, total volumes,
connectivities and branching points in the OIR group. Scale bar: (A-C) 500 pm; (D-E) 100 pum.
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Figure 5. The quantification of the clustering coefficients for the intact vasculature. (A) 3-
D scatter plot of the clustering coefficients reveals all branching nodes and terminal nodes traced.
~90% of the nodes have a cluster coefficient of zero (Grey nodes). ~10% of the nodes have
clustering coefficients ranging from 0.05 to 1 in both normoxia and hyperoxia groups. (B) The
histogram of clustering coefficients and degree of nodes demonstrates that the majority of the
nodes have three connecting neighbors with a paucity of neighbor connection in the normoxia
group. (C) Despite the significant reduction of the global connectivity and number of nodes, the
OIR group demonstrated the same trend in local patterns as the normoxia group, with the majority
of the nodes sharing three connecting neighbors with a paucity of the neighbor connection.


https://doi.org/10.1101/2020.05.06.081463

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.06.081463; this version posted May 8, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Figure 6

Normoxia

Clustering Coefficient (Zone 1)
0.104

0.08+
0.064 T

0.04+

0.02 i

0.00-

Control OIR(P12)

-

0.06+

0.02+

0.0600
0.0540
0.0480
0.0420
0.0360
0.0300
0.0240
0.0180
00120
00060
0.0000

Clustering Coefficient (Zone 2)

T

Control

OIR(P12)

0.04

0.024

0.00-

OIR P12

Clustering Coefficient (Zone 3)

T

Control OIR(P12)

Figure 6. Average clustering coefficients in different regions of the retina. (A) The retinas
were divided into three regions (central, middle, peripheral) as previously described. The average
clustering coefficients of three individual regions were calculated and compared between the two
groups. (B) The average clustering coefficients indicate no statistically significant difference
among all three regions in both groups, supporting the notion that the local connection and basic
structure of the network are preserved despite vaso-obliteration in OIR retinas (n=5 per group).


https://doi.org/10.1101/2020.05.06.081463

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.06.081463; this version posted May 8, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Figure 7.

Primary plexusﬁ ‘
Secondary plex'ijs { .

* —_—P———
25 — 100 —_— 30 * 100

Sprouts Volume Fraction (Middle) Plexus Volume Fraction (Middle) Sprouts Volume Fraction (Peripheral) Plexus Volume Fraction (Peripheral)
* *
—_—

Control OIR(P12)

E Max=(0.852, 40 pm3, 35°)

Control OIR(P12) Control OIR(P12) Control OIR(P12)

Dice
1000 [
09500 *
09000
0.8500 il
0.£000
07500 8
0.7000
06500
06000
05500 S

05000

Figure 7. Quantitative analysis of the volumes for the vertical sprouts and plexuses. (A-B)
Severe vaso-obliteration and depletion of vertical sprouts (in blue) and the secondary plexus (in
yellow) were demonstrated in the 3-D rendering of the OIR group. (C-D) The quantification of the
volume fraction of both sprouts and plexuses from both middle and peripheral regions indicate
the significant vessel depletion in the OIR group (*p < 0.05 vs. Normoxia, n=5 per each group).
(E) The surface plot of the dice coefficients on different sizes of sliding windows and values of
cutoff angles. (F) The representative VOI demonstrating the orientation color-coded 3-D rendering
of the vascular network (X: Blue, Y: Green: Z: Red). Scale bar: 200 um for A-B and 100 um for F.
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Supplementary Notes

Supplementary movie 1. The 3-D rendering of the vascular network to demonstrate the vertical
sprouts embedded between primary and secondary plexus.

Supplementary movie 2. The filament tracing result of the intact control retinal vascular network.
Supplementary movie 3. The 3-D rendering of the intact control retinal vascular network.
Supplementary movie 4. The 3-D rendering of the intact OIR retinal vascular network.

Supplementary movie 5. The result of filament tracing from the intact OIR retinal vascular network.

Representative results of integration of LSFM and tissue-clearing

The representative images for the maximum intensity projection from LSFM were compared between the
passive CLARITY-treated retina and control, demonstrating the capacity of optical clearing to uncover the
microvasculature that would otherwise be challenging with conventional imaging modalities. Note the pre

and post-optical clarity ability to image the deep vascular plexus (Supplementary Figure 2B).
Principal component analysis (PCA) of vasculature

PCA is a mathematical process to reduce the dimensions and unravel the important characteristics of the
data. It is a linear transformation calculating the new set of the coordinate system for the data such that the
greatest variation was introduced to the projected data points to the new axis®. The ri;(i=1,2...N, j=1-3)
represents the coordinate vectors from the vasculature (Equation 1). N here represents the numbers of
vessel elements inside the sliding window while j represents 3-D space dimensions (X, Y, and Z). The new
coordinates are computed from the covariance matrix (Equation 1,2) of the data and applied to the
eigenvector decomposition (Equation 3,4) process to derive the new axes called principal components (PC)
i.e. The PC1 is the eigenvector with the largest possible variance and each succeeding component such
as PC2 and PC3 has the highest variance possible under the constraint that it is orthogonal to the preceding
components. Lastly, the angle between vectors is calculated through the relation of the inner product

(Equation 5).

1 . . .
Cov(r;,m) = 2L =5 (i — T) = e (Equation 1)
Oxx ny Oxz
Cov Matrix = [ayx Oyy O'yzl (Equation 2)
Ozx Uzy 032z
Eigen Decomposition
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A, 0 0
CovMatrix=V-[{0 1, 0]|-v1 (Equation 3)
0 0 2

A1, A2, As are three eigen values
Eigen Vector (V)

V= [71 72 73] (Equation 4)
Angle (8)
__q v .
0 = cos B (Equation 5)
1 Jolliffe, I. T. & Cadima, J. Principal component analysis: a review and recent developments.

Philosophical Transactions of the Royal Society A: Mathematical, Physical and Engineering Sciences
374, 20150202 (20186).
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Supplementary Figure 1

A Vessel Sampling PCA Orientations  Angle Threshold

Supplementary Figure 1. Schematic illustration and result of the automated segmentation for the
vertical sprouts and plexuses. (A) The schematic plot indicates the distinct characteristics between the
vertical sprouts and plexus serving as the bases for the automated segmentation method. (B-C) The
representative MIP images from the image stacks demonstrated the separation between the vertical
sprouts and plexus from automated segmentation for both normoxia and OIR (sprout highlighted in a red
box) groups. Scale bar: 500 um.
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Supplementary Figure 2

S

Supplementary Figure 2. Representative comparison of retinas with and without tissue clearing.
(A) The detailed vasculature post CLARITY method was demonstrated by maximum intensity projection
in comparison to the uncleared retina. (B) Mouse retinas at postnatal 12 days prior to (top) and post
(bottom) modified CLARITY treatment. Scale bar: (A) 100 um; (B) 1 mm
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Supplementary Figure 3
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Supplementary Figure 3. The schematic diagram of the dual-illumination LSFM. (A) The 3-D
schematic highlights the individual optical components of the LSFM system. M1-10: mirror; PH: pinhole;
ND: neutral density filter; BE: beam expander; S: slit; CL1-2: cylindrical lens; RL1-2: Relay lens; IL1-2:
illumination lens; DL: detection lens. (B) Dual-sided illumination covers the retina in the chamber. (C)
Point spread function (PSF) of the 0.53 um fluorescent bead in the lateral direction.
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Supplementary Figure 4
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Supplementary Figure 4. Schematic representation to quantify the Euler characteristic and
clustering coefficients (A) Euler characteristic x for the vascular network is determined by the numbers
of loops and objects rather than branching points. Both factors generate new nodes and edges unequally,
and both increase the difference in the formula. The entire vascular network is leaning toward the
reticular-like in structure, resulting in a reduction in x value. V: Vertices, E: edges. (B) The definition of
the clustering coefficient for a specific node (green) is calculated by dividing the existing links (red) over
all possible links (blue) among neighbors, that is, the representative value of the schematic is 0.33
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Dice coefficient for normoxia group

10 pm? 20 pm? 30 um? 40 um® 50 pm? 60 pm?
5° 0.66+0.011 0.666+0.015 0.664+0.02 0.655+0.015 0.645+0.01 0.645+0.014
10° |0.696+0.026 0.714+0.037 0.707 £0.039 0.697 +£0.034 0.675+0.028 0.666 + 0.022
15° |0.728+0.036 0.755+0.053 0.75+0.056 0.739+0.047 0.712+0.033 0.679 + 0.039
20°  |0.756+0.041 0.795+0.055 0.789+0.055 0.775+0.048 0.737 +0.039 0.692 + 0.054
25°  |0.776 +0.043 0.828+0.045 0.822+0.05 0.806+0.039 0.756 +0.049 0.707 +0.055
30° |0.787+0.045 0.845+0.037 0.836+0.041 0817+0033 0.77+0.044 0.713 +0.052
35° 0.793+0.04 0.849+0.032 0.841+0.032 0.822+0.023 0.768+0.042 0.71+0.049
40°  |0.792+0.035 0.841+0.022 0.836+0.017 0.807+0.015 0.763+0.04 0.712 +0.04
45° 0.784+0.03 0.825+0.014 0.817+0.009 0.784+0.014 0.749+0.029 0.703 +0.036
50° |0.768+0.028 0.789+0.022 0.776+0.026 0.75+0.03  0.714+0.023 0.664 + 0.046

Table 1. Average dice coefficients of various sliding window sizes and cutoff angles of the control

group.
Dice coefficient for OIR group
10 um*® 20 um*® 30 um® 40 um® 50 um’® 60 um*

5° 0.865+0.04 0.868+0.04 0.873+0.037 0.874+0.036 0.874+0.036 0.874+0.036
10° 0.842+0.062 0.851+0.058 0.872+0.035 0.879+0.034 0.887+0.036 0.877=0.035
15° 0.821 £0.072 0.839+0.062 0.894+0.053 0.899+0.049 0.886 +0.037 0.9+£0.044
20° 0.807+£0.07 0.828£0.057 0.864+0.077 0.898+0.049 0.883+0.036 0.884 +0.032
25° 0.796 £0.076 0.82+0.064 0.864+0.065 0.896+0.052 0.907+0.047 0.881+0.029
30° 0.777 £0.081 0.813+0.068 0.855+0.061 0.882+0.045 0.892+0.041 0.88+0.029
35° 0.757+0.089 0.8+0.071 0.848+0.064 0.882+0.029 0.889+0.038 0.89+0.016
40° 0.739+0.094 0.782+0.071 0.834+0.066 0.882+0.027 0.874+0.06 0.892+0.014
45° 0.72+0.1 0.767£0.08 0.826 +£0.07 0.874+£0.027 0.871+0.061 0.883+0.02
50° 0.7+0.103 0.74+0.092 0.793+0.102 0.799+0.096 0.794+0.143 0.798 +£0.106

Table 2. Average dice coefficients of various sliding window sizes and cutoff angles of the OIR

group.
Dice coefficient for both groups
10 um*® 20 um*® 30 um® 40 um’ 50 um*® 60 um’>
5° 0.763+0.113 0.767 £0.111 0.769 +£0.115 0.765+0.12 0.76 £0.125 0.76 £0.125
10° 0.769+0.088 0.783+0.085 0.789+0.095 0.788+0.102 0.781+0.117 0.771x0.116
15° 0.775+0.069 0.797 +0.068 0.822+0.092 0.819+0.096 0.799+0.098 0.79+0.124
20° 0.782 +£0.057 0.811+0.054 0.826+0.071 0.836+0.079 0.81+£0.085 0.788+0.111
25° 0.786 £0.054 0.824+0.049 0.843+0.056 0.851+0.063 0.831+0.092 0.794+0.102
30° 0.782+0.057 0.829+0.05 0.846+0.047 0.849+0.049 0.831+0.076 0.796+0.098
35° 0.775+0.062 0.824 £0.054 0.845+0.044 0.852 £0.04 0.829+£0.074 0.8+0.103
40° 0.765+0.066 0.812+0.054 0.835+0.04 0.844+0.044 0.819+0.074 0.802+0.1
45° 0.752+0.07 0.796+0.056 0.821+0.041 0.829 +0.052 0.81+£0.077 0.793+0.101
50° 0.734+£0.073 0.764+£0.061 0.784+0.063 0.775+£0.065 0.754 +0.094 0.731+£0.1

Table 3. Average dice coefficients of various sliding window sizes and cutoff angles of both

groups.
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