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Abstract

Choroidal neovascularization (CNV) in young rabbits has been shown to have a rapid, robust
response after treatment with bevacizumab, an anti-vascular endothelial growth factor (VEGF)
medication. This investigation evaluates an age differential response to bevacizumab in older
populations of rabbits using multimodal high resolution molecular imaging. Young (4 months old)
and life span (14 months old) rabbits were given subretinal injections of Matrigel and VEGF

to produce CNV. All CNV rabbit models were then treated with a bevacizumab intravitreal
injection. Rabbits were then monitored longitudinally using photoacoustic microscopy (PAM),
optical coherence tomography (OCT), color photography, and fluorescence imaging. Chain-like
gold nanoparticle clusters (CGNP) conjugated with tripeptide arginylglycylaspartic acid (RGD)
was injected intravenously for molecular imaging. Robust CNV developed in both young and old
rabbits. After intravitreal bevacizumab injection, fluorescence signals were markedly decreased
90.13% in the young group. In contrast, old rabbit CNV area decreased by only 10.56% post-
bevacizumab treatment. OCT images confirmed a rapid decrease of CNV in the young group.
CGNPs demonstrated high PAM signal in old rabbits and minimal PAM signal in young rabbits
after bevacizumab, indicating CNV regression. There is a significant difference in response to
intravitreal bevacizumab treatment between young and old rabbits with CNV which can be
monitored with multimodal molecular imaging. Old rabbits demonstrate significant persistent
disease activity. This represents the first large eye model of persistent disease activity of CNV and
could serve as the foundation for future investigations into the mechanism of persistent disease
activity and the development of novel therapies.
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1. Introduction

Choroidal neovascularization (CNV) occurs in several diseases, including a major cause

of vision loss and blindness in the United States and worldwide: age-related macular
degeneration (AMD) (Cheung et al., 2017; Cohen et al., 1996; Ferris et al., 1984). In

2020, 196 million people were estimated to be diagnosed with AMD, 11.3 million of which
suffer from advanced AMD (Buckle et al., 2015; Mukesh et al., 2004; Nguyen et al., 2018;
Rein et al., 2009; Solomon et al., 2014; Stem et al., 2018; Wong et al., 2014). Although anti-
VEGF therapy is the new standard in CNV treatment, a significant number of patients have
suboptimal response to this therapy or develop resistance over long-term use. One common
issue is persistent disease activity (PDA). The comparison of AMD treatments trial (CATT)
found persistent fluid in 53% of patients treated monthly with ranibizumab, and 71% of
those treated with bevacizumab (Martin et al., 2011). After 5 years of monthly anti-VEGF
therapy, 20% of patients become legally blind and an additional 30% of individuals have
some degree of vision loss (Maguire et al., 2016).

Despite widespread research, the intricate details of CNV formation remain a field of
dynamic exploration. Significant limitations have plagued the majority of animal models
that attempt to replicate CNV development. Many CNV models that are successful use
physical devastation of the RPE layer (retinal pigment epithelium) or Bruch’s membrane.
A common physical destruction method utilizes lasers to induce CNV in rodents (mice
and rats) or larger animals such as monkeys and pigs (Kiilgaard et al., 2005; Miller et

al., 1990; Semkova et al., 2003; Shah et al., 2015). Current attempts to reproduce CNV
using laser photocoagulation in rabbits have not yet been successful; however reports have
demonstrated that artificial sub-RPE injection can create the formation of CNV in rodents
and rabbits (Cao et al., 2010).

Preclinical animal models such as rabbits have been widely utilized due to having relatively
large eyes that share physiologic parameters similar to those seen in humans. These
likenesses consist of the eyeball size and shape, optical system, choroidal blood supply,
anterior segment structures, posterior segment structures, biomechanical, and biochemical
features. The rabbit eye has an 18.1 mm axial length, or nearly 80% that of humans,

which is approximately 23 mm, whereas mice have only 3.2 mm axial length, or only 13%
that of humans, while rats have roughly a 5.98 mm axial length. Furthermore, numerous
physiologic physiotherapy methods and apparatus designed for ocular applications in
humans are able to be implemented in rabbits’ eyes with slight modification (Ahn et al.,
2016; Del Amo and Urtti, 2015; Hasumura et al., 2000). Much is known about the rabbit
choroidal vasculature, and it shares many similarities to human choroidal vasculature (Abdo
et al., 2017; Reichenbach et al., 1991a; Reichenbach et al., 1991b).
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In 2006, a novel method using subretinal administration of mixed VEGF and Matrigel
solution into the rabbit’s retina to induce CNV was developed that is reliable, reproducible,
and sustainable (Qiu et al., 2006). This method has also been demonstrated in adult Sprague-
Dawley rats (Cao et al., 2010) and mice (Johnson et al., 2008). Matrigel is primarily
composed of collagen IV, laminin, entactin/ nidogen, growth factors, and heparin sulfate
proteoglycans. Liquid Matrigel, usually at 4°C, is injected into tissue where it solidifies
after acclimating to the surrounding tissue temperature due to its solidified at 37 °C, thus
trapping the growth factors. These growth factors are slowly released, permitting prolonged
development of CNV. On the other hand, a major limitation of these rabbit animal models is
that they fail to recapitulate persistent disease activity (PDA) and are readily responsive

to anti- VEGF therapy (Lima et al., 2018). Previous studies have reported successful
repression of angiogenesis after bevacizumab injection among young rabbits, but no study
was conducted to investigate the differential response to treatment between young and old
rabbits (Ameri et al., 2007). Rigorous studies have demonstrated a robust PDA model in

old mice compared to young mice using laser-induced CNV (Mettu et al., 2021; Zhu et al.,
2020), and thus we hypothesized that old rabbits might also serve as a model of PDA.

2. Materials and Methods

2.1 Integrated PAM and OCT system

In our previous publications we described an integrated optical coherence tomography
(OCT) and photoacoustic microscopy (PAM) system (Tian et al., 2017b; Tian et al.,

2018; Zhang et al., 2020a; Zhang et al., 2018; Zhang et al., 2020b). PAM is a new
ophthalmological imaging modality based on the creation of ultrasound waves by the
absorption of laser energy of retinal tissues such as melanin or hemoglobin. For PAM, a
photoacoustic signal (PA) was induced by generating 1000Hz laser with a 3-5 ns pulse
width from an optical parametric oscillator (OPQO). The OPO was pumped by Nd:YAG
laser (NT-242, Ekspla, Vilnius, Lithuania). The light beam was filtered and collimated

to form a circular shape of 2 mm. This beam was then delivered to the corneal surface
through complex optics system including scanning head, scan lens and ophthalmic lens
before focused on the fundus with an approximately 20 um. A custom-made, 27 MHz
center frequency, ultrasonic transducer was utilized to receive the laser-induced PA signal
from endogenous chromophores (Optosonic Inc., Arcadia, CA, USA). An amplifier was
applied to amplify the PA signal (gain 57 dB, AU-1647, L3 Narda-MITEQ, NY). These
signals were then captured using a 200 MS/s digitizer (Signatec Inc., Newport Beach, CA).
Reconstructed three-dimensional and two-dimensional PAM images of blood vessels in the
retina were produced using the recorded data. To acquire OCT imaging, the system from

a Ganymede-I1-HR OCT system (Thorlabs, Newton, NJ) was modified as described in
previous study (Tian et al., 2017a). Two superluminescent diodes (SLDs) with a central
wavelength of 905nm was used to excite the tissues. The light from the light source was
produced by a single node fiber and was later split into sample and reference arms. The OCT
was integrated with the PAM system. The imaging depth up to 1.9 mm can be achieved with
this combined system.
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2.2 Animal experiments

All animal studies followed the guidelines of the ARVO (the Association for Research

in Vision and Ophthalmology) Statement on the care and use of laboratory animals in
ophthalmic and vision research after approval by the University of Michigan Institutional
Animal Care and Use Committee (IACUC, protocol PRO00010388, PI Paulus). The New
Zealand White rabbits aged 4 and 14 months old (2.2-3.8 kg) were kindly donated by
the University of Michigan Center for Advanced Models and Translational Sciences and
Therapeutics (CAMTraST).

A pulse oximeter was used to record and monitor rabbit’s conditions such as heart rate,
temperature, and respiratory rate (\V8400D Capnograph & SpO2 Digital Pulse Oximetry,
Smiths Medical, MN, USA) before every experiment and every 15 minutes during the
experiment until the animals became fully alert and ambulatory. Prior to the experiment,
each rabbit received two medications for anesthesia (ketamine (40 mg/kg, 100 mg/mL) and
xylazine (5 mg/kg, 100 mg/mL)) by intramuscular route. Anesthesia was maintained during
the experiment by providing the animals 1/3 dose of ketamine every additional 45 minutes.

2.3 Subretinal injection model

A mixed solution of Matrigel (Corning, NY, USA) and VEGF (Shenandoah Biotechnology,
Warwick, USA) was prepared for subretinal injections as described in detail previously (Li
et al., 2019). Briefly, Matrigel (20 uL) was mixed with VEGF (7.5 mL; 100 pg/mL) and
kept in the refrigerator at 4 °C. Tropicamide 1% ophthalmic (Akorn, Decatur, IL, USA) and
phenylephrine hydrochloride 2.5% ophthalmic (Bausch & Lomb Pharmaceuticals, Tampa,
FL, USA) were applied on each eye to dilate the pupils. Surgical scissors were used to
remove the superior rectus muscle. A 26G needle was utilized to create a scleral tunnel

at a distance of 3.5 mm from the limbus to the posterior segment. A silicone contact lens
was mounted on the cornea of the rabbit eye (Volk Optical Inc., Mentor, OH, USA). The
surface of the contact lens was prepared with Gonak gel (Akorn, Lake Forest, IL, USA) for
coupling between the incident light and the cornea. Using a 30G Hamilton needle, the tip of
the 50 mL syringe containing 27.5 pL of Matrigel and VEGF (M&V) mixture was inserted
into the eye through the scleral hole. Under the operating microscope, the tip was gently
inserted until it reached the retinal tissue. The M&V mixture was injected into the subretinal
space using real-time OCT image guidance, and then the syringe was slowly retracted. The
injection area was followed up over 1 month using PAM, OCT, color, and FA imaging.

2.4 Anti VEGF- treatment

A dose of bevacizumab (Avastin, 25 mg/mL, 50 pL; Fargon Sterile Services, KS, USA) was
intravitreally injected 3 days post administration of VEGF at 3.5-4.0 mm from the limbus
to the posterior segment into the rabbit vitreous cavity using a 30G ¥z inch needle under a
microscope.

2.5 Post bevacizumab treatment monitoring

All rabbits with CNV models were evaluated at day 3 after VEGF injection and after
bevacizumab treatment at day 3, 7, 14, 21, and 28. Comprehensive ophthalmoscopic
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examination, fluorescein angiography (FA), PAM, OCT, and color imaging were used to
evaluate the treatment efficiency.

2.5.1 Comprehensive ophthalmoscopic examination—Comprehensive
ophthalmoscopic examinations were employed on all rabbit after administration at days
3,7,14, 21, and 28. Slit lamp biomicroscope was used to examine for evidence of eye
inflammation, infection, cataract, or erythema or edema at the injection site.

2.5.2 Color and fluorescein angiography (FA) imaging—Imaging of retinal blood
vessels and CNV before and after bevacizumab treatment was generated using 50° color
fundus photography (Topcon 50EX, Topcon Corporation, Tokyo, Japan). These vessels as
well as neighboring vessels were captured at different angles and positions in the eye to
monitor the impact of bevacizumab in specific portions. Specifically, we focused on the
optic nerve, the inferior retina, the superior retina, the temporal and nasal medullary ray. FA
was captured in tandem with fundus system to examine the CNV and vasculature. 0.2 mL
of sodium fluorescein solution (10% fluorescein) was administrated into the marginal ear
(Akorn, Lake Forest, IL, USA). Images were captured serially after the administration and
were continued to be captured for up to 20 minutes.

2.5.3 Molecular Imaging using Gold Nanoparticles—Chain-like clusters gold
nanoparticle clusters (CGNPs) were employed in order to boost the sensitivity of OCT

and PAM imaging as described previously (Nguyen et al., 2021c). In brief, discrete
colloidal GNPs (~20 nm) were manufactured using femtosecond ablation laser system
(FCPA pJewel D-1000, IMRA America, Ann Arbor, MI). The fabricated GNPs have
naturally negatively charged without using any capping agents to maintain their stability.
Two different pentapeptides including cysteamine and Cys-Ala-Leu-Asn-Asn (CALNN)
peptides were applied for assembly of discreet GNPs into chain-like GNP clusters (CGNP).
These CGNP were conjugated with RGD, a peptide that localizes to integrin present in
angiogenesis but not in normal vasculature. The distribution of CGNPs during angiogenesis
is confirmed using two different rabbit groups. To demonstrate the efficacy of CGNPs, these
clusters were used to target CNV by accumulating at the diseased sites caused by CNV.

2.5.4 PAM and OCT in vivo imaging—To observe the treatment efficiency, we
further performed OCT and PAM imaging on the treated animals using our custom-built
multimodality imaging system (Nguyen et al., 2020; Nguyen et al., 2021a; Nguyen et al.,
2021b; Nguyen et al., 2021c; Tian et al., 2018). Rabbits (N=9) were split into 3 groups:
control group (without treatment with bevacizumab) and bevacizumab treatments for 4 and
14-months old group. After 28 days of bevacizumab therapy, all animals were administrated
with 400 pL (5 mg/ml) of CGNPs via intravenous injection of the marginal ear vein. CNV
were monitored pre and post the administration of CGNPs. In order to achieve the PAM
and OCT images, the rabbits under anesthesia were positioned on couple separate stages

to reduce movement artifacts. In order to maintain the coupling between the ultrasound
transducer and the conjunctiva, balanced salt solutions (BSS) were provided on the cornea
every minute. During the experiment, the body temperature was kept stable using a water
circulating heating blanket. The PAM images were captured using the excitation wavelength
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of 578 nm to image the choroidal and retinal vascular networks and 650 nm to image the
nanoparticles which localize to CNV. The location of CNV was scanned with an area of
approximately 4.5x4.5 mm? with a resolution of 256x256 pixels. Three-dimensional PAM
images were rendered using Amira 6.0 (Visualization Sciences Group).

2.6 Histological and Immunohistochemistry Analysis

Twenty-eight days after bevacizumab treatment, rabbits were sacrificed, and their

retinal vessels were examined using histological analysis. Euthanasia was performed

by intravenously injecting of 0.22 mg/kg (50 mg/mL) Euthanasia pentobarbital solution
(Euthanasia Special, Intervet Inc., Madison, NJ, USA). The eyeballs and organs including
heart, spleen, lung, liver, and kidney were harvested for histological analysis. These tissues
were fixed in 10% neutral buffered formalin (VWR, Radnor, PA, USA) for 24 hours.
Davidson’s fixative solution was utilized to maintain the retinal integrity while the eyeball
was kept in the solution for 24 hours (Electron Microscope Sciences, PA, USA). In the
next day, these eyeballs were soaked in 50% alcohol solution for at least 8 hours (Fisher
Scientific, PA, USA). After that, these tissues were kept at room temperature and transferred
to a 70% alcohol solution for another 24 hours. The fixed tissues were then embedded

in paraffin and a transverse section was performed using a Leica autostainer XL (Leica
Biosystems, Nussloch, Germany). This was followed by hematoxylin and eosin (H&E)
staining.

We further performed immunohistochemistry to examine the development of CNV using
anti-alpha smooth muscle actin (a-SMA) antibody. Immunofluorescence was performed to
stain macrophages appeared at CNV walls using Anti-CD163 antibody (ab156769, Abcam,
Burlingame, CA, US). Two fluorescence-conjugated secondary antibodies including goat
anti-mouse 1gG antibody Alexa Fluor 488 and goat anti-rabbit 1gG antibody Alexa Fluor
555 were used to incubate the samples for 60 min in the dark environment and kept the
sample at temperature of 37 °C (Cell Signaling Technology, Boston, MA, USA). Mounting
medium with DAPI was used to cover these slides with cover slip (Vector Laboratories,
Burlingame, CA, USA). The H&E and IHC slides were examined under microscope
(DM600, Leica Biosystems, Nussloch, Germany). High resolution images were acquired
with the BF450C camera to capture H&E color image and the BFX365C camera to obtain
the immunofluorescence images.

2.7 Fluorescent Signal and Vessel Density Quantification

To evaluate the efficiency of treatment effect between treatment groups, fluorescent intensity
(FI) and vessels density (VD) were calculated at each time point. We first segmented the
CNV area using MATLAB image segmentation algorithm. First, the image contrast of the
fluorescent images was enhanced using adaptive histogram equalization function. Then, the
boundary of the fluorescent leakage area was extracted using edge detection function. The
F1 was calculated as a mean value from each pixel within the extracted area. Normalized

F1 was applied for each time point. The pretreatment time point was set as 1 and a relative
value was calculated for each time point post treatment. The VD was measured by counting
each pixel along with the extracted fluorescent leakage area. The VD was determined by
normalizing the VD before treatment to the VD after treatment.
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2.8 Statistical Analysis

Statistical analysis was implemented using a one-way ANOVA method with the Tukey’s
post hoc test to determine statistical significance between treatment groups. This analysis
was performed using Origin software (OriginLab Corporation, MA, USA). Data were
expressed as averages + standard deviation and significantly difference between treatment
group was considered when p < 0.05

3. Results

3.1 Bevacizumab inhibition of subretinal injection of VEGF induced CNV in rabbits

All the rabbits injected with subretinal Matrigel and VEGF developed florid CNV and active
exudation after 3 days. Figure 1 shows the color fundus and fluorescein angiography (FA)
images of the CNV without bevacizumab treatment as a control. The results demonstrate
that retinal vascular tortuosity near the subretinal injection site developed in all the treated
eyes. During follow-up, there was no evidence of opacities, hemorrhage, or vitreous
inflammation visualized in all treated animals. The location and boundary of CNV were
clearly observed on the late phase FA images. We found that there was no significant
reduction in fluorescein leakage over time, confirming that CNV persisted and was stable.

To assess the CNV treatment effects of bevacizumab in young and aged rabbits, we
performed treatment on two groups of rabbits that were 4 months old and 14-months old
as shown in Figures 2-3. At 3 days post injection, all Matrigel and VEGF-injected eyes
demonstrated fluorescein leakage at the site of injection in all experimental eyes. These
leaking hyperfluorescent zones appeared to be similar between the 4 and 14 month old
groups before treatment with bevacizumab. In some rabbits, retinal hemorrhages occurred
at the injection site as shown in Figure 3, but no deep choroidal or suprachoroidal
hemorrhages were detected. No additional complications were noted with no cases of
infection (endophthalmitis) or cataract formation.

After bevacizumab treatment, the fluorescein leakage intensity and area were significantly
different between the three treatment groups. There was no significant reduction in
fluorescein leakage intensity and area observed in the 14-month-old and control groups
(Fig. 2). The subretinal hyperfluorescent leaking area slightly regressed at day 3 post
bevacizumab treatment and then gradually increased and stabilized in the 28-day follow-
up period. No significant change in hyperfluorescent leaking was noted on the control
group. In contrast, the fluorescein leakage intensity and area were significantly decreased
at day 3 post treatment with bevacizumab and continued to decrease over time found in
the 4-month-old group (Fig. 3). No evidence of increased fluorescein signal was found

at day 28, confirming that CNV had regressed and persistently remained regressed in the
4-month-old group. Post image processing was performed in order to extract the boundary
of fluorescein leakage (Figure S1). The fluorescein intensity and margins were measured as
shown in Figure 4. Figure 4a and 4c show the late phase FA images before segmentation.
The CNV areas were extracted and displayed on the overlay segmented images (Figure 4b
and 4d). The segmented CNV areas extracted from 4-months old group were significantly
reduced in compared to the 14-months old group (red marker). Figure 4e—f illustrate the
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panel of the quantification fluorescent intensity and vessels density (VD) achieved from
two different treatment groups and control group. The data indicated a trend of decreasing
CNV leakage area at day 3 regarding of the 14 months old group (red line). Growth of

the fluorescein leaking area over time was observed on 14 months old and control groups
(black and blue lines). Compared to control and 14 months old groups, the CNV lesion
area on the 4-month old group reduced 70.28 % (normalized vessels density = 0.3+0.15
(a.u.) for 4-month old group vs. 0.94+0.12 (a.u.) and 0.88+0.17(a.u.) for 14 month old and
control groups, respectively) with the fluorescein leakage intensity reducing 9 to 10-fold
(normalized fluorescein intensity is 0.1+0.05 (a.u.) for 4-month old group vs. 0.89+0.11
(a.u.) and 0.94+0.11 (a.u.) for 14 month old and control groups, respectively).

3.2 Non-invasive, high resolution photoacoustic microscopy (PAM) evaluation

PAM imaging was further performed to evaluate the presence of CNV in rabbit eyes after
treatment with bevacizumab. After 28 days of bevacizumab therapy, all the treated animals
were intravenously injected with CGNPs conjugated with RGD peptide (400 pL; 5 mg/mL),
which localizes to integrin present in CNV. PAM images were taken pre and post CGNPs
administration at 24 h (Figure 5). These images were achieved at 578 and 650 nm under a
laser illumination of about 80 nJ. Figure 5b and 5f show the PAM images attained at 578
nm along the targeted regions demonstrated in Figures 5a and 5e. Retinal morphology and
choroidal vasculature was distinctly detected on the PAM images with great contrast and
spatial resolution. There were no signals perceived on the PAM images taken at 650 nm on
the 4 months old group to determine the location of the CGNP (Figure 5c¢). At 24 h post
CGNPs administration, the PAM image achieved at 650 nm on the 14 months old group
showed strong PAM signal (green color), indicating the targeting of CGNPs at CNV (Fig.
5g). In contrast, minimal PAM signal was detected on the MIP PAM graphs achieved from
the 4-month group as illustrated on Fig. 5c. This illustrates that CNV was almost gone after
treatment with bevacizumab in young rabbits. The overlay PAM images clearly show the
position of CNV in the retina (Fig. 5h). The PAM signal extracted from the aged group (14
months old) was significantly different and exhibited 18-fold stronger than the young group
(4 months old) according to ANOVA analysis with *p < 0.001 (n = 3 for each group).

3.3 Invivo OCT imaging Analysis

OCT imaging was also employed to visualize the development of CNV lesions as well

as monitor treatment progression. Before bevacizumab treatment, the OCT images showed
different layers of the choroid and retinal tissues including retinal vessels, choroidal vessels,
retinal pigment epithelium, and sclera as well as newly formation CNV (red arrows) in the
subretinal space (Figs. 6a and 6c¢). After bevacizumab treatment, the 4-month-old group
showed a significant reduction of CNV which correlated with our histologic results (Figure
6b). In comparison with before treatment, the CNV thickness was reduced by approximately
82.83% (n=3, p<0.001). In addition, the normalized CNV area was decreased by about
83.34% in comparison to pre-treatment (n=3, p<0.001). However, no significant difference
was found in the 14-month-old group (n=3, p>0.05), confirming that bevacizumab has
minimal impact on the old rabbits (Fig. 6d). This result agrees with the results reported by
Zhu et al.(Zhu et al., 2020) in a mouse laser-induced CNV model. Figure 6e—f show the

3D OCT images achieved from both the 4-month-old group (Figure 6e) and 14-month-old

Exp Eye Res. Author manuscript; available in PMC 2023 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nguyen et al.

Page 9

group (Figure 6f). These 3D OCT images illustrated the entire retina’s architecture including
retinal vessels, choroidal vessels, and nerve fiber layer as well as the dynamic changes in

the retina’s structure at the location of developed CNV. At the CNV development, choroidal

vessels were reduced due to the side effects caused by Matrigel, which is consistent with the
color fundus image shown in Figures 1-3.

3.4 Histological and Immunohistochemistry (IHC) Evaluation

Histological and IHC analysis were obtained from the euthanized rabbits at day 28 post
bevacizumab treatment. Histological evaluation shows retinal disorganization and confirms
the presence of newly developed CNV beneath the neurosensory retina, matching the
regions of fluorescent leakage found in FA images demonstrated in both control and

treated groups (Figs. 7a—c). In some areas, CNV was identified to begin from the choroid
layer and spread into the subretinal space through ruptures in Bruch’s membrane. We
observed a massive loss of the outer nuclear layer (ONL) and photoreceptors in all treatment
groups. Neovascularization after bevacizumab treatment in the young rabbit group was

less than in the aged rabbit group (Figs. 7b & c). The histological analysis also shows

no evidence of nuclei morphology changes, confirming no toxic effect associated with
bevacizumab treatment. a-SMA was highly expressed in the 14-month-old group, whereas
the a-SMA was less expressed at the CNV lesion obtained from the 4-month-old group
(Figs. 7d—f). To assess the expression of CD163 appeared at the location of experimental
CNV, we implemented immunofluorescence analysis. The immunofluorescence-stained
images demonstrate that few CD163-possitive macrophages observed in the retina and
choroid layers obtained from the control rabbit. In contrast, most of the CD163-possitive
macrophages were detected in subretinal spaces around the CNV lesion and in some location
in the inner layer in both young and life span rabbits as marked by red arrows.

4. Discussion

This study demonstrates how young and old rabbits with subretinal injection of Matrigel/
VEGF-induced CNV respond to bevacizumab treatment and delineate differences in
response between the two age groups. Our results showed that at 1, 2-, 7-, 14-, and 28-days
post-treatment, there was a significant reduction in neovascularization among the young
rabbits but minimal change in CNV among the old rabbits (Figs. 2—4). These results are
consistent with the published data in mice (Zhu et al., 2020) and support the species
independence of age-dependent resistance of CNV to anti-VEGF therapy. This result is
highly significant because it demonstrates the first large mammalian AMD model of anti-
VEGF resistance, which is invaluable for further mechanistic and translational studies.

This is noteworthy since the U.S. Food and Drug Administration (FDA) recommendations
necessitate that the efficacy of a pharmaceutical product must be demonstrated in rodent

and one non-rodent, and rabbit eyes have unique advantages to serve as this non-rodent,
large animal eye model required by the FDA for evaluation of new pharmaceutical therapies.
Thus, the rabbit model we developed is particularly important to evaluate new treatments

of anti-VEGF resistance in CNV. There are several advantages of having CNV in a large
animal eye like a rabbit. Rabbit eyes share many similarities with human eyes including size,
vasculature, structure, optical scheme, biochemical and biomechanical makeup. The axial
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length of rabbit’s eye is 18.1 mm, nearly 80% that of humans (23 mm). Mice eyes have

a axial length of 3.2 mm, which is only 14% that of humans (Zhou et al., 2008). Rabbits
are larger and have a relatively long lifespan (5-7 years vs. 1.3-3 years in mice), enabling
studies of age-related photoreceptor, retinal and RPE degeneration and assessment of long-
term therapeutic effects and toxicity (Comfort, 1959). Several physiologic manipulation
equipment and therapeutic interventions fabricated for human eyes can be performed in
rabbits with slight modification (Fan et al., 2015; Graur et al., 1996; Li et al., 1990;
Woodruff-Pak and Trojanowski, 1996; Y Zernii et al., 2016). In previous studies, our
group has shown a 100% success rate in creating CNV models using Matrigel/VEGF
subretinal injections that stay stable over a month (Li et al., 2019). By using the mouse
laser photocoagulation to create CNV, CNV rapidly developed and reached a peak at week
2 with strong fluorescein leakage and then gradual reduction in the following month due to
the re-restoration of the blood-retina barrier and the speedy maturation of CNV (Gregor and
Ryan, 1982). These impacts make the mouse laser-CNV model more challenging to follow
the treatment longitudinally.

Using a multimodal PAM and OCT image acquisition, CNV in both young and old rabbits
was detected and visualized with high spatial resolution. This integrated system allows for
resolving microvasculature while maintaining light significantly lower than that of the ANSI
safety threshold energy level at approximately half the level (~80nJ) (Nguyen et al., 2020;
Nguyen et al., 2021b; Tian et al., 2017b; Tian et al., 2018). Compared to frequently used
methods of imaging, our system combines two powerful imaging modalities to provide high
resolution and clear contrast images of individual blood vessels for improved detection of
abnormal and/or diseased capillaries and angiogenesis.

5. Conclusion

In summary, this is the first study conducted to delineate differences in response to
bevacizumab between two different age groups of rabbits using a variety of different
imaging techniques. The results showed that young rabbits with CNV responded favorably
to bevacizumab while older rabbits exhibited minimal response to treatment. This is also
the first study to monitor and assess the progression of CNV using integrated PAM and
OCT imaging technology in two age groups concurrently. This novel animal model and
ophthalmic imaging setup can be a safe and useful tool for visualizing CNV and monitoring
the differences in the drug therapy response over time.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights:

Comparison of choroidal neovascularization (CNV) in young and aged large
animal models using bevacizumab (Bev), an anti-vascular endothelial growth
factor (VEGF) medication, treatment is described as a novel method to
demonstrate persistent disease activity and evaluate the efficiency of Bev in
different ages of animals.

There is a significant difference in response to intravitreal bevacizumab
treatment between young and old rabbits with CNV which can be monitored
with multimodal molecular imaging.

Robust CNV developed in both young and old rabbits by subretinal injection
of VEGF and Matrigel with a 100% success rate.

CNV was reduced by more than 90% after intravitreal bevacizumab injection
in young rabbits (4 months old) while life-span rabbits (14 months old)
demonstrate significant persistent disease activity with only 10.6% reduction
in CNV post-bevacizumab treatment.

CNV treatment can be monitored by a multimodal, non-invasive, high
resolution photoacoustic microscopy (PAM), optical coherence tomography
(OCT), and fluorescence imaging.

OCT images confirmed a rapid decrease of CNV in the young group.

Contrast agents (ultrapure chain-like gold nanoparticle clusters) demonstrated
high PAM signal in old rabbits and minimal PAM signal in young rabbits after
bevacizumab, indicating CNV regression.
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Figure 1. In vivo monitoring of CNV in rabbit model without treatment with Avastin:
(a) Color fundus photography obtained at 3, 7, 14, 21, and 28 days post subretinal injection

of VEGF. (b-d) Early, middle, and late phase FA images. CNV density were not significantly
changed over time.
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Figure 2. Intravitreal injection of BEV old rabbit models (14 months old):
(a) Color images. (b-d) FA images of the rabbit captured at early phase (b), middle phase

(c) and late phase (d) pre and post treatment. The late phase FA images shows leakage
consistent with CNV membrane. The rabbit with CNV models received intravitreal BEV
1.25 mg in the left eye. At day 28 post treatment, no significant therapeutic effect was
observed with continued significant late leakage on FA.
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Figure 3. Visualization of choroidal neovascularization (CNV) progression followed bevacizumab
(BEV) treatment on young rabbit model (4 months old):

(a) Color fundus photography. (b-d) Fluorescein angiography images achieved at early phase
(b), middle phase (c) and late phase (d) pre and post BEV administration at days 3, 7, 14,

21 and 28, respectively. The rabbit with CNV models received intravitreal BEV 1.25 mg in
the left eye. The retinal morphology was become normal at day 28 post therapy. Noted that
CNV activity had significantly reduced.
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Figure 4. Image segmentation and statistical analysis of the CNV density after treatment:
(a-b) FA images and the segmented CNV area of the 14 months old group (n = 3). (c-d)

FA images and the segmented CNV area of the 4 months old group (n = 3). (e) Graph of
the normalized fluorescent intensity measured from three different BEV treatment groups:
4 months, 14 months, and control groups (no BEV treatment). (f) Quantitative normalized
vessel density (n=3), *p< 0.005 compared to the untreated group using ANOVA.
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(a-b) Color fundus photographs of 4- and 14-months rabbits post treatment at day 28. (c-h)
and (i-n) PAM images achieved at 578 and 650 nm pre and post administration of CGNPs
(400 pg/mL, 5 mg/mL). The location of CGNP binding at CNV was pointed out by green
color. (d-h) Overlay PAM images.

Figure 5. In vivo PAM images of CNV post treatment:
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Figure 6. In vivo OCT visualization of CNV in rabbit models:
(a-c) OCT image before treatment in 4 months and 14 moths rabbit models shows an

indistinct area of CNV (red arrow and dotted yellow line) under subretinal space. No CNV
was observed on the OCT post treatment at day 28 (b). In contrast, CNV was clearly
observed on the OCT image acquired from 14 months rabbits (d). (e-f) 3D OCT images.
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Figure 7. Histological Evaluation of CNV on day 28:
(@) Control eye, (b) BEV treatment on 4 months rabbits, and BEV treatment on 14 months

rabbits (c). Pathologic choroidal vessels are display in the control eye (white arrow) as
shown in a. Both blood vessels and neovascularization are visible (black arrows) in the
region of newly developed CNV 28 days post treatment of BEV as shown in b and

c. (d-f) IHC images of control, 4 months, and 14 months groups with a-SMA labeling.

(g-i) Immunofluorescence images of cross sections obtained from control, young and aged
rabbits. Blue fluorescence indicates nuclei stained with DAPI. Green emission fluorescence
signal represents CD163-activated macrophages (red arrows) that are not present in control
but are present in both 4 months and 14 months groups. Scale bar is 50 pm.
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