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Abstract

e AIM: To investigate the features of retinal ischemic
injuries in a novel mouse model with bilateral carotid artery
stenosis (BCAS).

e METHODS: BCAS was induced with microcoil
implantation in 6-8-week-old C57BL6 mice. Cerebral blood
flow was monitored at 2, 7, and 28d postoperatively.
Retinal morphological changes were evaluated by fundus
photography and hematoxylin-eosin staining. Fluorescein
fundus angiography (FFA) was performed to detect retinal
vascular changes and circulation. The levels of apoptosis,
activation of neurogliosis, and expression of hypoxia-
inducible factor (HIF)-1a in the retina were assessed
by Western blotting and immunofluorescence staining,
followed by retinal ganglion cell (RGC) density detection.
Additionally, electrophysiological examinations including
photopic negative response (PhNR) was also performed.

e RESULTS: The mice demonstrated an initial rapid
decrease in cerebral blood flow, followed by a 4-week
recovery period after BCAS. The ratio of retinal artery
and vein was decreased under fundus photography and
FFA. Compared with the sham mice, BCAS mice showed
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thinner retinal thickness on day 28. Additionally, apoptosis
was increased and RGC density was decreased mainly in
peripheral retinal region. Neurogliosis was mainly located
in the inner retinal layers, with a stable increase in HIF-1«
expression. The dark-adapted electroretinogram showed
a notable reduction in the a-, b-, and oscillatory potential
(OP) wave amplitudes between days 2 and 7; this gradually
recovered over the following 4wk. However, the b- and OP-
wave amplitudes were still significantly decreased on PhNR
examination on day 28.

e CONCLUSION: BCAS can result in relatively mild retinal
ischemia injuries in mice, mainly in the inner layer and
peripheral region. Our study provides a novel animal model
for investigating retinal ischemic diseases.
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INTRODUCTION

he retina is a neural tissue that is metabolically active and
T susceptible to ischemic injury, which involves various
pathogenic mechanisms, such as neuronal depolarization, ionic
imbalance, and oxidative stress!'. However, these mechanisms
have yet to be fully comprehended. Retinal ischemia is a
common causative factor of several retinal clinical diseases,
including ischemic optic neuropathies, retinal artery or vein
occlusion, retinal ischemia syndrome, glaucoma, and diabetic
retinopathy, leading to irreversible visual disability"”. Hence,
the pathophysiology and molecular mechanisms of retinal
ischaemia injury have been given more research attention in
both human and animal models. Several human-generated
and naturally occurring retinal ischemia models are generated
mainly through intraocular pressure (IOP) elevation or the
occlusion of retina-related arteries”. Introducing sterile fluid
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into the vitreous chamber to increase IOP, usually over 110 mm Hg,
can block the blood supply to the retina in mice, and is widely
used to study retinal ischemia-reperfusion injury, especially
in acute angle-closure glaucoma”. Neural gliosis, retinal
ganglion cell (RGC) apoptosis, and retinal inflammation are
the major retinal degenerations observed in this model, with
the advantages of being temporary, reversible, and easy to
create and reproduce'. However, this model is not appropriate
for studying retinal ischemic diseases that are not associated
with high IOP or that present as chronic ischemic injuries,
such as the ocular ischemic syndrome (OIS) or normal tension
glaucoma (NTG).

Occlusion of retina-related arteries, such as the ophthalmic
artery, middle cerebral artery, or common carotid artery, can
directly reduce blood flow to retina without interference of
IOP. Ophthalmic artery ligation can lead to severe retinal
ischemic injury, including obvious visual dysfunction, thinning
of the retina, and increased gliosis and apoptosis'. However,
ophthalmic artery ligation is highly technically demanding
due to the close anatomical proximity between the optic
vessel and nerve, and easily leads to direct compression of the
optic nerve axons'”. Another well-accepted retinal ischemia
model via vascular occlusion is the middle cerebral artery
occlusion (MCAO)"”. This model involves occlusion of the
blood supply using a filament inserted through the external
and common/internal carotid artery, then advanced into the
middle cerebral artery™. In MCAO model, decreases of retinal
function are transient, and morphological alterations in the
retina are not detectable®. However, ischemic stress is evoked
as hypoxia-inducible factor (HIF)-1a and heat shock protein
(HSP) expressed in the RGC layer and gliosis activation in
Miiller cells"”. As the degree of perfusion depends on the
position of a filament which is difficult to control, the effect
of the MCAO is unstable. Additionally, bilateral common
carotid artery occlusion (BCCAO) was first induced in adult
rats"", BCCAO can produce complex and delayed neuronal
disorder in the retina; specifically, RGCs, neurons in the
inner nuclear layer, and photoreceptors are damaged at one
week, two months, and four months after BCCAO surgery,
respectively''”. However, the lack of posterior communicating
arteries and severe cerebral hypoperfusion leads to a extremely
high mortality rate in mice after BCCAO""”,

The bilateral carotid artery stenosis (BCAS) mouse model,
based on the same principles as BCCAO and MCAO, was
first proposed by Shibata et al'* in 2004. The key modeling
procedure of BCAS is rotating two microcoils made by piano
wire around each common carotid artery, leading to chronic
cerebral hypoperfusion with a relatively high survival rate!'”.
As a result of improved modeling skills over the last five years,
the BCAS has become widely used for studies of cerebral small

6191 Besides, recent studies have indicated

vessel diseases
that BCAS may also induce a decrease in retinal blood
volume and impairment in visual function'”'**"!. However,
the morphological and functional changes of retinal ischemia
injuries in BCAS still remain unclear. Hence, our study mainly
aimed to investigate the features of retinal ischemic injury in
a BCAS model and to evaluate the usefulness of BCAS as a
novel animal model for investigating retinal ischemic diseases.
MATERIALS AND METHODS

Ethical Approval All animal experimental protocols were
approved by the Institutional Animal Care and Use Committee
at the Eye and ENT Hospital of Fudan University and were
conducted in accordance with the guidelines of the Association
for Research in Vision and Ophthalmology Statement and of
the Animal Research: Reporting in vivo Experiments.

Animal Male adult C57BL/6 mice aged 6-8wk were procured
from Jiesijie Experimental Animals Co., Ltd. (Shanghai,
China) and housed in a temperature-controlled living
space with freely accessible food and water. Animals were
randomized into BCAS and sham groups.

Bilateral Carotid Artery Stenosis Surgery BCAS was
induced according to a previously established protocol by
Shibata et al''"'. Briefly, an incision was performed in the
middle cervical line to expose both common carotid arteries,
followed by applying microcoils (Sawane Spring, Wuxi
SAMINI SPRING, Chian) with 0.18 mm internal diameter
to both arteries (Figure 1). The same surgical procedure was
performed in the sham group, except for microcoil placement.
Laser Doppler imaging (moorLDI; Moor Instruments Ltd.
UK) was utilized to monitor cerebral blood flow, and cerebral
microperfusion was scanned repeatedly before and at 2, 7,
and 28d following BCSA surgery. The results are presented as
color-coded images and assessed in average cerebral perfusion
units using moorLDI.

Fundus Photography and Fluorescein Fundus Angiography
Mice were anesthetized, and 1% tropicamide eye drops were
used for pupil dilation before image acquisition at 2, 7, and
28d after BCSA surgery. A retinal imaging system (Optoprobe,
OPTO-RIS, England) was used to capture the fundus images
in vivo. The diameters of the major retinal artery and vein
were measured and averaged at two optic disc radiators
using the Image J software (v1.51 j8, USA) based on these
fundus images, and the ratio of retinal artery and vein was
calculated”". For fluorescein fundus angiography (FFA),
10% fluorescein sodium (A610203, Sangon Biotech., China)
was injected into the retro-orbital sinus at a 0.05 mL/20 g
concentration. The fundus image was obtained under the 488-nm
excitation from a blue solid-state laser using Optoprobe. Based
on the dynamics angiography of FFA, the time from the start
of fluorescent stain injection to first appearance of retinal
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Figure 1 BCAS surgery A: Surgery diagram; B: Details of microcoil (material: SWP-A with gold plating, specifications: 0.08x0.18x0.5x2.5 mm,

Wuxi SAMINI SPRING, China). BCAS: Bilateral carotid artery stenosis.

artery fill was recorded as retinal circulation time, the time
from the first artery fill to the first vein fill was recorded as
arterial filling time, and the time of all vein fills was recorded
as venous filling time.

Histology Mice from the two groups were euthanized using
isoflurane anesthesia on postoperative day 28. The eyes
were removed and fixed in 4% paraformaldehyde (Biosharp,
Beijing, China) at 4°C for 24h. After dehydration and paraffin
embedding, eyeballs were cut into 5-um-thick sections and
underwent hematoxylin-eosin (H&E) staining. Retinal images
were captured using light microscopy (Olympus [X73, Japan).
Retinal thickness values were measured and averaged at 200,
400, 800, and 1200 um distances from the central optic nerve
head on both sides.

Immunofluorescence Staining The eyeballs from the sham
and BCAS groups were dissected on postoperative day 28
and fixed in Fekete’s solution overnight at 4°C. Subsequently,
the eyeballs were dehydrated for 2 days at 4°C in a sucrose
solution gradient of 20% and 30% and then embedded in
an optimal cutting temperature compound. Using a freezing
microtome (Leica, Nussloch, Germany), 10-um-thick serial
sections of eye tissue were cut and placed on adhesion
microscope slides. Frozen sections were then blocked with
5% bovine serum albumin for 30min at approximately 25°C.
To detect glial fibrillary acidic protein (GFAP), these sections
were exposed to the primary antibody (1:2000, anti-GFAP,
Abcam, ab7260, UK) overnight at 4°C and washed thrice
with phosphate buffer saline (PBS). The sections were then
incubated in darkness with secondary antibodies (1:1000,
Alexa Fluor 488, ab150077, Abcam) and 4,6-diamidino-2-
phenylindole (1:1500, C1002, Beyotime, China) for 2h. The
One Step TUNEL Apoptosis Assay Kit (C1089-1, Beyotime)
was performed to detect apoptotic cells according to the
manufacturer’s protocols. The sections were examined under a
fluorescence microscope (Olympus IX73, Japan). The intensity
of GFAP and counts of TUNEL-positive retinal cells in sham
and BCAS groups under the same magnification and location
were then detected by Image J software (v1.51 j§, USA).
Retinal Ganglion Cell Detection The retinas were gently
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resected on postoperative day 28 in the sham and BCAS
groups and subsequently incubated with the primary antibody
(antiRBPMS, ABN 1362, Merck) overnight at 4°C. They were
then diluted in PBS containing 0.3% Triton X-100 (Thermo
Fisher Scientific, Canada) and 3% normal serum. After rinsing
three times with PBS for 15min each time, the retinas were
incubated with the secondary antibody (1:1000, Alexa Fluor
488, ab150077, Abcam) for 1.5h at approximately 25°C.
Subsequently, the sections were washed thrice with PBS
and examined under a fluorescence microscope (Olympus
IX73, Japan) to visualize RGCs. RGC density was assessed
at different distances from the central optic disc as the center
(1/6), middle (3/6), and peripheral (5/6) retinal regions and
subsequently quantified per unit area by computing mean cell
counts (counts/mm>).

Western Blot To obtain a detailed differential expression
of proteins over the postoperative period, the retinas
from the two surgery groups were dissected carefully at
2, 7, 14, and 28d postoperatively and then lysed on ice
in redioimmunoprecipitation assay buffer (Sigma, USA)
containing protease and phosphatase inhibitor cocktail
(1:100, #5872, Cell Signaling Technology, USA). The protein
lysates were resolved by electrophoresis of sodium dodecyl
sulfate-polyacrylamide gel and electrotransferred onto the
polyvinylidene difluoride membranes. Then 2% bovine
serum albumin solution was used to block the membranes for
lh and the membranes were then incubated at 4°C for 24h
with primary antibodies against HIF-1a (1:1000, AF1009,
Affinity Biosciences, China), GFAP (1:5000, ab7260, Abcam),
Bcl-2 (1:2000, 12789-1-AP, Proteintech, USA), caspase-3
(1:2000, ab184787, Abcam), and B-actin (1:2000, AF7018,
Affinity Biosciences). After several washes, we incubated
the membranes with horseradish peroxidase-conjugated
secondary antibodies (1:1000, S001, Affinity Biosciences) at
approximately 25°C for 1.5h. An enhanced chemiluminescence
substrate kit (Femto-sig ECL, 180-506, Tanon, China) and an
imaging system (JS-M6, P&Q Science & Technology, China)
were used to visualize the protein. Image J software (v1.51 j8§,

USA) was utilized for the densitometric analysis of the bands.
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Figure 2 Cerebral blood flow changes after BCAS surgery A: Cranium scanning in C57BL/6J mice via laser Doppler imaging before and at 2, 7,

and 28d after BCAS; B: Cerebral blood flow rate (average postoperative perfusion unit/preoperative perfusion unitx100%) before and at 2, 7,

and 28d after BCAS. n=5. °P<0.05, °P<0.01 vs preoperatively using one-way analysis of variance. BCAS: Bilateral carotid artery stenosis.
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Figure 3 Morphological changes of retinal vasculature in BCAS A: Fundus images before and at 2, 7, and 28d after BCAS, and diameters

measuring of retinal artery and vein; B: The ratio of retinal artery and vein before and on 2, 7, and 28d after BCAS; n=>5, °P<0.01 vs

preoperatively using one-way analysis of variance; C: Tortuous retinal veins (white arrow) in the peripheral retinal region before and on 28d

after BCAS under FFA. BCAS: Bilateral carotid artery stenosis; FFA: Fluorescein fundus angiography.

Electroretinogram and PhNR Testing Animals in the BCAS
group were dark adapted for over 4h, and pupils were fully
dilated using tropicamide drops. Two contacting electrodes
were fixed on each cornea with a 2.5% hypromellose lubricating
gel to keep it moist after anesthetization. Subcutaneous
needle electrodes were used as reference electrodes. Full-
field electroretinograms (ERGs) were performed at 2, 7, and
28d after BCAS with the ESPION system (Diagnosis LLC,
Lowell, MA, USA) at flash intensities ranging from 0.01 to
3.0 cd per second/m’. Meanwhile, photopic negative response
(PhNR) testing was performed at 10.0 cd per second/m” at
28d postoperatively. The main parameters were recorded as
amplitudes of a-waves, b-waves, OP-waves, and PhANR waves
and averaged for each mouse.

Statistical Analysis Two normally distributed sham and
BCAS groups were compared using Student’s #-tests, and
data within the group from different times postoperatively
were analyzed using a one-way analysis of variance. The data
were shown as mean+standard deviation (SD) for continuous
variables. All statistical analyses were performed by SPSS

(v25.0, IBM Corp, USA). A P-value of less than 0.05 was
considered to indicate statistically significant differences.
RESULTS

Brain Blood Flow Changes in BCAS Mice The microcoils
were successfully implanted in each mouse. Compared with
the preoperative values, the cerebral blood flow was reduced
to 74.1% (P<0.01), 82.3% (P<0.05), and 93.8% (P>0.05) on
postoperative days 2, 7, and 28 in the BCAS group (Figure 2).
No animal died during the 4-week study period, and only one
mouse had cerebral blood flow that returned to the preoperative
level at week 4 after surgery.

Morphological Changes in Retinal Vasculature and FFA
in BCAS Mice Fundus photography revealed that the retinal
arteries of mice were gradually narrowed after BCAS, leading
to a continuous decrease in the ratio of retinal artery and vein,
with a significant difference between the 4" week and the
preoperative period (from 0.70 to 0.55, P<0.01; Figure 3A,
3B). Additionally, no obvious signs of severe retinal ischaemia
were observed in BCAS by FFA, such as perfusion zones,

fluorescence leakage, or neovascularization, but noticeable
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Figure 4 FFA in BCAS A: FFA images at retinal circulation time, arterial filling time, and venous filling time before and at 2, 7, and 28d after

BCAS; B: The retinal circulation time (R time), arterial filling time (A time), and venous filling time (V time) before and on 2, 7, and 28d after

BCAS; n=>5, °P<0.01, P<0.001 vs preoperatively using one-way analysis of variance. BCAS: Bilateral carotid artery stenosis; FFA: Fluorescein

fundus angiography.

tortuous retinal veins in the peripheral retinal area were
detected on postoperative day 28 (Figure 3C). As for the
retinal perfusion in BCAS by FFA (Figure 4A), the retinal
circulation time was significantly prolonged on postoperative
day 2 (3.52+0.66s, P<0.001) compared to preoperatively
(1.84+0.53s), but gradually recovered on 7d (2.46+0.51s,
P>0.05) and 28d (2.20+0.83s, P>0.05; Figure 4B). Besides,
the arterial filling time was significantly prolonged on all
postoperative day 2, 14, and 28 (2.38+0.28, 1.80+0.27,
1.66+0.40s, P<0.05) compared to before BCAS (1.18+0.25s;
Figure 4C). In addition, there was no significant difference
in venous filling time on postoperative day 7 (1.20+0.56s,
P>0.05) and day 28 (1.3640.46s, P>0.05) compared with those
preoperatively (1.24+0.45s), except for day 2 (2.86+0.30s,
P<0.001; Figure 4D).

H&E and Fluorescence Staining of the Retina H&E
staining showed a significant difference in retinal thickness
between the BCAS and sham groups on postoperative day 28.
The values measured at distances of 400, 800, and 1200 um in
the BCAS group were 163.6£7.5, 151.4+5.0, and 125.74£2.8 um,
thinner as 10.6% (P<0.05), 11.0% (P<0.01), and 17.3%
(P<0.01) compared with the sham group, respectively (Figure
5A, 5B). However, no remarkable morphological changes were
found in different layers of retinal tissue. Glial hyperplasia of
the retina was observed by fluorescence staining in the BCAS
group (Figure 5C, 5D). Besides, increased signs of apoptosis in
the peripheral retinal area, mainly in the inner layer, were also
noted (Figure SE, 5F).
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Retina Ganglion Cell Density The results indicated that the
average RGC density in the central, middle, and peripheral
retinal regions (Figure 6A) were 3850+246, 3665+237,
and 3485+£195/mm’, respectively, in the sham group, and
37794245, 3631272, and 2836+459/mm’, respectively, in the
BCAS group. Notably, RGC density in the peripheral region
was lower by 18.6% (P<0.05) in the BCAS group, while no
significant differences were found in the central and middle
retinal regions (P>0.05; Figure 6B, 6C).

Western Blot The general results of Western blot of retina
in the sham and BCAS groups were shown in Figure 7. HIF-
la protein expression levels in the retina were significantly
incresed in BCAS on postoperative days 2, 7, 14, and 28
(P<0.01, P<0.01, P<0.05, P<0.01, respectively; Figure 7B).
Significant increases in GFAP protein expression were
observed in the BCAS group during the 4-week postoperative
period compared to the sham group (2wk: P<0.05; 4wk:
P<0.01; Figure 7C). Besides, expression of Bcl-2 was
significantly lower in the BCAS group at both the 2™ (P<0.01)
and 4" (P<0.01) weeks postoperatively (Figure 7D). In
contrast, cleaved caspase-3 expression differed between the two
groups only on postoperatively days 28 (P<0.01; Figure 7E).
Electrophysiological Changes of Retina in BCAS In the
0.01 ERG program (Figure 8), preoperative testing showed
an average b-wave amplitude of 228.6+£66.7 pV in the
BCAS. However, on postoperative days 2 and 7, the average
amplitude of the b-wave significantly decreased to 77.3+28.0 uV
(P<0.001) and 175.2+44.0 pV (P<0.05), respectively. No
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Figure 5 H&E and immunofluorescence staining of the retina A: H&E staining of the retina from sham and BCAS mice after 28d at a distance

of 400 um from the ONH; scale bar, 50 um; B: Retinal thickness on postoperative day 28; n=5 in each group, °P<0.05, °P<0.01 between the

sham and BCAS group (Student’s t-test); C: GFAP immunofluorescence stain in retina (blue: DAPI; green: GFAP) on postoperative day 28; scale

bar, 50 um; D: GFAP intensity on postoperative day 28; n=5 in each group, “P<0.001 between the sham and BCAS group (Student’s t-test); E:

Apoptosis assay in peripheral retina (blue: DAPI; red: TUNEL) of sham and BCAS on postoperative day 28; scale bar, 100 um; F: TUNEL-positive

cells count in peripheral retina; n=5 in each group, ‘P<0.001 between the sham and BCAS group (Student’s t-test). H&E: Hematoxylin-eosin;

BCAS: Bilateral carotid artery stenosis; ONH: Optic nerve head; GFAP: Glial fibrillary acidic protein.

significant difference was observed in the values at the 4"
week postoperatively compared with those preoperatively
(Figure 8C). The a-wave amplitude was also not significantly
different throughout the 4wk. In the 3.0 ERG program (Figure
8B), preoperative testing indicated that the average amplitudes
were 190.0+£24.0, 462.8+57.3, and 32.14+8.8 uV in the
a-wave, b-wave, and OP wave, respectively. On postoperative
days 2, 7, and 28, the average a-wave amplitude decreased
to 111.7422.7 uV (P<0.001), 113.0£21.3 pV (P<0.001),
and 182.8+33.1 uV (P>0.05), respectively (Figure 8D).
Meanwhile, the average b-wave amplitudes were decreased
to 172.9£59.0 pV (P<0.001), 226.1+40.1 pV (P<0.001),
and 405.6+44.4 pV (P<0.05), respectively (Figure 8F). The
average OP wave amplitudes were significantly decreased
after 2d and 2wk but not at 4wk postoperatively, measuring as
8.3£1.5 uV (P<0.001), 18.3+3.0 uV (P<0.001), and 37.5+3.3 pV
(P>0.05), respectively (Figure 8E). Additionally, on

postoperative day 28 compared to before BCAS (Figure 8G,
8H), the b-wave amplitudes decreased from 170.3£22.1 to
77.8+7.7 uV (P<0.01), and the PhNR wave decreased from
35.743.310 26.8£5.4 uV (P<0.05).

DISCUSSION

Our study is the first to systematically summarize and
demonstrate retinal ischemic injury of BCAS mouse model
by detecting retinal ischemic morphological and functional
changes without being induced by elevated IOP. According to a
previous study, the mortality rate of MCAO at 4-month in mice
ranges from 5% to 44%, whereas that of BCCAO mice reaches
100% at 2h postoperatively!**”. In our study, one mouse died
due to overtraction of the vagus nerve during BCAS operation,
and the overall mortality rate of BCAS was approximately
10% at 4wk postoperatively, which was obviously superior to
MCAO and BCCAO mice. Eyelid ptosis, or the disappearance
of pupillary reflexes to light in the operated eye, can occur in
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retinal ischemic models with complete vascular occlusion,
such as BCCAO"**"!. However, our study did not observe
these signs, suggesting that the overall degree of retinal blood
flow hypoperfusion after BCAS in mice was relatively mild
and well tolerated. Our study indicates that the BCAS model
might be optional for studying non-high IOP related retinal
ischemic diseases.
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In previous studies, induction in BCAS using a microcoil
with 0.18 mm inner diameter resulted in an initial acute
reduction in cerebral blood flow of 30%—-40%, which then
recovered to approximately 85% of the preoperative level
within 1-3mo"*'”. Similar results using the same microcoil
size were obtained in the current study with a relatively faster
cerebral blood flow recovery. This is possibly due to the
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Figure 8 ERG and PhNR examination of BCAS mice A-B: ERG examinations at 0.01 and 3.0 programs preoperatively and on postoperative days

2, 7, and 28 after BCAS; C-F: The amplitudes of b, a, and OP waves under 0.01 and 3.0 ERG programs before and at postoperative days 2, 7, and

28 after BCAS, n=10 in each group, °P<0.05, “P<0.001 vs preoperatively using one-way analysis of variance; G: The PhNR test in sham and BCAS

mice on postoperative day 28; H: The amplitudes of a, b, and PhNR waves in sham and BCAS mice on postoperative day 28, n=5 in each group,

p<0.05, °P<0.01 between the sham group and the BCAS group (Student’s t-test). ERG: Electroretinograms; PhNR: Photopic negative response;

BCAS: Bilateral carotid artery stenosis; OP: Oscillatory potential.

variable amounts of retrograde flow recruitment and posterior
communicating artery variation in different individuals,
according to a previous study'”. Further, a significant decrease
in the retinal arteriovenous ratio were observed 28d after
BCAS in our study, which is a sign of hypoperfusion in the
retinal ischemia model™. Although we did not find obvious
vascular signs of retinal ischaemia, the tortuosity of small
blood vessels in the retina may be an indirect sign of whole-
brain hypoperfusion. As the eye is considered an extension of
the central nervous system', retinal vascular changes (such
as venular caliber and arteriolar fractal dimensions™) are
highly correlated with cerebral vascular diseases, especially
small vessel ischemic disease mimicked by BCAS""**. Thus,
BCAS might be an effective method for further investigating
and better understanding the interactions of retinal and
cerebral ischemia. Additionally, it is necessary to extend the
observation time of the model appropriately and incorporate
the detection of additional vascular-related molecules, such as
vascular endothelial growth factor, in order to further enhance
our understanding of retinal vascular changes and homeostasis
under hypoperfusion status in our subsequent study of BCAS.

Although direct quantification of retinal blood flow in mice

is currently difficult, FFA can help us assess the state of
retinal circulation. Our FFA examination showed that the
retinal circulation time was significantly prolonged at 2d
postoperatively, but gradually recovered at 7 and 28d. This
is basically consistent with the results of cerebral blood flow
after BCAS, which may be related to the recovery of collateral
circulation. Besides, the prolongation of arterial and venous
filling time also indicated decreased retinal blood perfusion
after BCAS. In fact, the prolongation of the arm-to-retina
circulation time is one of the most important and specific
diagnostic criteria for OIS, which is primarily caused by severe

™) Thus, our findings

plaques and stenosis in the carotid artery
suggest that BCAS may be an ideal animal model for the study
of OIS.

Morphological investigations in numerous models of retinal
ischemia have revealed an obvious decrease in retinal
thickness"”", which is consistent with our results after BCAS.
However, the retinal ischemia injury of BCAS might also
be slight because no severe morphological changes in the
retina were detected in our study at 4wk. The RGCs were
reduced by almost 20% only in the peripheral retina at 4wk
postoperatively, which was less severe than that observed in
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other retinal ischemia models”'””. Damage to RGCs, mainly
in the peripheral retina, has been reported in several studies,
usually in some chronic elevated IOP models®™***. Our findings
indicate that peripheral RGCs are more sensitive to blood
hypoperfusion than those in the central or middle region, and
that the hypoperfusion might also involve in the peripheral
RGCs death during chronic IOP elevation in past studies. In
addition, it was also consistent with the results of apoptosis
assays conducted on retinal sections on postoperative day 28.
We speculated that this phenomenon might be induced not
only by the external carotid artery retrograde flow recruitment
for the central region'", but also by the presence of pericyte-
induced “no-reflow” in the peripheral retina area after early
ischemia””>*. Previous studies have shown that NTG is more
likely to be caused by ischaemia, rather than a high IOP™*.
Therefore, our findings indicate that BCAS may be also useful
for investigating the pathological mechanisms of NTG.

Ischemia in neural tissues commonly results in the activation

™1 In our study, the western

and proliferation of glial cells
blot assay confirmed a cumulative increase in the levels of the
GFAP protein, a glial marker, in the retina 28d after BCAS.
Evaluation of immunofluorescent sections also indicated that
glial activation was limited within the inner layer of the retina.
Further, it was milder than that in traditional models of retinal
ischemia-reperfusion injury, in which gliosis was observed

[4.42

in multiple retinal layers'**’. HIF-1a is a key regulator of the
up-regulation of hypoxia-responsive genes, and detection of
HIF-1a can help us determine the occurrence and durations of

(% Protein expression of HIF-1a in

hypoperfusion states in tissues
the retina was maintained at high levels for at least 4wk after
BCAS. In contrast, HIF-1a was only detectable within the
initial 24h in a previous model of acute retinal ischemia”. We
hypothesized that the retina under BCAS experienced a low
level of chronic hypoperfusion within 7d after early ischemia,
which lasted for at least 4wk. Importantly, BCAS resulted in
persistent chronic apoptosis that appeared after >2wk, during
which apoptosis-related proteins Bel-2 and caspase-3 were also
significantly altered in the expression levels.

The results of the ERG test exhibited a significant decline in
the amplitude of a-waves and b-waves under the 3.0 program
and that of b-waves under the 0.01 program during the early
postoperative period (postoperative days 2 and 7). These findings
indicate the compromised functions of photoreceptors, Miiller
cells, and bipolar cells during the initial acute hypoperfusion
in BCAS. Although the origin of OPs has not yet been
established, our study’s decreased OP wave amplitudes may
indicate dysfunction of bipolar and amacrine cells in BCAS!**,
These early electrophysiological decreases were followed by
a gradual recovery, consistent with the recovery of cerebral
blood flow over the next weeks. The initial transient retinal

2200

deficits and subsequent functional recovery may be associated
with the degree of extracellular glutamate and glutamine

Pl and further research

synthetase according to a previous study
is needed. The significant decrease in b-wave amplitude after
28d was observed only under the 3.0 ERG program, indicating
inner retinal injury from early ischemic damage'”. In addition,
no significant differences were found in the amplitudes of the
a-wave and PhNR waves at week 4. The decreased amplitudes
of b-wave and PhNR indicated relatively inactive electrical
activity of ON- and OFF-cone bipolar cells and the RGC
layer'”, confirming the mild injury to the RGCs. However,
ERG can only assess electrophysiological changes of the
ischemic retina in BCAS, whereas there may be hypoperfusion
injury in the entire visual pathway. Thus, more methods are
needed to evaluate the neurological changes in combined eye-
brain ischemia, such as the visual evoked potential test.

One limitation of our study was that we could not determine
whether the retinal ischemic injury was due to early acute
blood decline or chronic mild ischemia. It is also a concern
of studying cerebral neuronal dysfunction in BCAS"*. A
deeper investigation of detailed dynamic changes in retinal
hemodynamics of BCAS is needed for the selection of
appropriate time window to investigate retinal ischemia
injury, possibly different from the 28d applied in this study.
In addition, previous studies have indicated chronic ischemic
changes in white matter and optic tracts in BCAS!"*";
however, it is still unknown whether the pathological changes
in the BCAS retina are associated with or affected by
ischemic injury from the central nervous system and further
research is required. In fact, evaluating cerebral functions
via visual function test is commonly conducted in past
cerebral ischaemia studies using BCAS models, which also
needs to be re-considered. Additionally, although our study
demonstrates the functional and morphological alterations of
retinal ischemia injury in the BCAS, further investigation of
the specific molecular mechanisms and pathological processes
involved still needs to be conducted, which is the focus of our
subsequent research.

In conclusion, a mild retinal ischemia injury was observed
after BCAS, and it could be a novel useful mice model for
investigating retinal ischemic diseases. Besides, the BCAS
model might help us better understand the pathological
processes in both ocular and cerebral neurological ischemia.
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