


A novel model of retinal ischemic injury

Figure 6 RGC density A: The flat mount of the retina and three regional subdivisions (center, middle, and peripheral); B: RGC density in the
three regions on postoperative day 28; n=5 in each group, *P<0.05 between the sham group and BCAS group (Student’s t-test); C: Anti-RBPMS
(green) staining of three retinal regions in the sham and BCAS mice on postoperative day 28; scale bar, 50 um. RGC: Retinal ganglion cell; BCAS:

Bilateral carotid artery stenosis.

Figure 7 Western blot of retina samples from sham and BCAS mice A: Differential expression of HIF-1a, GFAP, Bcl-2, caspase-3, and B-actin
in the retina of sham and BCAS mice after 2, 7, and 28d; B-E: Quantitative analysis of the expressions of HIF-1a, GFAP, BCL-2, and caspase-3
normalized according to B-actin expression at postoperative days 2, 7, 14, and 28; n=5 in each group, *P<0.05, °P<0.01 between the sham group

and the BCAS group (Student’s t-test). BCAS: Bilateral carotid artery stenosis; HIF: Hypoxia-inducible factor; GFAP: Glial fibrillary acidic protein.

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
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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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