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ABSTRACT

Ocular ischaemic syndrome is a devastating eye disease caused by severe carotid artery stenosis. The purpose
of the study was to develop a reliable rat model for this syndrome by means of common carotid artery occlusion
and a controllable needle suture method. Adult Wistar rats were subjected to common carotid artery occlusion
and sham surgery. The common carotid artery was ligated unilaterally or bilaterally with needles of different
diameters, and ocular arterial filling time was examined by fluorescein fundus angiography at different time
points. Haematoxylin-eosin staining of vessels and degree of stenosis were considered outcome measures. The
ocular blood flow was monitored and measured by laser doppler flowmetry. Needles with a diameter of 0.4 mm
were more effective in developing severe stenosis of the common carotid arteries compared with needles of
other diameters. Bilateral common carotid artery occlusion was a more effective model than unilateral
occlusion. The arterial filling time was significantly increased at 14 and 21 days after ligation (5.75+0.45 and
6.27 £0.95s, respectively) compared with arterial filling time before surgery (5.22 +0.64 s). The total blood flow
in the sham surgery group was significantly higher than in the bilateral common carotid artery occlusion group.
The fundus blood flow was statistically different between the two groups, whereas that of the anterior segment
was not. In conclusion, the authors have established a rat model of ocular ischaemic syndrome via a controllable
needle suture method, which was reliable up to 2-3 weeks after surgery.
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INTRODUCTION

Ocular ischaemic syndrome (OIS) occurs in the
anterior and posterior segments of the eye and is
caused by severe hypoperfusion of the eye, mostly
secondary to common carotid artery stenosis. It is
characterized by loss of visual acuity; inflammation
of the conjunctiva, cornea, and anterior uvea; iris
neovascularisation; mid-dilated poorly reactive pupil;
cataract; neovascular glaucoma; and midperipheral
retinopathy with dot and blot haemorrhages, micro-
aneurysms, retinal arteriolar narrowing, capillary
nonperfusion, and optic disc neovascularisation.'
Since OIS is usually underdiagnosed, has a poor
prognosis and these patients usually suffer from

severe ischaemic cardiovascular and cerebrovascular
diseases, its 5-year survival rate after final diagnosis is
only 60%.> Only early detection, diagnosis, and timely
treatment would allow increased survival rates and
quality of life of these patients.

Monkeys, rabbits, rats, mice, guinea pigs, cats,
dogs, and pigs have been used as animal models of
retinal ischaemia.>® Rats are most widely used in
laboratories because their vascular and retinal struc-
tures are closer to those of humans, and they are less
expensive and are easier to obtain and handle. The
most common rat models of retinal ischaemia include
pressure elevation, optic nerve ligation, vessel
ligation, photodynamic ablation, and endothelin
administration. Slakter et al.” were amongst the first
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to develop an animal model for carotid artery occlu-
sive disease. Experimental data demonstrated that
bilateral common carotid artery occlusion (BCCAO) in
the rat results in an incomplete retinal ischaemia,
leading to chronic ganglion cell loss, optic nerve
degeneration, and other cerebral degeneration.w'11
The reduction of blood flow induced by BCCAO for
90 days in rats induces retinal degeneration and
cellular death. Presently, no available model has
provided direct evidence of retinal ischaemia. Our
study establishes a rat model of OIS by BCCAO and a
controllable needle suture method. This protocol,
which uses fluorescein fundus angiography (FFA)
and laser doppler flowmetry, provides an important
tool to explore the pathogenesis and treatment of OIS.

MATERIALS AND METHODS
Animals

The protocol used in this study was approved by the
institutional review board of Beijing Friendship
Hospital affiliated to Capital Medicine University.
The study adhered to the Association for Research in
Vision and Ophthalmology (ARVO) Statement for the
Use of Animals in Ophthalmic and Vision Research.
Clean-grade Wister rats (6 months old; 270-300g;
Laboratory Animal Centre of Peking University) were
used. Animals with cataracts or retinal diseases were
excluded after slit lamp (Topcon SL-50; Suzhou
Medical Appliance Factory) examination. They were
assigned to two groups using a random number table:
24 were assigned to the sham surgery group and 68 to
the stenosis group. Of these, 16 rats underwent
bilateral ligation of the common carotid artery
(BCCAO; 4 rats per group) with needles 0.3, 04,
0.6, and 0.9mm in diameter; 4 rats underwent
unilateral ligation of the common carotid artery with
0.4-mm-diameter needles; and 48 rats underwent
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BCCAO with 0.4-mm-diameter needles. All rats
were subjected to FFA examination at different time
points. Physiological indices such as weight, vital
signs, behaviour, motion, and feeding were monitored
constantly.

Surgical Procedure: Induction of Stenosis by
a Controllable Needle Suture Method

The procedure was performed under anaesthesia
induced by an intraperitoneal injection of 0.2%
pentobarbital (30 mg/kg). Following a ventral midline
incision (approximately 2-3cm), the right common
carotid artery (CCA), internal carotid artery (ICA),
external carotid artery (ECA), and the vagus nerve
were separated from the carotid sheath. Branches of
the ECA were subjected to electric coagulation; the
distal ECA was ligated and sheared (preliminary
experiment) at about 1 cm from the origin of the CCA.
Pinheads (needles) of different diameters were
positioned beside the CCA and tied together by 5-0
silk sutures. The pinhead was then removed
(Figure 1). This procedure resulted in different
degrees of stenotic CCA, since the suture was left in
place after reperfusion. The appearance (colour and
pulsation condition) of the vessel wall was observed
under the microscope. Animals assigned to sham
surgery were submitted to the same procedure with-
out ligation of the CCA. In order to reduce the
variability of the procedure, one single experienced
technician carried out all of the surgeries.

Pupillary Light Reflex

Each animal was examined for direct and consensual
pupillary light reflex (PLR) with a light beam using a
direct ophthalmoscope before and after surgery,

everyday for the first week and then weekly up to

(©

c

FIGURE 1 The process of producing carotid stenosis. (a) A needle of 0.4mm diameter was positioned beside the common
carotid artery (CCA) at about 1.5cm from the bifurcation; (b) the needle and CCA were tied together by 5-0 silk sutures; (c) the
pinhead was then removed, and this procedure resulted in a certain degree of stenotic CCA, since the suture was left in place after

reperfusion.
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21 days. The examiner was blinded to whether the
animals had been submitted to CCAO or sham
surgery. Each animal was adapted to darkness for
5min and then a beam of light was first directed to the
right eye for evaluation of direct PLR. Subsequently,
the beam was quickly moved to the left eye to assess
the consensual reflex. The rat was left in the dark for
1min for recovery and then the same procedure was
repeated for the left eye. Loss of the pupillary reflex
was defined as failure of pupil constriction after
exposure to the light beam.

Fluorescein Fundus Angiography

FFA was investigated at different time points after
surgery on the left eyes of rats from the two groups
(fundus camera: TRC50IX retinal camera; Topcon,
Itabashi, Tokyo). The procedure was performed under
anaesthesia induced by an intraperitoneal injection of
0.3mL/100g of 10% chloral hydrate (Sinopharm
Chemcial Reagent Co. Ltd, China). Cyclopentolate
hydrochloride eye drops (Alcon Laboratories) were
used as mydriatics. Rats were placed on the operating
table for retinal observation. For this purpose, 0.5mL/
kg of 100 g/L sodium fluorescein (Guangzhou Baiyun
Shan Ming Xing Pharmaceutical) was rapidly injected
into the caudal vein. Dextran and hypromellose eye
drops (Alcon Laboratories) were instilled approxi-
mately every 1-2min in the eyes to prevent corneas
from drying. The venous filling time was recorded.

HISTOLOGY

All rats were euthanized with 10% chloral hydrate
(5mL) at given time points. The ligated carotid artery
was rapidly dissected, soaked in 40 g/L formaldehyde
for 24 h for fixation, and embedded in paraffin wax.
Four-micron-thick serial sections were prepared for
haematoxylin-eosin staining and vessel lumen
evaluation.

Monitoring of Ocular Blood Flow

The ocular blood flow was monitored using laser
doppler flowmeter (Moor Instruments, UK) before and
21 days after surgery.'” This approach allowed us to
determine changes in blood volume per unit area.
Blood flow was assessed in the iris (anterior segment)
and fundus (posterior segment) and the values in sham
and BCCAO groups were compared. In the laser room,
starlight conditions induced mydriasis in rats.

The procedure was performed under anaesthesia
by an intraperitoneal injection of 0.3 mL/100g of 10%
chloral hydrate. The animals were laterally recumbent
to allow monitoring of the ocular blood flow. The

blood flow was measured in the left eye. Data were
recorded in high-resolution real-time imaging mode.
Two equal areas were taken in the pupil and iris
regions, where the decrease in blood flow was
monitored and measured. The blood flow in the
pupil area was considered as fundus and that in
the iris area as anterior segment blood flow. Data are
expressed as perfusion units (PU).

STATISTICAL ANALYSIS

Data are expressed as meanz+standard error.
Student’s t test and analysis of variance were used
(SPSS 17.0). Differences were considered significant
when p<0.05.

RESULTS
Rat Physiological Indices

In all rats, vital signs were stable. Animal behaviour
was observed during the experiments. No differences
were observed in motion, feeding, or weight between
groups.

Slit-Lamp Examination

A cataract was found only in one eye of a rat
belonging to the BCCAO group (ligated 0.4mm
needle) using slit-lamp examination (Figure 2). No
cataracts were found in the sham surgery group.

PLR Examination

We observed PLR before and after surgery, every
day for the first week and weekly up to 21 days.

FIGURE 2 One rat in the bilateral carotid artery occlusion
(BCCAO) group had a cataract in one eye.
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Before surgery, PLR of all animals was positive. Three
rats from the BCCAO group lost direct PLR in both
eyes (6.25%), whereas 45 maintained it in both eyes
(93.75%). Loss of the PLR occurred during the first
3 days after surgery and its status did not change
during the subsequent days and weeks after surgery.
The consensual PLR was preserved in those rats with
unilateral direct PLR loss. No animal from the sham
group lost the PLR. No PLR delay was observed
after surgery.

FFA Studies

Comparison of the Effects of Ligation with
Different-Diameter Needles

Sixteen rats were subjected to BCCAO. They were
divided into four groups and received ligation with
0.3-, 0.4-, 0.6-, and 0.9-mm-diameter needles by a
controllable needle suture method. Ocular arterial
filling time was observed on the left eyes by FFA
before and 7 days after surgery. In the first group
(0.3-mm needle), one rat died after ligation, whereas
no filling was observed in the other three, suggesting
that the CCA of this group was occluded due to
the inadequate space left in the artery. This was
confirmed by the histology of carotid artery carried
out after FFA. The filling time of the other three
groups (0.4-, 0.6-, and 0.9-mm needles; four rats
in each group) were 4.93+0.90, 5.03+0.31, and
5.03+0.34s, respectively, before surgery and
5.67+0.83, 523+0.29, and 5.45+0.31s, respectively,
after surgery. There was a significant difference
before and after surgery in the 0.4-mm needle
group (p=0.045), but not in 0.6-mm and 0.9-mm
needle groups (p=0.066 and p=0.224, respectively).
These results indicate that a 0.4-mm-diameter needle
was better for developing the severe stenosis of the
carotid artery and was well suited as an OIS model
(Table 1).

Comparison between Bilateral and Unilateral
Ligation

Four rats were subjected to BCCAO with a 0.4-mm
needle by a controllable needle suture method,
whereas four others received unilateral CCAO.

TABLE 1 Comparison of arterial filling times (in seconds)
before and after surgery when artery ligation was obtained with
different diameter needles.

Diameters of needles
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The ocular arterial filling time was observed on the
left eyes by FFA before and 7 days after surgery.
The filling times in the BCCAO group were
493+0.90s before and 5.67+0.83s after surgery,
whereas those of the unilateral ligation group were
5.05+0.35s before surgery and 5.40+0.34s after sur-
gery. The statistical analysis showed a significant
difference before and after surgery in the bilateral
ligation group (p=0.045), but no significant dif-
ference in the unilateral ligation group (p=0.218).
These results indicate that bilateral common carotid
artery ligation is a better approach for an OIS model
(Table 2).

Time Course of Ligation Effects

Sixteen rats received BCCAO with 0.4-mm needles by
a controllable needle suture method. One rat that
developed a cataract was excluded (Figure 2). The
arterial filling time was observed on the left eyes by
FFA before and at different time points after surgery.
The filling time was 5.22 +0.64 s before surgery, and
549+0.30, 5.09+0.27, 5.63+048, 575+045, and
6.54+0.67s on the 1st, 3rd, 7th, 14th, and 21st days
after surgery, respectively. No significant difference
was found before and 1 week after surgery (p>0.05).
Instead, a statistically significant difference was
found before surgery and 2 and 3 weeks after
surgery (p=0.012 and p<0.001, respectively). These
results indicate that 2-3 weeks after surgery was
an appropriate period for the establishment of OIS
(Table 3).

Long-Term FFA Results

The artery filling time assessed on the left eyes of
24 rats belonging to the sham group was 5.10+0.67's
before and 5.23+0.48s 21 days after surgery with no
statistical difference (p=0.120). At the same time
point, the artery filling time of the 48 left eyes from
the BCCAO group (0.4-mm needle) was 5.44+1.26s
before (Figure 3) and 6.50+1.13s after surgery
(Figure 4). This difference was statistically significant
(p<0.001; Table 3). FFA showed venous dilatation and
tortuosity, blurring of the optic disc, straightening of
retinal arteries, and delay in the rate of retinal arterial
and venous filling.

TABLE 2 Comparison of arterial filling times (in seconds)
before and after surgery following bilateral or unilateral
ligation.

0.4mm 0.6 mm 0.9 mm Bilateral ligation Unilateral ligation
Before surgery (s) 4.93+0.90 5.03+0.31 5.03+0.34 Before surgery (s) 4.93+0.90 5.05+0.35
After surgery (s) 5.67 +0.83 523+0.29 5.45+0.31 After surgery (s) 5.67 +0.83 5.40+0.34
T —3.326 —2.828 —1.529 t —3.326 —1.552
p 0.045 0.066 0.224 p 0.045 0.218
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TABLE 3 Comparison of arterial filling times (in seconds) before and up to 3 weeks after ligation.

Before Day 1 Day 3 Day 7 Day 14 Day 21
Filling time (s) 5.22+0.64 5.49 £0.30 5.09+0.27 5.63+0.48 5.75+0.45 6.27 £0.95
Mean difference NA —0.27333 0.13333 —0.40667 —0.52667 —1.05333
p NA 0.188 0.519 0.052 0.012 0.000

FIGURE 3 Typical fluoroscein fundus angiography (FFA) performed on BCCAO rats before surgery. Upper left: fundus image;
upper right: blue reflectance (red-free) image. The retina was observed after fluorescein sodium was injected into the caudal vein.
Arterial filling appeared at 5.7s (lower left) and complete engorgement at 6.7 s (lower right).

HISTOLOGY

Seven days after surgery, an incision was made to
check the carotid arteries after FFA. The common
carotid arteries of all rats of the sham group (1=5)
remained unobstructed and pulsating under micro-
scope inspection. The common carotid arteries of the
BCCAO group were stenotic but with blood flowing
through and pulsating normally (n=>5). The common
carotid arteries of rats were pink and pulsating well
with the coil on (Figure 5).

OCULAR BLOOD FLOW MONITORING

The blood flow was measured in the iris (anterior
segment) and fundus (posterior segment) by laser
doppler flowmetry (Figure 6). There were 4 rats in the

sham surgery and 22 in the BCCAO group. The total
blood flow of the sham surgery group
(4378.20+197.36 PU) was significantly higher than
that of BCCAO group (2721.94 +802.55 PU; p =0.038).
The pupil area blood flow of the sham surgery group
(2388.98 +59.12 PU) was significantly higher than that
of the BCCAO group (1440.34 +426.15 PU; p=0.032).
The iris area blood flow of the sham surgery group
(1989.23 +167.54 PU) was higher than that of the
BCCAO group (1281.60+395.93 PU), but the differ-
ence was not statistically significant (p =0.091).

DISCUSSION

The current study demonstrated significant histo-
pathological changes in the ischaemic retina following
controllable needle suture BCCAO. Several

Neuro-Ophthalmology
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FIGURE 4 Typical FFA performed on BCCAO rats 21 days after surgery. Upper left: fundus image; upper right: blue reflectance
(red-free) image. The retina was observed after fluorescein sodium was injected into caudal vein. Arterial filling appeared at 6.7 s
(lower left) and complete engorgement at 8.2s (lower right), a longer filling time compared with that before surgery.

N Sy

FIGURE 5 Micrographs of haematoxylin and eosin—stained CCA after FFA. No stenosis was apparent in CCA of the sham group (left);
an obvious stenosis was present in CCA of the BCCAO group (middle; CCA ligated by a 0.6-mm needle; right: CCA ligated by a

0.4-mm needle) with red blood cells in the lumen.

experimental methods are presently available to
induce ischaemic retina: (1) increasing the intraocular
pressure by continuous perfusion of the anterior
chamber in the rabbit,'® (2) surgical occlusion and
reperfusion of the common carotid artery in the
Mongolian gerbil,'*" and (3) surgical permanent
occlusion of the bilateral common carotid arteries in
the rat.'®" These models are all extremely compli-
cated to establish because the vessel walls are easily
damaged, the stenosis is not constant, and the degree
of stenosis is difficult to control. Since the current
study was aimed at establishing a new animal model

© 2014 Informa Healthcare USA, Inc.

of OIS and investigating its possible underlying
mechanism, it was essential to cause chronic cerebral
hypoperfusion. To achieve this condition, a high
intraocular pressure in the anterior chamber perfusion
was not enough. In addition, because of the vascular
anatomical structure in the central nervous system
(CNS) of the Mongolian gerbil, permanent surgical
occlusion of the bilateral common carotid arteries
causes complete termination of the blood supply to
the forebrain and 40-60% of the gerbils die shortly
after the surgery. Therefore, the Mongolian gerbil
model can be used as a transient ischaemia and
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FIGURE 6 Comparison of ocular blood flow between sham surgery and BCCAO groups. Data are expressed in PU; n=4 in sham and
n=22 in BCCAO groups. The total blood flow of the sham surgery group was significantly greater than that of the BCCAO group
(p=0.038). The pupil area blood flow of the sham surgery group was significantly greater than that of the BCCAO group (p=0.032).
The iris area blood flow of the sham surgery group was greater than that of the BCCAO group, but the difference was not statistically

significant (p=0.091).

reperfusion model.'"**’ Available data demonstrated
that the blood flow after BCCAO reached 30-53% of
the control in the brain and 16-27% of the preopera-
tive condition in the eye.21 This indicated that, in rats,
the blood supply is maintained long after BCCAO.
Due to this level of blood supply to the eye and brain,
rats subjected to this surgery maintained their vision
(as judged by behavioural observations) and only
18.2% of the animals died during the experiments.”!
Thus, the present experimental method was adequate
to induce chronic hypoperfusion of the eye and
ischaemia of the retina as a model of OIS.

A series of needles of different diameters (0.3, 0.4,
0.6, and 0.9mm) were used to control the stenotic
degree of CCA. In the first group (0.3-mm needle), one
rat died after ligation, whereas no filling was
observed in the other three, suggesting that the CCA
of this group was occluded due to the inadequate
space left in the artery. This was confirmed by the
histology of carotid artery. The obstruction of CCA
may have resulted in acute cerebral ischaemia and led
to the death of the rat. For ethical reasons, we
abandoned this group. However, histopathological
examinations showed severe CCA stenosis in rats
that received surgery with 0.4-mm needles. FFA of the
0.4-mm group showed retinal ischaemia and delay of
arterial filling time. Mild to moderate CCA stenosis
was observed during histopathological examination
of the 0.6-mm and 0.9-mm needle groups. Based on
FFA, there was no significant difference between the
delays of arterial filling times in these two groups.
Transient ischaemia could not be established due to

collateral circulation. Therefore, we believe that
needles with diameters of 0.4 mm represent the best
solution to induce severe stenosis of CCA. This
procedure is simple, highly reproducible, and the
degree of stenosis is controllable. The model simulates
hypoperfusion of the brain caused by CCA stenosis
and has been used in research of angioplasty,
including stent placement and balloon dilatation, in
severe CCA stenosis.?? In our animal model, occlusion
of both CCAs cut off blood supply to the retina;
however, some retinal perfusion was maintained by
retrograde blood flow to the ophthalmic artery
through the circle of Willis.

One rat of the BCCAO group had a cataract in the
left eye, which was possibly the result of anterior
ischaemia, an important component of OIS. Blockage
of major proximal arteries such as the common carotid
and internal carotid arteries, which branch to the
ophthalmic artery, causes retinal ischaemia. The
severity of the insult depends on the number of
occluded vessels and their anastomoses. Unilateral
occlusion of the CCA produces subtle retinal changes,
whereas bilateral occlusion causes ophthalmoscopic
evidence of retinal ischaemia, retinal ganglion cell
(RGCQ) loss, optic atrophy, and cerebral damage in rats
that have vertebral arteries.!® However, occlusion of
both bilateral carotid and vertebral arteries may cause
serious ocular and cerebral ischaemia or even death in
animals after a long period of occlusion. In line with
these findings, our study showed that the OIS model
could be established only if both common carotid
arteries were ligated.

Neuro-Ophthalmology



Suture ligation is commonly used, but lately
intraluminal suture ligation has also been used for
transient artery occlusion and reperfusion.” Slakter
et al.” were one of the earliest groups to develop an
animal model of carotid artery occlusive diseases.
Their data indicate that retinal ischaemia could be
induced by BCCAO in rats, resulting in chronic
damage of RGCs, degeneration of the optic nerve,
and other cerebral damage.'”!" Barnett and Osborne
believed that flow reduction 7 days after BCCAO
could lead to glial degeneration accompanied by
increased glial fibrillary acidic protein, although it did
not cause significant tissue damage.l’zél’25 However,
after only 90 days of BCCAO, direct PLR disappeared
in most of the animals,'%?® the retina degenerated,
cells died, and electroretinogram (ERG) showed a
permanent reduction in amplitude of a and b
waves."?**” Lavinsky et al.”® studied retinal changes
30 days after BCCAO, including disappearance of
the pupillary light reflex and reduction in thickness
of the inner plexiform layer (IPL) and cell count of
RGCs. Kim et al.* used a similar method to induce
BCCAO in two different rat strains. Before BCCAO,
all Wistar and Sprague-Dawley (SD) rats exhibited
an intact PLR. However, all Wistar rats that
survived BCCAO eventually lost the PLR in both
eyes, whereas all surviving SD rats showed intact
PLR in both eyes. The PLR loss was detectable 1day
post BCCAO induction and remained unchanged
throughout the experiment. Our results are in agree-
ment with those of Kim et al.; however, their study
did not mention how to control the stenotic degree of
the CCA.

We found that there was no significant difference
between FFA arterial filling time before BCCAO and
that measured 1, 3, and 7 days after BCCAO, similar
to what was reported by Barnett and Osborne.*
However, there was a significant difference between
FFA arterial filling time before BCCAO and 14 and 21
days after BCCAO, which suggested the presence of
hypoperfusion ischaemia of the retina at 14 days after
BCCAO. Extending our observation for another week,
we found that the retinal hypoperfusion ischaemia of
the rats did not improve at all.

Retinal damage and dysfunction of BCCAO rats is
very similar to human OIS. There are many simila-
rities between humans and rats in most cerebral
arteries, including general organisation, vascular
structure observed by light and electron microscopy,
and morphological changes related to cerebrovascular
diseases. Therefore, the rat is most likely a suitable
animal model of human cerebrovascular diseases. OIS
is a serious ocular disease with potentially blinding
risks. This disease is too rare to be appropriately
studied in humans. We recommend rat BCCAO
retinal ischaemia to model human OIS and explore
new treatments.

© 2014 Informa Healthcare USA, Inc.
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