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Abstract

Cerebral and retinal ischemia share similar pathogenesis and epidemiology, each carrying both acute and prolonged risk
of the other and often co-occurring. The most used preclinical stroke models, the Koizumi and Longa middle cerebral
artery occlusion (MCAQO) methods, have reported retinal damage with great variability, leaving the disruption of retinal
blood supply via MCAO poorly investigated, even providing conflicting assumptions on the origin of the ophthalmic
artery in rodents. The aim of our study was to use longitudinal in vivo magnetic resonance assessment of cerebral and
retinal vascular perfusion after the ischemic injury to clarify whether and how the Koizumi and Longa methods induce
retinal ischemia and how they differ in terms of cerebral and retinal lesion evolution. We provided anatomical evidence
of the origin of the ophthalmic artery in mice from the pterygopalatine artery. Following the Koizumi surgery, retinal
responses to ischemia overlapped with those in the brain, resulting in permanent damage. In contrast, the Longa method
produced only extensive cerebral lesions, with greater tissue loss than in the Koizumi method. Additionally, our data
suggests the Koizumi method should be redefined as a model of ischemia with chronic hypoperfusion rather than of
ischemia and reperfusion.
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studying the co-occurring retinal ischemia could lead
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to a better understanding of stroke.
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In rodents, stroke is often modeled by transient
occlusion of the middle cerebral artery (MCA), mim-
icking the majority of human ischemic lesions occupy-
ing the MCA territory.® In the filament MCA occlusion
(MCAO) model, a filament is introduced into the
common carotid artery (CCA) toward the ICA (the
Koizumi model) or from the external carotid artery
(ECA) into the ICA (the Longa model), and advanced
to the origin of the MCA, resulting in a reduction of
perfusion with subsequent infarction of subcortical, as
well as primary motor and sensory cortical regions.”'°
In the setting of these methods, transient or permanent
CCA and ECA ligation and transient occlusion of the
branches of the ICA by the filament also interrupts or
reduces the vascular supply to the retina. Studies of
retinal ischemia in different MCAO models commonly
reported either electroretinographic, perfusion, or gene
expression changes, but evidence of morphological
damage was inconsistent.'"'> The varying outcomes
may have been affected by differences in MCAO dura-
tion, different approaches resulting in permanent ECA
or CCA ligation, modifications including contralateral
CCA or ipsilateral pterygopalatine artery (PPA) liga-
tion, intraluminal filament length, non-uniform distri-
bution of ischemic lesions, choice of outcome
assessment, etc. Studies outside of the MCAO scope,
such as those modeling chronic cerebral and
retinal hypoperfusion, showed similarly conflicting
results.'® 2 Additionally, species and strain-related dif-
ferences in vascular anatomy and reactivity may influ-
ence cerebral and retinal susceptibility to ischemic
damage in different experimental procedures.”' In
fact, a number of MCAO studies mistakenly depict
murine vascular anatomy as identical to human,
where the ophthalmic artery (OA) originates from the
ICA just proximally to the origin of the MCA,'*'* and
not from the PPA as has been documented in rats >
and seems to be the case in mice.?***

Unfortunately, even though previous studies ana-
lyzed retinal changes in different models of acute or
chronic cerebral or retinal ischemia, none of them pro-
vided anatomical evidence of the origin of the ophthal-
mic artery in the experimental animals. Additionally,
regardless of their interest in co-occurring retinal ische-
mia, none of the MCAO studies to date quantified the
long-term status of either cerebral or retinal vascular
perfusion after MCAO. Since these basic questions had
been poorly addressed, in this study we aimed to use
the advantages of longitudinal in vivo magnetic reso-
nance imaging (MRI) to clarify if and how the two
most used modifications of the MCAO method
induce retinal ischemia, how they affect cerebral and
retinal perfusion both acutely and in the long term,
how they differ in regard to the evolution of the ische-
mic lesion, and how these differences reflect on the

possibility of using the accessibility of the retina to
study the brain.

Materials and methods

All animal handling and procedures were approved by
the Ethics Licensing Committee of the University of
Zagreb School of Medicine and the Ethics Committee
for the protection of animals used for scientific pur-
poses of the Ministry of Agriculture of the Republic
of Croatia. Experimental procedures were conducted
according to Croatian Animal Protection Act (NN
102/17, 32/19), Amendments to the Animal Protection
Act (NN 37/13) and the Guidelines on the Protection of
Animals Used for Scientific Purposes (NN 55/13) which
are in line with the European Guide for the Care and
Use of Laboratory Animals (Directive 2010/63/EU).
All reported experiments followed the ARRIVE guide-
lines. The experiments were carried out on 33 male
C57BI/6J mice, 3—6 months old, bred at the animal facil-
ity of the Croatian Institute for Brain Research,
University of Zagreb School of Medicine. The animals
were housed on a 12-hour light-dark cycle in a
humidity-controlled environment at 22 £2°C. Water
and pelleted food were given ad libitum.

Sample calculation

Based on our preliminary data, a power analysis per-
formed with G¥Power software > (power = 0.8; alpha =
0.05; two-sided Mann-Whitney U-test) estimated 7 ani-
mals per MCAO group would be required to detect differ-
ences in lesion volume. However, to account for attrition
due to expected mortality rate of up to 30%, sample size
was corrected to 10 animals per each MCAO group
(Neorrected = N/(1—[% attrition/100]). The number in the
Koizumi-sham group was corrected to 8 (10% attrition)
and reduced to 5 in the Longa-sham group (preliminary
data showed no changes in retina or brain in this group).

Middle cerebral artery occlusion (MCAO)
method

Cerebral ischemia was induced by a 30-minute occlu-
sion of the left MCA using the Koizumi (CCA-MCAO)
or Longa (ECA-MCAOQO) intraluminal filament
method.”!” Preoperatively, the mice were injected
with  0.25ml  of  buprenorphine  (0.05mg/kg
Buprenovet, Bayer, Germany) and 0.5ml of saline
with 20% glucose intraperitoneally (i.p.) to relieve
pain and prevent dehydration. Anesthesia was induced
with 4% isoflurane (Isofluran-Piramal, Piramal
Critical Care, Germany) and maintained with 1.5-2%
isoflurane. Body temperature was monitored and main-
tained at 37°C £0.5°C using a temperature-controlled
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heating pad and a rectal temperature probe. To prevent
corneal drying the eyes were covered with ophthalmic
ointment (Recugel, Bausch and Lomb, Canada). The
temporal region was shaved, disinfected, and an inci-
sion was made to place a calibrated 1 mm diameter
laser probe against the temporal bone to monitor the
blood flow changes of the distal portion of the MCA
on a laser-Doppler perfusion monitor (moorVMS-
LDFI1, Moor Instruments, UK). After recording the
perfusion value, the animals were placed in a supine
position and the surgical field was shaved and disin-
fected. A midline neck incision was made between the
manubrium of the sternum and the jaw exposing the
left CCA, ICA, and ECA. For the Koizumi method
(n=10), after permanent ligation of the CCA, a mono-
filament  (7019910-6021910, Doccol Corporation,
USA) was introduced through an incision in the CCA
and advanced through the circle of Willis up to the
MCA. For the Longa method (n=10), after ligation
(transient) of the CCA and permanent ligation of the
ECA, a monofilament was introduced through an inci-
sion in the ECA and advanced to the MCA. In both
MCAO groups, after a 30-minute occlusion period,
animals were re-anesthetized and the monofilament
was withdrawn. Sham surgeries were performed for
both methods by inserting the monofilament and
immediately withdrawing it (n=8 for CCA sham;
n=>5 for ECA sham). Block randomization (day of
experiment) was used for group allocation. For three
days post-surgery mice received i.p. injections of 250 pl
saline to prevent dehydration and buprenorphine
(0.05mg/kg, 0.25ml) to achieve analgesia.

Neurological deficit scoring and weight
loss measurement

Scoring of neurological deficits (NDS) and weight
measurements were performed 7days prior to and 2,
9, and 35days after MCAO. The NDS was performed
as a sequence of different tests assessing motor (muscle
status, gait disturbance, and spontaneous activity) and
sensory (tactile and proprioceptive) status, the func-
tionality of reflexes, and appearance, on a scale of
0-39.'%2%27 Higher scores indicated greater severity of
the injury. Weight loss was compared to baseline pre
MCAO weight and scored as follows: no weight
loss =0 points, less than 5% =1 point, 5%—15% =2
points, 15%—-20% =3 points.

Magnetic resonance imaging

MRI experiments were carried out on a 7T system
(BioSpec 70/20 USR with Paravision 6.0.1. software
version, Bruker Biospin, Germany) in a Tx/Rx config-
uration, using an 86 mm transmit volume coil and a 2-

element mouse brain surface receive coil (MTO0381,
MTO0042, Bruker Biospin, Germany). Anesthesia was
induced with 4% isoflurane (Isofluran-Piramal,
Piramal Critical Care, Germany) in a 30/70% O,/N,
mixture and maintained with 1.5-2% isoflurane during
scanning. Respiratory rate was monitored with an
optical probe (Medres, Germany) and maintained at
80-100 breaths per min. The body temperature was
monitored using an MR-compatible rectal temperature
probe (Medres, Germany) and maintained at 37+
0.5°C via a feedback-controlled circulating heating
pump. Animals were imaged 7 days before MCAO to
assess the baseline state and 2, 9, and 35days after
MCAO. T2-weighted images of the brain were
acquired in the coronal plane using a RARE sequence
with time of echo/time of repetition (TE/TR =33/
3000 ms; matrix size 160 x 100; field of view (FOV)
16 x 10 mm?; slice thickness 0.4 mm; interslice distance
0.1 mm; number of slices 25. T2-maps of the brain were
obtained using an MSME sequence with TE/TR =7.5/
3150 ms; matrix size 128 x 80; FOV 16 x 10 mm?; slice
thickness 0.4 mm; interslice distance 0.1 mm; number of
slices 25. Values were calculated from measured data
using Paravision 6.0.1. software (Bruker Biospin,
Germany) built-in post-processing macros. Gradient-
echo images for whole-brain angiographies were
acquired using a 3D FLASH sequence (3D-TOF)
with TE/TR=2.1/12.0ms, flip angle 25°, matrix size
200 x 150 x 70, FOV 16 x 12 x 14 mm®. T2-weighted
images of the eyes were acquired using a RARE
sequence with TE/TR=28/2500ms; matrix size
166 x 100; FOV 10 x 6mm?; slice thickness 0.4 mm;
interslice distance 0.1 mm; number of slices 9, with
the central slice bisecting the center of the eye and
the optic nerve sagittally, minimizing the partial-
volume effect due to the curvature of the retina.
Total duration of the imaging session was approxi-
mately 60 minutes per mouse.

MRI exclusion criteria were applied after the first
post-MCAO imaging session and consisted of an indis-
cernible lesion or lesion volume below 20 mm?®, which
was considered strongly suggestive of surgical error.

MRI data processing

MR images of the brains and eyes were analyzed semi-
automatically using ImageJ 1.531 software (Wayne
Rasband, National Institutes of Health, USA) by expe-
rienced investigators blind to the experimental groups.

Volumetric analysis of the brain

Lesion volume was assessed on the T2-map images by
delineation of the hyperintense area under vasogenic
edema. Ventricle volume was measured from T2-map
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images via a semi-automatic procedure using an in-
house developed macro for FIJI/Image] v.1.53c.
The macro automatically detects all points inside
the brain hemisphere ROI with a measured T2 value
higher than the highest T2 value of healthy tissue
(T2>65ms). The measured lesion volume was sub-
tracted from the hemisphere ROI before the automatic
detection step. Hemisphere volumes were analyzed on
T2-weighted images using a standardized semi-manual
segmentation pipeline after deducing the volume of the
ventricles. Hemisphere swelling in the acute phase or
tissue atrophy in the chronic phase were expressed as a
percent increase of the hemisphere volume in respect to
the hemisphere volume at baseline. Tissue loss was
expressed as a difference between the ipsilateral hemi-
sphere volume at baseline and the ipsilateral hemi-
sphere volume at the time point measured.

Retinal thickness analysis

Retinal thickness was assessed using a single T2-
weighted mid-sagittal slice bisecting the center of the
eye and the optic nerve, measuring in 3 points superi-
orly and 3 inferiorly from the optic nerve head.
Segmentation was performed at sub-pixel accuracy on
linearly interpolated subsampled T2-weighted images,
smoothened by Anisotropic Diffusion 2D filter. The
measuring positions were determined after defining
the center of the eyeball and drawing radial projections
perpendicular to the retina.

Angiographic analysis

Angiograms were obtained from 3D-TOF-scans by
generating maximum intensity projections (MIP)
using Paravision6.0.1.-software enabling visualization
and inspection of vasculature with high blood flow
velocity. The vessel volume for each hemisphere was
analyzed in a cuboid 3D-ROI occupying the ventral
half of the 3D-FOV, measuring the volume of major
arteries of the brain and neck. The volume and the
position of the ROI were standardized using anatomi-
cal landmarks at the anterior, posterior, and superior
parts of the ROI. The extracted ROI was used for fur-
ther analysis. The segmentation was performed using
the open-source machine learning plugin in FIJI/
ImageJ-v.1.53¢ to create an optimized script to get
vessel volume and density parameters. After threshold-
ing and binarization, volumetric analysis was per-
formed on the obtained final image of the objects and
expressed as vessel volume of the ipsilateral/contralat-
eral hemisphere in mm®. A manual quantitative assess-
ment of the posterior communicating artery (PcomA)
recruitment was performed based on previously
described methods.”®?

Histological and immunohistochemical
analysis

After the last MRI session 35 days after MCAO, the
animals were anesthetized with an intraperitoneal
injection of 2.5% tribromoethanol (Avertin, Sigma
Aldrich, USA), transcardially perfused with 30ml of
phosphate-buffered saline (PBS), followed by 30 ml of
PBS-buffered 4% paraformaldehyde (Sigma Aldrich,
USA). The eyes were enucleated and postfixed for 24
hours in Davidson’s solution at room temperature,
then transferred to 10% neutral buffered formalin
overnight. Eyes were then dehydrated in increasing
concentrations of ethanol (70% and 96% two times
for 1.5 hours, then 100% ethanol (Biognost, Croatia)
overnight, followed by a mixture of 100% ethanol/
Bioclear xylene (Biognost, Croatia) 1:1 for 1.5 hours
and Bioclear xylene twice for 1.5 hours), then perme-
ated three times in paraffin (Sakura, Japan) at 60°C for
2 hours, and embedded in paraffin (Histoplast Thermo
Scientific, UK). The eyes were cut into 6 pm sections on
a rotary microtome.

For histological and immunohistochemical analysis,
sections in the mid-sagittal area were deparaffinized
with Bioclear xylene twice for 5min, then rehydrated
in a series of baths with decreasing ethanol concentra-
tion (100% twice for 5 minutes, 96% for 2 minutes, and
70% for 2minutes). For the histological examination,
slices were rinsed twice in distilled water for 1 minute,
stained with Mayer’s Hematoxylin (Merck, Germany)
for 5minutes, rinsed twice in water for 1 minute,
stained with Eosin (Merck, Germany), then rinsed
twice in water and dehydrated in a series of baths
with increasing ethanol concentration (70%, 96%
twice, and 100% twice for 20 seconds). To lighten the
sections, Bioclear xylene was applied twice for
I minute, after which slides were coverslipped with
Biomount mounting media (Biognost, Croatia), dried
overnight and examined using a light microscope
(Olympus BX53F2, USA).

For immunohistochemical analysis, after rehydra-
tion the sections were rinsed 4 times in PBS, followed
by antigen retrieval in Tris-HCI-EDTA-SDS (250 mM
tris(hydroxymethyl)aminomethane (Kemika, Croatia),
10 mM ethylenediaminetetraacetate (Kemika, Croatia)
and 0.5% (w/v) sodium dodecyl sulfate), at pH 8.5, 4
times for 10 minutes at 95°C. After cooling, the sections
were washed with PBS, then blocked using PBS with
0.25% Triton-X-100 (Sigma-Aldrich, USA) and 10%
goat serum (Gibco, USA). The primary antibody
mouse anti-neuronal nuclei (NeuN; 1:200; MAB377,
Millipore, USA), was diluted in PBS with 0.1%
Triton-X-100 and 1% goat serum and applied over-
night at room temperature. The secondary antibody
Alexa Fluor 488 goat anti-mouse (1:500; A11001,
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Invitrogen, USA), was applied for 2 hours at room
temperature. The cell nuclei were stained using 4’6-dia-
midino-2-phenylindole (DAPI 1 mg/ml, Thermo Fisher
Scientific, USA). Stained sections were mounted with
fluorescent mounting medium (DAKO, USA) and
examined using a confocal fluorescence microscope
(Olympus FV3000, USA).

Images were analyzed using ImageJ 1.531 software.
Retinal thickness was assessed in 4 animals per group,
measuring in 4 points laterally from the optic nerve
head. The measuring positions were determined after
defining the center of the eyeball and drawing radial
projections perpendicular to the retina. To quantify the
number of ganglion cells expressing NeuN, three
regions of interest (ROI size 100 um) per image were
used. Four images per ROI were taken. The neuronal
nuclei marker expressing cells were manually counted
in 4 animals per group.

Statistical analysis

Statistical analysis was performed using Graph Pad
Prism (GraphPad Software, USA). The survival anal-
ysis was performed by calculating survival proportions
using the product limit Kaplan-Meier method. After
confirming normal distribution using the Shapiro-
Wilk test, a mixed model two-way analysis of variance
(ANOVA) with time and surgery as factors was used to
evaluate weight, MCA perfusion, neurological status,
normalized ipsilateral and contralateral hemisphere
volume, swelling and tissue atrophy, tissue loss, and
retinal thickness. Post hoc comparisons were per-
formed using Tukey’s multiple comparisons test. For
ischemic lesion volume and immunohistochemical
analysis evaluation two-way ANOVA with Sidak post
hoc comparisons test was performed. Statistical signif-
icance was defined as P < 0.05. Data were presented as

mean values =+ standard deviation or median with inter-
quartile range.

Results

Survival and weight

From 20 animals which underwent MCAO surgery,
one animal from the CCA-MCAO group was excluded
from the study after the first imaging session due to a
lacunar lesion outside of the MCA territory. Since
hemorrhagic transformation occurs after reperfusion
in approximately 25% of ECA-MCAO cases,’ one
animal from the ECA-MCAOQO group which developed
a hemorrhagic transformation after the first imaging
session was kept in the analysis. The lesion size mea-
sured without the hemorrhage volume was equal to the
average lesion volume of the group. For both MCAO
modifications, most deaths (n=4) occurred within the
first week after MCAO.

The survival analysis showed no significant differ-
ence in survival curves between groups (Log-rank
(Mantel-Cox) test; P=0.0616), however, there was a
difference in trend (Log-rank test for trend;
P =0.0242) which arose from the survival proportions
after the first week, where 88.9% of animals undergo-
ing the CCA-MCAO survived, compared to 66.9% sur-
vival for the ECA-MCAO group (Figure 1(a)).

All groups showed weight loss in the first 48 hours
(Figure 1(b)). The CCA-MCAO group and sham
groups regained weight toward day 9 in contrast to
the ECA-MCAO group, which still had significantly
lower bodyweight (P <0.0001). The MCAO groups
regained baseline bodyweight towards the last time
point, in contrast to the sham groups which gained
additional weight (P < 0.0001; Figure 1(b)).

(a) SURVIVAL PROPORTIONS
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Figure 1. Survival proportions and animal weight after middle cerebral artery occlusion by filament insertion through the common
carotid artery (CCA), external carotid artery (ECA), and the ECA or CCA sham-operated (CCA sham and ECA sham) animals.
Statistical differences using a mixed model ANOVA and Tukey post hoc test for ECA to ECA sham group (F) P < 0.05; (771) P <0.001;
CCA to CCA sham group (####) P < 0.001. Error bars represent standard deviation.
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Laser Doppler flowmetry analysis shows incomplete
reperfusion of the MCA in the CCA method

To assess the perfusion status of the MCA, laser-
Doppler flowmetry (LDF) was performed during
surgery. The LDF signal significantly decreased after
filament insertion for both MCAO groups (baseline vs.
occlusion, P <0.0001; Figure 2). Due to permanent
ligation of the CCA, the CCA-sham group also
showed a significant decrease in LDF signal
(P <0.0001). After filament withdrawal, the LDF
signal showed complete reperfusion only in the ECA-
MCAO group. In the CCA-MCAO group the reperfu-
sion was incomplete compared to both ECA-MCAO
group (P <0.0001) or CCA-sham (P <0.0001), point-
ing to the hypoperfusion status of the MCA territory in
this surgical model (Figure 2).

High-resolution MR angiography uncovers chronic
ipsilateral hypoperfusion in the CCA method

To assess the vascular perfusion, high-resolution MR
angiography (MRA) was performed. The baseline 3D
MIP reconstruction clearly showed that in all our
C57BI6J mice the PPA (green arrow) gave rise to the
OA (yellow arrow; Figure 3(a,BL) and Supplementary
Figure 3). It also showed striking variability of the vas-
culature, from tortuous stair-like ICA, S-shaped distal
portion of the ICA, to looping of the PCA narrowing
the diameter of the circle of Willis (Supplementary
Figure 1). Two days after MCAO, the MIP of the

MCA PERFUSION
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400 2 HHETETTY  eeeildoam
350 | — :

300 —8—CCA

250 CCA sham
i ECA
=8—ECA sham

150
100

g

Laser-Doppler Flux signal
(perfusion units)
<]
(=]

=}

BL occlusion

Time point

reperfusion

Figure 2. Intraoperative laser Doppler flowmetry shows
incomplete reperfusion in the Koizumi (CCA) middle cerebral
artery occlusion method. Middle cerebral artery (MCA) perfu-
sion measured with laser Doppler flowmetry during MCA
occlusion (MCAO) by filament insertion through the common
carotid artery (CCA), the external carotid artery (ECA), and
sham surgeries (CCA sham and ECA sham). Statistical differen-
ces using mixed model ANOVA and Tukey post hoc test for the
CCA to ECA group (**) P <0.001; CCA to CCA sham group
(####) P < 0.001; ECA to ECA sham group (711) P < 0.001; CCA
sham to ECA sham group (F%%) P <0.001. Error bars represent
standard deviation.

ECA-MCAO group revealed lower signal intensity of
the MCA (blue arrow; Figure 3(a,BL)), with a hypo-
perfused segment between the ipsilateral (IL) anterior
cerebral artery (ACA) and MCA, and with no changes
in the perfusion of the PPA or OA. The blood flow in
the IL MCA of the ECA-MCAO group on day 9
regained baseline values. On day 35, the baseline
levels of perfusion in the ECA-MCAO group were rees-
tablished; however, the MIP showed path alteration
with looping and kinking of the distal portion of the
MCA (Figure 3(a,D35)). There was no recruitment of
the IL PcomA in the measured time points
(Supplementary Figure 4). The MIP and arterial
volume measurements of the ECA-MCAO contralater-
al (CL) hemisphere (CLH), as well as those of the
ECA-sham group, did not show significant changes.
On day 2 after MCAO, the MIP analysis of the
CCA-MCAO group showed hypoperfusion of the
entire ILH with significant drop in arterial volume
(P <0.0001). There was no change in signal intensity
of the CLH (Figure 3(a,D2)). On day 9 after MCAO,
the perfusion of the ILH in the CCA-MCAO group
was partially reestablished in the circle of Willis, pos-
terior cerebral artery (PCA), proximal MCA, and
ACA; however, the arterial volume was still significant-
ly lower compared to Dbaseline (P=0.0007).
Furthermore, attenuation of the blood flow persisted
in the IL ICA, distal portion of the MCA, PPA, OA
and segment between ACA and MCA, with prominent
hyperperfusion of the CL ICA and segments between
PCA and MCA, and MCA and ACA (Figure 3(a,D9)).
On day 35, only the IL PPA, OA, and ICA still had
undetectable signal intensity. The measured arterial
volume did not reach baseline values at the last mea-
sured time point (P=0.0007). Recruitment of the IL
PcomA was detected in 5/9 animals (Supplementary
Figure 4). The 3D MIP reconstructions revealed aber-
rant morphology of the circle of Willis and alterations
in the entire path of the IL MCA, which became highly
tortuous. The CCA-sham group showed hypoperfusion
of the entire ILH with lower arterial volume compared
to baseline (P =0.0008) 2 days after sham surgery. The
ILH signal normalized in the chronic phase, reaching
baseline arterial volume values toward day 35. The CL
ICA and the CL part of the circle of Willis showed
acute and subacute signal intensity rise. The IL PPA
and OA of the CCA-sham group had unidentifiable
signal intensity at all measured time points.

MRI analysis of brain ischemic lesion evolution shows
prominent differences between the CCA and ECA
MCAO method

All experimental groups were monitored using high-
resolution MRI to define and compare the temporal
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Figure 3. High-resolution MR angiography defines the Koizumi (CCA) middle cerebral artery occlusion method as a model of

ischemia with chronic hypoperfusion. Maximum intensity projections (MIP) of MR angiography scans (a) and measured ipsilateral (b)
and contralateral (c) arterial vasculature volume before and after middle cerebral artery occlusion (MCAO) by filament insertion
through the common carotid artery (CCA; a-upper row) or external carotid artery (ECA; a-bottom row) show animals at baseline
(BL) and on days 2 (D2), 9 (D9), and 35 (D35) after MCAQO. Pre-surgery (BL) angiograms: yellow arrow — ophthalmic artery (OA);
blue arrow — middle cerebral artery (MCA); green arrow — pterygopalatine artery (PPA). On D2, the MIP show hypoperfusion of the
ipsilateral (IL) hemisphere in the CCA group. On D9, the attenuation of blood flow persists in the IL internal carotid artery (ICA),
distal portion of the MCA, PPA, OA, and the segment between the anterior cerebral artery (ACA) and MCA, with prominent
hyperperfusion of the contralateral (CL) ICA and the segments between the posterior cerebral artery (PCA) and MCA, and MCA and
ACA. On D35, undetectable signal intensity of the IL PPA, OA, and ICA, with increased signal intensity of the CL ICA and the CL part
of the circle of Willis. Tortuosity of the IL MCA (lateral view of CCA D35). On D2, the ECA-MCAO group shows lower signal
intensity of the IL MCA with hypoperfused segment between the IL ACA and MCA, and no changes in the PPA or OA. On D9, the
perfusion of the IL hemisphere is reestablished and slightly hyperperfused. On D35, the perfusion in the ECA-MCAO group shows
baseline levels. Looping and kinking of the distal portion of the IL MCA (lateral view of ECA D35). Red arrows represent hypo-
perfused arteries or arterial tortuosity and path alteration. Statistical differences using mixed model ANOVA and Tukey post hoc test
for the CCA to ECA group (**¥) P < 0.001; CCA sham to ECA sham group (i) P < 0.05 (i) P <0.01. Error bars represent standard

deviation.

profile of the ischemic lesion. T2-maps and T2-
weighted image analysis at day 2 after MCAO revealed
that both MCAO procedures induced the formation of
large cortico-striatal lesions (Figure 4(a) and (e)). The
ischemic lesion volume was significantly larger for the
ECA-MCAO group compared to the CCA-MCAO
group (P=0.0005). The ischemic lesion volume in
both MCAO groups decreased in size toward day 9.
Both sham groups showed no change compared to
baseline measurements.

To address the hemispheric changes induced by
lesion and edema formation, the volumes of ILH and
CLH were measured and compared between groups
(Figure 4(b) and (d)). In both MCAO groups, the ILH
volume significantly expanded from baseline to day 2
after MCAO (P <0.0001), then shrank to and below
baseline values at the beginning of the 2nd week
(CCA-BLvs.D9 P=ns; ECA-BLvs.D9 P =0.0094),
after which it continued to significantly diminish in
size toward day 35 (P < 0.0001.). On day 2, the size of
the ILH of the ECA-MCAO group was significantly

larger than in the CCA-MCAO group (P <0.0001).
On day 35, the ECA-MCAO group showed a more
prominent ILH shrinkage compared to the CCA-
MCAO group (P=0.0002). In both MCAO groups, as
the ILH enlarged on day 2 after MCAO, the CLH sig-
nificantly contracted in size, compensating for the ILH
expansion in a confined intracranial space (CCA-BL vs.
D2 P=0.0165; ECA-BL vs. D2, P <0.0001).

To address both the edema formation in the acute
phase and tissue atrophy in the chronic phase of ische-
mia, the ILH volume change was expressed as a per-
centage of baseline ILH volume and referred to as
either swelling or tissue atrophy. Acutely, MCAO
induced significant swelling of the ILH in both
groups (P<0.0001; Supplementary Figure 2).
However, greater hemisphere swelling in the ECA-
MCAO group on day 2 (P < 0.0001) induced significant
tissue atrophy (P <0.0097; Supplementary Figure 2)
and tissue loss (P=0.0305; Figure 4(c)) already on
day 9 (P <0.0097), which was further exacerbated in
the chronic phase of ischemia. At 35 days after MCAO,
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Figure 4. The Longa (ECA) middle cerebral artery occlusion method exacerbates the ischemic lesion and edema formation in the
acute phase and tissue loss in the chronic phase. Ischemic lesion volume (a), normalized ipsilateral (b) and contralateral (d) hemisphere
volume, and tissue loss (c) after middle cerebral artery occlusion (MCAQ) by filament insertion through the common carotid artery
(CCA), the external carotid artery (ECA), and in sham-operated (CCA sham and ECA sham) animals, measured before (baseline - BL)
and on day 2 (D2), 9 (D9), and 35 (D35) after MCAO. Representative magnetic resonance T2 images of the mouse brain at baseline
and after CCA or ECA MCAQO at the measured time points (e). Statistical differences for the normalized ipsilateral and contralateral
hemisphere volume and tissue loss using the mixed model ANOVA and Tukey post hoc test, and for the ischemic lesion volume mixed
model ANOVA and Sidak post hoc test: CCA to ECA group (**¥) P < 0.001; CCA to CCA sham group: (####) P < 0.001; ECA to ECA
sham group (11) P<0.001, (1) P <0.05. Data presented as median with interquartile range.
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Figure 5. The Longa (ECA) middle cerebral artery occlusion method aggravates the neurological status in the acute phase of stroke.
The neurological score (a), posture, flexion and forelimb placing (b), and motility and gait disturbances (c) before (baseline, BL) and 2
(D2), 9 (D9) and 35 (D35) days after middle cerebral artery occlusion (MCAQ) by filament insertion through the common carotid
artery (CCA), the external carotid artery (ECA), and in sham-operated (CCA sham and ECA sham) animals. Statistical differences
using mixed model ANOVA and Tukey post hoc test for the CCA to ECA group (***) P <0.001; CCA to CCA sham group (###)
P <0.001; ECA to ECA sham group (i11) P <0.00l. Data presented as median with interquartile range.

a highly significant tissue loss of the IL neocortex and
striatum was present in both MCAO groups
(P <0.0001; Figure 4(c)), however to a lesser extent
for the CCA-MCAO group.

In the ECA-MCAO method, in which full reperfu-
sion follows the occlusion, significantly larger tissue
swelling was observed, which further expanded the
size of the ischemic lesion in the acute phase but also
lead to greater tissue loss accompanied by ventriculo-
megaly and cyst formation in the chronic phase. By
contrast, in the CCA-MCAO method, where chronic
hypoperfusion followed the withdrawal of the filament,
the acute tissue swelling and the chronic tissue loss,
although severe, were less pronounced than in the
ECA method (Figure 4(¢)).

Functional outcome assessment shows poorer
status in the acute phase for the ECA method

To assess the functional outcome after MCAO, neuro-
logical status was measured before each imaging

session. For both MCAO groups, the greatest deficit
was on day 2. (P <0.0001; Figure 5(a)). However, the
ECA-MCAO group showed significantly poorer status
compared to the CCA-MCAO group (P<0.0001).
Both MCAO groups regained neurological function
toward day 35. When various parameters of the com-
bined neurological score were separately analyzed, pos-
tural signs, motility and gait disturbances differed
significantly between the MCAO groups in the acute
phase (P < 0.0001; Figure 5(b) and (c)). In the chronic
phase, although both groups regained baseline motility
and gait, neither recovered to its baseline posture
(P <0.0001).

MRI analysis of retinal ischemic lesion evolution
shows prominent differences between the CCA

and ECA MCAO method

To address the impact of different surgical methods on

retinal ischemic lesion evolution, the ipsilateral eye was
monitored using high-resolution MRI for 35days after
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Figure 6. The Koizumi (CCA) middle cerebral artery occlusion method induces transient retinal thickening. The average retinal
thickness (a), and retinal thickness in 3 points inferiorly and 3 superiorly from the optic nerve head (b) measured on a mid-sagittal T2-
weighted anatomical magnetic resonance imaging scan bisecting the center of the eye and the optic nerve (c) after middle cerebral artery
occlusion by filament insertion through the common carotid artery (CCA), the external carotid artery (ECA), and in sham-operated
(CCA sham and ECA sham) animals. Statistical differences using mixed model ANOVA and Tukey post hoc test for the CCA to ECA
group (**¥) P < 0.001, (*) P < 0.05; CCA to CCA sham group: (#) P < 0.05. Data presented as median with interquartile range.

MCAO. Two days after MCAO, there was a
significant thickening of the retina in both CCA-
MCAO and CCA-sham group compared to baseline
(CCA-MCAO P=0.0006; CCA-sham P=0.0098).
Interestingly, there was no change in retinal thickness
in the ECA-MCAO nor the ECA-sham group (Figure 6
(a) and (b)). In the first week, the CCA-sham group
regained baseline thickness values, in contrast to the
CCA-MCAO group, in which the retina remained

significantly thicker when compared to baseline
values (P=0.0024; Figure 6(a) and (b)). The CCA-
MCAO retinas regained their baseline thickness
levels toward day 35. When comparing the MCAO
groups, there was significant difference on days 2
and 9 after MCAO (D2 P=0.0008; D9 P=0.0182),
indicating a distinct contrast of cerebral and retinal
responses induced by the two different MCAO
methods.
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Figure 7. Histological and immunofluorescent staining reveals cell loss and thinning in the Koizumi (CCA) middle cerebral artery
occlusion method. Average retinal thickness measured on the hemalaun/eosin-stained sections (a) 35 days after middle cerebral artery
occlusion by filament insertion through the common carotid artery (CCA), the external carotid artery (ECA), and in sham-operated
(CCA sham and ECA sham) animals, shows thinning of the ipsilateral (IL) retina in the CCA animals. Representative section of the
contralateral (CL) retina of the CCA group 35 days after MCAQ displays normal morphology (b). The IL retina in the CCA group (c)
displays disrupted retinal morphology, a pronounced cell loss in the ganglion cell layer (GCL), thinning of the internal plexiform layer
(IPL), cell loss in the internal nuclear layer (INL), and thinning of the outer plexiform layer (OPL). Imnmunofluorescent staining of
retinal cross-sections 35 days after MCAO confirms NeuN-positive cell loss in the ganglion cell layer of the CCA IL retinas (d, €).
Magnification 20 x scale bar = 100 pm. Statistical differences using mixed model ANOVA and Tukey post hoc test for the CCA to ECA
group (**¥) P<0.001. Data presented as median with interquartile range.

Histological and immunohistochemical analysis show
alterations only in the CCA method

Histological and immunohistochemical analysis of the
retinas 35days after MCAO showed that prolonged
hypoperfusion of the PPA and OA following a short
30-minute ischemia in CCA MCAO resulted in pro-
nounced cell loss in the ganglion cell layer (P =0.0001;
Figure 7(c), (d) and (e)), thinning of the inner plexiform
layer, cell loss in the inner nuclear layer, and thinning of
the outer plexiform layer (Figure 7(c)). The IL retinas of
the CCA-MCAO group displayed significant thinning
compared to the ECA-MCAO group (P=0.0004;
Figure 7(a)). In the CCA-sham group, three of the
eight IL retinas displayed thinning of the outer plexi-
form layer, while the other five showed no obvious mor-
phological alterations. The IL and CL retinas of the
ECA-MCAO and ECA-sham groups did not show
changes in retinal morphology, as well as the CL retinas
of the CCA groups (Figure 7(a) and (b)).

Discussion

To the best of our knowledge, this is the first report to
examine and compare the long-term status of cerebral

and retinal vascular perfusion after the induction of
acute ischemic brain injury using the Koizumi and
Longa middle cerebral artery occlusion models, and
the first to provide concurrent anatomical evidence of
the origin of the ophthalmic artery in mice.

Only two other studies directly compared the
Koizumi and Longa methods in mice, both assessing
only the short-term effects of the two methods.'*?
Contrary to the study of Smith et al., showing higher
mortality rate for the Koizumi method after 24 hours,
we showed no difference between the methods in the
acute phase and a 22% greater long-term survival fol-
lowing the Koizumi method. The premise that com-
plete reperfusion after filament removal should occur
in the ILH due to the nature of the Circle of Willis was
shown to be incorrect by both our data and the afore-
mentioned studies.>’*> The fact that reperfusion
reached only 55% of baseline values in the Koizumi
group, 72% in the Koizumi-sham group, and 100%
in the Longa group, led us to further explore the dura-
tion of this hypoperfused state in the Koizumi method
by MRA. The MIP analysis of MR angiograms
revealed significant differences in the long-term perfu-
sion status of the brain between the Longa and
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Koizumi methods. Although laser-Doppler measure-
ments showed full reperfusion after filament withdraw-
al in the Longa method, two days after MCAO the
MIP revealed lower signal intensity of the MCA with
a hypoperfused segment between IL ACA and MCA.
Complete perfusion was reestablished after a week. In
contrast, the hypoperfusion measured at the time of
filament withdrawal in the Koizumi method was per-
sisting in the subacute phase, not only in the MCA but
in the entire ILH. Only after a week, partial reestab-
lishment of perfusion in the Circle of Willis, PCA,
proximal MCA, and ACA was shown. The measured
arterial volume did not reach baseline values even
35days after MCAO, suggesting that the Koizumi
method should be considered a model of ischemia
with chronic hypoperfusion rather than of ischemia
and reperfusion, the latter being modeled by the
Longa method. This was further supported by our
analysis of the recruitment of IL. PcomA as an arterial
collateral, which is a compensatory phenomenon
occurring secondary to hypoperfusion.”®* Our analy-
sis clearly demonstrated this phenomenon in the
Koizumi group, but not in the Longa group. The
most likely reason for the documented differences in
reperfusion between the models is the permanent liga-
tion of IL CCA in Koizumi vs transient ligation with
full post-MCAO reperfusion of the IL CCA in Longa
model, as previously suggested by others *'*? and con-
firmed in our angiograms. Thus, when translating to
the clinical setting, we propose the Koizumi method as
a model of spontaneous slow recanalization of the
occluded artery and the Longa method as a model
for fast recanalization as in the case of thrombolytic
therapy or thrombectomy.

In contrast to both Smith’s and Morris’s studies,
where no difference in lesion volume was found at 24
hours post-MCAO, we showed a noticeably larger
lesion volume in the acute phase in the Longa group,
suggesting that fast recanalization promotes edema for-
mation, potentiating secondary damage. The discrep-
ancy between the studies could be due to different time
points (24 vs. 48 hours) or different assessment meth-
ods (MRI vs. TTC-staining). After the edema resolved,
as indicated by the reduction in ILH swelling a week
after MCAO, both Koizumi and Longa groups exhib-
ited pronounced atrophy of the ILH, with significantly
greater tissue loss in the Longa group. Fast recanaliza-
tion in the Longa method promoted substantial edema
formation and secondary damage, leading to greater
tissue loss, as shown for thrombolysis in the clinic
after the safe window of 4.5 hours of ischemia is sur-
passed.*® However, more attention should be paid to
the effects of hypoperfusion in the Koizumi group,
which caused the development of smaller lesions in
the acute phase of ischemia and led to less pronounced

atrophy in the chronic phase, suggesting a possible ben-
eficial effect of hypoperfusion in the evolution of ische-
mic lesion.

The neurological status following MCAO corre-
sponded to the lesion volume data only in the acute
phase, showing significantly higher deficit for the
Longa group compared to the Koizumi group, which
is in accordance with the data from Smith et al..’' In
the chronic phase, only differences in postural signs
were observed between the MCAO groups, although
the Longa group exhibited substantially greater tissue
loss. Neither group fully recovered to its baseline levels.
One of the limitations of our work was the measure-
ment of a general neurological status, which covers a
variety of functions that are rather unspecific and may
fail to detect subtle chronic functional differences. To
confirm our chronic data, a more specific and detailed
behavioral characterization should be performed in the
future.**

There is a recurring erroneous premise in many pre-
clinical studies, including even recent ones, that the
occurrence of retinal ischemia after MCAO-induced
ischemic stroke in these murine models is likely due
to the proximity of the OA to the MCA.'»!%133
This presumption lacks any anatomical evidence in
mice, and contradicts the existing anatomical knowl-
edge of rat vasculature, misrepresenting the mechanism
by which the co-occurring retinal ischemia develops,
which has already been pointed out by others.?
Using MR angiography, we established that in all our
C57Bl/6J mice the PPA gave rise to the OA, further
corroborating this with gross anatomical findings, and
therefore confirming previous suggestions.”*** By com-
paring the MIP of the longitudinally acquired MR
angiograms, we showed that the perfusion status of
the PPA and OA was solely affected when the
Koizumi method was applied. Permanent ligation of
the CCA in the Koizumi method induced permanent
hypoperfusion to the ICA, affecting the PPA as its
branch, in both Koizumi and sham-Koizumi surgeries.
The Longa and Longa-sham groups showed no
changes in the perfusion of the PPA or OA in the
days after ischemia induction, suggesting immediate
reperfusion of the blood flow to the retina after fila-
ment withdrawal.

Acute ischemia with chronic hypoperfusion follow-
ing the Koizumi method induced a similar ischemic
lesion evolution pattern as in the brain, with thickening
of the retina in the acute phase followed by edema res-
olution and thinning of the retina in the chronic phase
of ischemia. Moreover, we demonstrated histological
evidence of permanent morphological changes follow-
ing the Koizumi surgery, including cell loss in the gan-
glion cell layer and the inner nuclear layer, and
thinning of the inner and outer plexiform layers,
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which is in accordance with previous subacute studies
using a similar surgery approach in rats.” The immu-
nohistochemical analysis further confirmed the histo-
logically evident and extensive ganglion cell loss in the
Koizumi method. In contrast to the Koizumi method,
we did not observe any long-term changes in the retina
in the Longa method in which 30 minutes of occlusion
were followed by immediate reperfusion. Our findings
are well corroborated by other acute and subacute
studies, showing no apparent histological alterations
when the Longa method was used.'>*>3¢ Obviously,
the length of the occlusion plays a key role in the out-
come. Since in our study (and in the Koizumi and
Longa MCAO models in general) the site of the acute
occlusion affecting the retina is at the origin of the
PPA, the closest comparable model of retinal ischemia
in itself is the model of temporary ligation of the PPA,
described by Lelong et al.** In this model, which also
included the ligation and section of the ECA, the 30-
minute occlusion of the PPA, similarly as in our Longa
group, produced no apparent histological changes
4 weeks after the ischemic event, but longer occlusion
periods produced obvious atrophy of the inner retinal
layers.?>** The striking difference in retinal and cere-
bral response to the Longa method might lie in the fact
that retina seems to show greater tolerance to ische-
mia.'>!*15373% Dye to a limitation in our methodolo-
gy of retinal assessment (MRI), it is possible that by
using other methods of assessment, such as electroret-
inography, fundus photography, or fluorescein angiog-
raphy, we could detect more subtle changes in retinal
responses after MCAO surgery.

In conclusion, using MRA to monitor the long-term
status of cerebral vascular perfusion, we redefined the
Koizumi method as a model of ischemia with chronic
hypoperfusion, as opposed to the Longa method,
which models ischemia and reperfusion; a distinction
one should bear in mind when translating to clinical
settings. This was the first MCAO study to provide
anatomical evidence of the origin of the ophthalmic
artery in mice, showing that it arises from the pterygo-
palatine artery, and the first to compare the
co-occurring retinal ischemia in the two models,
suggesting that most retinal responses to ischemia over-
lap with those in the brain when the Koizumi method is
performed, with evident atrophy of the inner retinal
layers in the wake of acute ischemia with hypoperfu-
sion. In contrast, the Longa method, which resulted in
a more extensive cerebral lesion with greater tissue loss
compared to the Koizumi method, produced no
apparent MR or histological lesions of the retina.
Improvement in preclinical modeling of retinal ische-
mia co-occurring with stroke is necessary for a better
understanding of the pathophysiological processes
underlying cerebral and retinal ischemia.
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