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Abstract

Stroke is one of the main causes of death and disability worldwide. Over the past decades, several
animal models of focal cerebral ischemia have been developed allowing us to investigate
pathophysiological mechanisms underlying stroke progression. Despite intense preclinical research
efforts, the need for non-invasive mouse models of vascular occlusion targeting the middle cerebral
artery yet avoiding mechanical intervention is still pressing. Here, by applying the photothrombotic
stroke model to the distal branch of the middle cerebral artery, we developed a novel strategy to
induce a targeted occlusion of a large blood vessel in mice. This approach induces unilateral
damage encompassing most of the dorsal cortex from the motor up to the visual regions one week
after stroke. Pronounced limb dystonia on day one after the damage is partially recovered after one
week. Furthermore, we observe the insurgence of blood vessel leakage and edema formation in the
periinfarct area. Finally, this model elicits a strong inflammatory response revealed as a strong
increase in astrocytes density and morphological complexity in the perilesional region of the cortex
compared to both other regions of the ipsilesional and contralesional hemispheres, and sham-
operated mice. To conclude, the stroke model we developed induces in mice the light-mediated
occlusion of one of the main targets of human ischemic stroke, the middle cerebral artery, free from

the limitations of commonly employed preclinical models.

Significant statement
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Cerebral ischemic stroke is one of the leading causes of death and disability worldwide. Animal
models represent a fundamental benchmark to investigate the pathophysiological mechanisms
underlying stroke patients' outcomes. Here, we developed and characterized a novel mouse model
of stroke employing the photothrombotic occlusion of the middle cerebral artery, one of the most
common injury sites in stroke patients. The light-mediated occlusion leads in the acute phase to a
severe motor deficit accompanied by the insurgence of blood-brain barrier extravasation, and the
establishment of an inflammatory regime particularly pronounced in the periinfarct cortex. This
simple and highly reproducible model faithfully recapitulates human ischemic stroke avoiding
common drawbacks of other stroke models.

Keywords: stroke, MCA photothrombotic occlusion, clasping test, BBB permeability, astrocytes
Introduction

Stroke seriously threatens human health due to its high morbidity, disability, and mortality, thus
representing a heavy financial and mental burden affecting families and society (Wafa et al. 2020).
Intravenous thrombolysis and endovascular treatment are the standard therapies for patients with
acute ischemic stroke. Unfortunately, due to the narrow time window of these treatments, possible
treatment inefficacy in terms of recanalization, and the occurrence of reperfusion injury, there is still
high variability in determining patients’ prognoses. These aspects draw the attention of preclinical
research aiming to develop animal stroke models to further elucidate the pathophysiological
mechanisms of injury and investigate the main processes of neurovascular disruption. In the past
few decades, many strategies have been applied to induce ischemic insult in the brain tissue in
animal models. Among the several models developed, middle cerebral artery (MCA) occlusion and
photothrombosis are the most diffuse approaches, though characterized by some fundamental
drawbacks (Conti et al. 2021; Macrae 2011a).

The intraluminal suture of the middle cerebral artery induces damage in the striatum and cortex,
generating a sizable volume of penumbra (Carmichael 2005) with the advantage of avoiding
craniotomy and possible brain injury consequent to the surgery (Menzies, Hoff, and Betz 1992;
Mies et al. 1991). Nevertheless, MCA occlusion procedures are surgically demanding and may
induce local traumatic effects (Kanemitsu et al. 2002). Moreover in this model, the success rate of
occlusion and the reproducibility of the infarct size are sometimes unsatisfactory (Yao et al. 2003;
Macrae 2011a). On the other hand, the photothrombotic damage shares essential mechanisms
occurring with human stroke including the interruption of blood flow due to platelet aggregation
and alterations of the blood-brain barrier (BBB) (Dietrich et al. 1987), guaranteeing a high
reproducibility between subjects and the capability to easily target the lesioned area (Allegra
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Mascaro et al. 2019; Balbi et al. 2017). Nevertheless, this method, widely applied to induce small
focal lesions, is poorly employed in large blood vessels that would better represent severe human
infarct. Saying that, a search for an occlusion model that encompasses the broad multiplicity of
human ischemic progression is still a challenge for preclinical researchers.

Here, we developed and characterized in elderly mice a novel photothrombotic model of the MCA
distal branch. We performed in vivo evaluations of mice behavior and body weight 24 hours and 7
days after stroke induction. Then, we quantified the extension of the lesion through ex vivo
immunostaining. Finally, we characterized BBB permeability 24 hours after stroke and alterations

of astrocytes morphology through ex vivo immunohistochemistry 7 days after photothrombosis.

Materials and Methods

Mice

All procedures involving mice were performed in accordance with regulations of the Italian
Ministry of Health. Mice were housed in clear plastic cages under a 12 h light/dark cycle and were
given ad libitum access to water and food. We used a transgenic mouse line, C57BL/6]-Tg(Thy1-
EGFP)MJrs/], from Jackson Laboratories (Bar Harbor, Maine USA). 29 Mice were identified by
earmarks and numbered accordingly. Animals were randomly divided into 2 groups: stroke
(MCAPT n=15; EB n=6) and sham-operated (Sham MCAPT n=4 and Sham EB n=4) mice. To perform
the Brain Water Content evaluation and Wire Hanging Behavioral test we employed 8 mice (Sham
n=4; MCAPT n=4). Sham-operated mice were subjected to the same surgery and procedure with
respect to MCAPT mice except for the Rosebengal injection, replaced by the injection of the same
volume of saline. Each group contained comparable numbers of male and female mice. The age of
mice (ranging from 16 to 18 months old) was consistent between groups.

Photothrombotic occlusion of the distal branch of the middle cerebral artery

Mice were anesthetized with isoflurane (4% induction, 1.5% maintenance, in 1 L/min oxygen).
Body temperature was maintained at 37°C with a heating pad (ThermoStar Temperature
Controller, RWD, USA). Mice were placed on a surgery pad, lying on one side. To ensure the stability
of the mouse the mouth was secured to the incisor bar and then blocked to the surgery pad. The
mouse tail was then tightened to the surgery pad. The muscle over the squamosal bone was
stretched with surgical tape to ensure more stability during the surgery. The mouse hairs between
the eye and the ear were removed and then the skin was cleaned with betadine and ethanol. Then,
local anesthetic lidocaine 2% (20 mg/mL) will be applied. The skin over the squamosal bone was

cut, and the muscle was detached from the skull and gently pushed down to expose the bone. We
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used a dental drill (Silfradent, Forli-Cesena Italia) to create a small craniotomy over the squamosal
bone to expose the distal branch of the middle cerebral artery. Once removed from the flap bone, a
photosensitive dye, Rosebengal (0.2 ml, 10 mg/ml solution in Phosphate Buffer Saline (PBS), was
intraperitoneally injected; Sigma Aldrich, USA). To induce photothrombosis, we developed a
custom-made setup to finely controlled the laser irradiation on the distal branch of the middle
cerebral artery (Fig. 1a). To this aim, we employed a 532 nm laser (Laser Diode CPS532, Thorlabs,
Germany) focused with a 70 mm lens onto the targeted blood vessel. The laser intensity at the focus
was 128 mW/mm?2 (Watson et al. 2002). The mouse was held by the side on a stage, allowing
displacements in the x-y-z directions (Translation Stage DTS25/M, Thorlabs, Germany).

Five minutes after the injection of the dye, a-532-nm green laser was focused before the MCA
branch for 25 minutes in order to promote the formation of a stable clot and the consequent
occlusion of the distal branch of the MCA. The green laser employed for the experiments focused on
the blood vessel and did not heat the irradiated tissue near the MCA during photo-irradiation, as
shown by the presence of perfused blood vessels near the illumination site. At the end of the
procedure, the muscle will be replaced over the bone and the skin sutured. Mice were placed in
their cages until full recovery.

Ex vivo evaluation of blood-brain barrier permeability

To perform an ex vivo evaluation of blood-brain barrier permeability we injected in the mouse tail
vein 0.20 mL of Evans Blue dye (0.20 mg/mL), at the end of the surgery to occlude the distal branch
of the MCA. 24 hours after the injection the animal was anesthetized by an intraperitoneal injection
of ketamine (100 mg/kg) and xylazine (10 mg/kg) and then perfused with 100 mL of PBS in order
to remove the blood from the brain tissue. The brain was then extracted and in PFA 4% for one
hour. Then the brain was sectioned with a brain matrix producing approximately 10 slices 1 mm
thick.

Brain water content evaluation

The evaluation of brain water content was performed following the method previously applied by
Kenne and collaborators (Kenne et al. 2012). 24 hours after the occlusion of the MCA, mice were
sacrificed with an overdose of anesthetic. The brain was divided along the midline and the
contralateral and ipsilateral tissue was weighed right after removal to obtain wet weight (WW).
The tissue was then dried at 60°C for 72 hours and weighed to obtain dry weight (DW). Water
content was calculated as follows: Water Content = (WW-DW)/(DW). Tissue swelling was
calculated as a percentage of the ratio between the variation of the wet weight and the initial wet

weight: [(Final WW-Initial WW)/(Initial WW)]*100.



)L

)

*

> Cl’

U

el f]

Vi

e

LeC

2P

sNeuro Acce

174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206

Clasping test

The clasping behavior was induced by suspending the mouse from the base of the tail 10 cm above
the cage for 20 seconds. We assigned a score of 0 for no clasp if the limbs are splayed outward away
from the abdomen. If one limb is retracted towards the stomach for more than 50% of the time
suspended we assigned a score of 1. If two limbs are retracted towards the stomach for more than
50% of the time suspended, assigned a score of 2. If three limbs are retracted towards the stomach
for more than 50% of the time suspended we assigned a score of 3. If both forelimbs and hindlimbs
touch and press on the stomach indicating a severe clasp we assigned a score of 4 (Fig. 2A). At the
end of the test, the animal was placed into its cage.

Wire hanging test

To evaluate grip strength, balance, and endurance 24 hours after the injury we tested mice in the
wire hanging test (Balkaya et al. 2013). Mice were brought by the tail near a 2 mm thick metallic
wire maintained 35 cm above a layer of bedding material to prevent injury to the animal in case of
falls. When the animal hung to the wire with the forelimb, the mouse was released by the operator.
If the animal reached one end of the wire the score was increased by 1. If the animal fell the score
was diminished by 1, and the elapsed time was noted. Mice performed three trials to obtain the
final score.

Immunohistochemical analysis

For ex vivo investigation, stroke or sham-operated mice were transcardially perfused with 4%
paraformaldehyde on day 7 after surgery. Brains were cut using a vibrating-blade vibratome (Leica,
Germany) to obtain 100 um thick coronal sections that were used for immunostaining of Neuronal
marker, NeuN (1:1000, anti-NeuN chicken, Millipore, Germany), Glial Fibrillary Acidic Protein, GFAP
(1:1000, anti-GFAP rabbit, Abcam, United Kingdom).

The NeuN immunostaining was performed to quantify the lesion volume one week after
photothrombosis. The stroke volume for each animal was calculated by summing up all damaged
areas and multiplying the number by section thickness and by the spacing factor, 4 (Conti et al.
2022). Images were acquired with a (Stemi 508, Carl Zeiss). The total volume in mm3 is given as the
mean * standard error of all analyzed animals (n=6). The experimenter was blind to the
experimental group of the samples.

The number of Glial Fibrillary Acid Protein (GFAP) positive neurons was analyzed using a confocal
fluorescence microscope (Nikon Eclipse TE 300, Tokyo, Japan) with a Nikon Plan EPO 60X objective
(NA 1.4, oil immersion Nikon, Tokyo, Japan). We decided to focus our investigation on 4 regions of

interest (ROIs), i.e. the peri-infarct area (ischemic border zone, IBZy,), a region in the ipsilesional
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hemisphere distant to the stroke core (remote zone, RZy.), a region contralateral to the peri-infarct
area (ischemic border zone contralateral, IBZc.), and a region in the healthy hemisphere
contralateral to the ischemic core (ischemic core contralateral ICc1). For each ROI (IBZy, RZy, IBZc,
ICcL) we acquired 3 fields of view. The density of GFAP positive cells was evaluated considering the
following criteria: (i) the same brightness/contrast value was set for all images; (ii) cells placed at
the border of the image were not counted; (iii) cells that were not clearly visible were excluded and
therefore not counted; (iv) aspecific signals of the background were excluded.

The morphological analysis of astrocytes was performed employing two strategies, i.e. the Sholl
method and Skeleton analysis. For each of the 5 animals, 3 slices of the brain, central to the damage,
were analyzed. In each slice, we acquired 3 images (212.13x212.13 um) for each ROI, and in each
image, we identified 3 astrocytes. 108 astrocytes per animal were analyzed. We used 4 animals for
the analysis of the sham mice. For each animal, we analyzed 3 slices, and for each slice analyzed 3
astrocytes for each of the 4 ROI (IBZ, RZy, IBZc1, ICcL). A total of 144 astrocytes were analyzed.

By applying Sholl's method (Image] software), we isolated each individual astrocyte and starting
from the soma we drew concentric circles around it, at a distance of 3 um from each other. This
method allows quantifying the number of intersections of each astrocytic process with a single
circumference and the total number of intersections.

We used Skeleton analysis (Image] software) to determine the number and length of primary
processes, the number of junctions, the number of endpoints, the average length of the processes,
and finally the maximum length of the branches of the astrocytes. Since in Sham mice we did not
reveal any significant differences between the 4 ROIs we considered a mean value for each
parameter in the main figures of the manuscript and we added the Sham analysis for each ROI
(IBZi, RZy, IBZc1, ICcL) in the Extended data.

Statistical analysis

All the analyses performed of both in vivo and ex vivo experiments were performed blind. Moreover,
all the data were independently evaluated by the two researchers that performed the experiments
and the analysis. Results were considered statistically significant if their corresponding P value was
less or equal to 0.05. OriginPro software (OriginLab Corporation) was used for all other statistical
analyses. For all ANOVAs that were statistically significant, multiple comparisons among time
points and different regions of the cortex were assessed using the ANOVA Repeated Measures

followed by a post hoc Tukey HSD test.

Results
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A novel single-vessel photothrombotic stroke mouse model

We developed a novel method to permanently induce light-mediated occlusion of the distal branch
of the middle cerebral artery (MCA) in mice (Fig.1 a, b). The MCA was exposed through a small
craniotomy (Fig. 1b left). Then, 5 minutes after the intraperitoneal injection of Rosebengal, the MCA
was illuminated for 25 minutes with a green laser (Fig. 1b, middle) which promoted the formation
of a stable clot (Fig. 1b, right), and consequently blood perfusion interruption in the downstream
brain tissue. We performed the MCA photothrombosis in two different experimental groups (Fig. 1c). In
the first one (MCAPT) we performed behavioral experiments the day before the stroke (Pre) and then
24 hours (1dpl) and one week (1wpl) after the photothrombosis. After behavioral evaluations, mice
were perfused to perform ex vivo experiments. In the second group (EB) mice were tested one day
before and one day after stroke. At the end of photothrombosis, we injected in the mouse tail vein Evans
Blue, serum albumin binding dye to determine the presence of extravasation (i.e. hemorrhage and
edema) in brain tissue one day after damage. For both experimental groups (MCAPT and EB) we
performed a set of experiment in which mice were subjected to the same surgery and procedure
with respect to MCAPT and EB mice respectively except for the Rosebengal injection, replaced by
the injection of the same volume of saline. At the end of the experimental period mice were
sacrificed to performed ex vivo evaluations (Fig.1-1). To quantify the lesion volume induced by the
photothrombotic occlusion of the MCA one week after stroke, the perfused brain was cut into 100-
micron coronal sections. The NeuN immunostaining highlighted a region of dead tissue affecting
only the mouse cortex extending from motor regions up to visual areas, in the rostrocaudal
direction (Fig. 1d), with an overall lesion volume of 6.9 + 0.1 mm3 in stroked mice (Fig. 1e). Sham
mice, did not show any sign of tissue suffering due to craniotomy or laser irradiation (see Fig 1-1

from 1 to 4).

MCAPT induces severe dystonia in post-stroke acute phase

In order to assess the functional impairment caused by photothrombosis, we performed the
clasping test (Miedel et al. 2017; Guyenet et al. 2010) at different time points (Fig. 2a). While in
healthy conditions, all the mice splay the limbs outwards indicating the physiological reflex to grab
something when hanged, one day after MCA photothrombosis we observed a considerable
worsening of motor performance, only partially recovered one week after stroke (Fig. 2b). Then to
better characterize motor performances in the acute phase after stroke, we tested a subgroup of
mice in the wire hanging test (MCAPT n=4 and Sham n=4). While the final score remained unaltered
24 hours after the surgery in Sham mice, we observed in MCAPT animals a severe worsening of the

grip strength, balance, and endurance (Fig. 2b right panel). Body weight evaluation did not highlight
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any significant difference before and after photothrombosis (Fig. 2c), though mice body weight
variations are higher in the MCAPT group compared to Sham mice (Fig. 2-1a). The permanent
occlusion of the distal branch of the MCA is lethal for 6.6% (n=1) of mice one day after irradiation

and 40% (n=5) one week after stroke (Fig. 2d).

MCAPT induces blood-brain barrier leakage and edema formation in the ipsilesional
hemisphere

We then wondered if the high percentage of mortality observed during the first week after the MCA
occlusion (Fig. 2d) was due to the emergence of blood-brain barrier alterations (i.e. hemorrhage
and edema). To clarify this aspect, we used Evans Blue, an organic dye characterized by a very high
affinity for serum albumin, which allows a rapid and low-cost assessment of BBB permeability
(Saunders et al. 2015). The loss of blood-brain barrier integrity and the consequent extravasation
was evaluated by quantifying the presence of blue-staining of cerebral tissue, due to leakage of the
dye from the blood vessels to the brain parenchyma (Stoll et al. 2009; Yang et al. 2017). Therefore,
in EB mice (n=6), we injected the Evans Blue dye in the mouse tail vein right after photothrombosis.
Mice were then sacrificed 24 hours after the injection. While in Sham mice (n=4) no evidence of
blood-brain barrier alliteration was revealed (see Fig.1-1, 5-8), in MCAPT mice we observed that
the diffusion of the dye affects a large portion of the ipsilesional hemisphere, extending both in the
rostral direction up to the olfactory bulbs and in the caudal regions, (Fig. 3a, b). Moreover, the
tissue appears to be swollen around the stroke core (Fig. 3a black arrows). These animals,
evaluated through the clasping test before (Pre) and one day after stroke (1dpl), showed behavioral
deficits comparable to the MCAPT group and no consistent alterations in body weight (Fig. 2-1b, c).
In particular, mice with more severe impairment are characterized by a higher extension of
extravasation (Fig. 3c). Since this preliminary evaluation suggested the presence of barrier leak, to
better quantify the presence of edema 24 hours after the photothrombotic damage we evaluated
the brain water content of ipsilesional and contralesional hemispheres as a measure of cerebral
edema (Kenne et al. 2012) in another group of mice (Sham n=4, MCAPT n=4). The comparison of
the variation of water content between hemispheres of Sham with respect to MCAPT mice showed a
significant increase in water after the photothrombotic occlusion of the MCA (Fig. 3d). Moreover, a
significant increment of tissue swelling was observed in the MCAPT group, not found in Sham mice

(Fig. 3e).

MCAPT increases astrocytes density and complexity in the peri-infarct cortex
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To quantify the inflammation induced by the damage, we analyzed astrocytes in different regions of
the brain in MCAPT and Sham mice. We identified four regions of interest (Fig 4a) within the cortex:
ipsilesional ischemic border zone IBZj, remote zone RZy, contralesional ischemic border zone
IBZc1, contralesional ischemic core ICc., (see Fig. 4-1). In the ischemic core IC where no fluorescence
signal was revealed. At a glance, as shown in Fig. 4b, the IBZ;, in MCAPT animals was characterized
by an intense fluorescence signal compared to other regions. The analysis revealed an increase of
GFAP-positive astrocytes in the peri-infarct area (IBZi.) of MCAPT animals with respect to Sham
mice (Fig. 4-2). Moreover, astrocyte density in the IBZj, of MCAPT mice was significantly higher
with respect to other regions both in the ipsilesional and the contralesional cortex (Fig. 4c and Tab.
4-1). Then by quantifying the number of branch intersections through Sholl analysis (Fig. 5a), we
observed a significant increment of the intersections number (21-27 pm from the cell body) of IBZj,
astrocytes compared to other regions of MCAPT mice (Tab. 5-1). Conversely, in Sham animals, no
differences were revealed between the ROIs at increasing distances from the cell body (Fig. 5-1,
Tab. 5-2, 5-3). Finally, to further investigate astrocyte morphology, we performed Skeleton analysis
to quantify the length of astrocytic processes as well as the number of branches, junctions, and end-
points (Fig. 5c, Fig. 5-2). Astrocyte morphology is consistent among all the ROIs in Sham mice (Fig.
5-2b). In detail, astrocytes show a lower number of branches, junctions, and end-point in all the
analyzed regions compared to MCAPT mice (Fig. 5¢c, Fig. 5-2b, Tab. 5-4, 5-5). Conversely, MCAPT mice
showed strong differences in morphological features between the regions observed (Fig 5c, Tab. 5-
6). In particular, the analysis revealed in the ipsilesional hemisphere a significant difference in the
number of branches, junctions, and end-points between IBZ;;, and RZj;.. Finally, in the contralesional
hemisphere, all morphological parameters were comparable between the two regions analyzed.

This aspect highlights the establishment of an inflammatory regime in the acute phase after stroke

involving both hemispheres, though especially prominent in the periinfarct cortex of MCAPT mice.

Discussion

In this study, we adopted the photothrombotic technique to induce an ischemic occlusion of the
distal branch of the middle cerebral artery in mice. Despite a similar approach was successful in
rats (B. D. Watson et al. 1987), rabbits (B.-Q. Zhao et al. 2002), and in a “tandem occlusion” through
the ligation of the common carotid artery in mice (Sugimori et al. 2004), to the best of our
knowledge this is the first study showing its application in mice.

The occlusion of the MCA can be achieved with other strategies such as the intraluminal insertion of

a filament, the endothelin-1 model, and the ligation or the cauterization of the blood vessel,
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resulting in different post-injury complications (Gonzalez and Kolb 2003). As previously discussed,
the intraluminal suture of the MCA technique is a widely used animal model of stroke. However, the
insertion of the filament leads to obstruction of the hypothalamic artery thus inducing
hyperthermia and consequent increase of infarct volume, worsening functional outcome (Q. Zhao et
al. 1994; Reglodi et al. 2000). Moreover, this model shows high variability of the infarct size
resulting in low reproducibility and an unsatisfactory success rate of occlusion (Howells et al.
2010). Furthermore, the surgery to access and manipulate the vasculature requires skilled and
experienced hands (Howells et al. 2010). The endothelin-1 technique is another stroke model
commonly employed both in rats and mice, based on the local application of a vasoconstrictor
agent. The procedure is easy to perform and allows the control of vessel vasoconstriction
modulating the dose of the vasoconstrictive agent. However, this approach is characterized by high
variability in stroke volume (Braeuninger and Kleinschnitz 2009). Similarly, the cauterization of the
MCA is characterized by low reproducibility (Mora-Lee et al. 2011) and presents several
drawbacks, including possible damage to the dura mater and tissue surrounding the vessel.
Furthermore, cauterization induces permanent damage, not amenable to reperfusion by removing
the suture filament, or by light-induced recanalization thrombolytic agents (Ishrat et al. 2009).
Conversely, the photothrombotic model has the advantage of inducing the formation of platelet-
and fibrin-rich thrombus in the blood vessels of the irradiated site (Matsuno et al. 1993; Saniabadi
et al. 1995). This approach is minimally invasive and is capable to induce highly reproducible
cortical damage both in rats and mice, targeting with high precision the location of ischemia
(Macrae 2011a). Moreover, photothrombosis has the great advantage of tuning the plasma
concentration of the dye, and the intensity and duration of the light in order to control the size and
the depth of the lesion. Depending on the procedure applied, the target of photothrombosis ranges
from an extended region of the cortex to a single capillary.

In previous studies, the photothrombotic approach was applied to single blood vessels within the
mouse brain cortex (Shih et al. 2013). This strategy has on the one hand the advantage of being able
to target the region of the damage in order to investigate the microscopic basis of cerebral ischemia,
selecting a specific class of blood vessel (i.e. capillary or surface arteriole or venule) in a specific
cortical area. By combining the stroke model with imaging setups equipped with multiple light
sources, alterations of the vasculature (Sunil et al. 2020; Clark et al. 2019), and brain dynamics,

such as cortical depolarizing waves, (Balbi et al. 2017) were monitored in vivo.
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Here, by characterizing the photothrombotic occlusion of the distal branch of the MCA in mice, we
observed the formation of a stable clot in the blood vessel after 25 minutes of laser irradiation that
leads to reproducible extended damage in the mouse cortex one week after the lesion. Compared to
both single capillary and cortex-targeted photothrombosis, our model, targeting the distal branch of
the MCA induces a more severe lesion within the mouse brain cortex. Moreover, with respect to the
cortical irradiation model, in which the distribution of pial microvasculature can vary between
animals of different ages or strains (Labat-gest and Tomasi 2013), the photothrombotic occlusion of
the distal branch of the MCA enables high reproducibility. Furthermore, the model induces a strong
behavioral deficit revealed by the clasping and wire hanging tests, mimicking a severe human
infarction. Moreover, the MCAPT induces a pronounced leakage of the BBB and edema formation,
making it a suitable model to investigate the main consequences affecting human stroke patients i.e.
hemorrhagic transformation and cerebral edema. Indeed during the acute phase post-injury, the
strong behavioral impairment is accompanied by the alteration of the BBB. Previous studies
employing MCA occlusion to induce a cerebral stroke observed an increase in BBB permeability in
the acute phase after the damage (Belayev et al. 1996; Rosenberg, Estrada, and Dencoff 1998;
Candelario-Jalil, Dijkhuizen, and Magnus 2022). In particular, Fernandez-Lopez and collaborators
(Fernandez-Lopez et al. 2012) observed a marked increase in Evans Blue leakage in the injured
cortex and in the caudate of adult rats. Moreover, many studies apply magnetic resonance imaging
to non-invasively detect BBB leakage and edema after stroke injury (Matsushita et al. 2013; Knight
et al. 2008; Taheri et al. 2009) after MCAO.

Finally, a strong upregulation of the glial fibrillary acidic protein (GFAP) was induced, indicating the
activation of reactive astrogliosis during the acute phase (Alia et al. 2021; Li et al. 2014).
Specifically, the increased density of GFAP-positive cells observed in the peri-infarct cortex of
MCAPT mice one week after photothrombosis suggests the beginning of scar formation as
previously observed in other studies (Shen et al. 2012; Takamatsu et al. 2002).

Overall the advantages of photothrombotic occlusion of the MCA include the possibility to produce
large and consistent infarcts of the cortex, by occluding a large blood vessel through a
nonmechanical approach, maintaining the dura mater intact, and the intracranial pressure constant.
Although this model requires a craniotomy, one of the main advantages of this method includes the
relatively slight invasiveness and the high degree of reproducibility (Yao et al. 2003). Considering
the extended edema and the high mortality rate observed, we deem the damage induced by the
photothrombotic occlusion of the distal branch of the MCA severe. Indeed our model aims at

reproducing a severe stroke, to study the acute consequences due to large vessel occlusion, and the
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high mortality observed is due to the high reproducibility of the model. Conversely, in human
patients, the pathophysiological insurgence of ischemia is characterized by higher variability both
in terms of occlusion site and comorbidities, thus resulting in a wider spectrum of patient's
outcomes. However, the photothrombotic model may allow controlling the severity of the injury by
tuning the irradiation time and the dye concentration (Macrae 2011). Moreover, our model can also
be applied to induce ischemia in neonatal mice. As previously assessed by Maxwell and
collaborators (Maxwell and Dyck 2005) the photothrombotic stroke model has several advantages
with respect to conventional methods to induce damage in neonatal mice, including transient and
permanent MCA occlusion. Indeed, the surgical difficulties of these approaches due to MCA
exposure and filament insertion are exacerbated when working with neonatal mice. Conversely,
due to the transparency of pup skulls (Jia et al. 2018), the distal branch of the MCA is clearly visible
thus avoiding bone thinning or craniotomy for laser irradiation.

Since half of all ischemic strokes occur in MCA territory, the development of a reproducible mouse
model of stroke mimicking large thromboembolic stroke in humans is crucial in preclinical animal
studies. Moreover, an animal stroke model that better resembles the pathophysiology of human
ischemic stroke allows the generation of preclinical datasets suitable for investigating network
dynamics and functional biomarkers of post-stroke recovery (Cecchini et al. 2021; Adam et al.
2020; Mascaro et al. 2020; Scaglione et al. 2021; Kreuz et al. 2022). Finally, this approach, to our
knowledge never applied in mice, will allow in future experiments the vascular recanalization by
illuminating the occluded vessel with a specific wavelength, as previously demonstrated in rats
(Brant D. Watson et al. 2002; Yao et al. 2003). The light-induced recanalization will foster the
investigation of the neurovascular mechanisms underneath the ischemic progression and will allow
testing of neuroprotectant agents such as Glyburide (Sheth et al. 2016, 2018). Indeed previous
clinical trials have shown that Glyburide reduces brain swelling after ischemia thus improving
patients' survival (Sheth et al. 2014; Simard et al. 2014). In particular, this neuroprotective agent
has been proven to be effective in large hemispheric strokes at risk of cerebral edema. Indeed, since
our novel stroke model induces alteration of BBB permeability and consequent brain edema, we
believe that Glyburide might be an appropriate pharmacological agent to be tested. The
photothrombotic occlusion of the distal MCA model was developed thanks to a bi-directional
collaborative approach between preclinical and clinical researchers (namely Translational
REsEarch on Stroke; TREES Study group). The close collaboration between clinics and research is

essential to facilitate the translation of mechanistic insights offered by animal models to the
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bedside and to build meaningful experimental studies based on real clinical needs (Conti et al.

2021).

FIGURES

Figure 1. A novel single-vessel mouse model of photothrombotic stroke: (a) Representative scheme of
the custom-made setup for photothrombosis occlusion of the distal branch of the MCA, see methods for
details. (b) Representative scheme of the main steps of photothrombotic occlusion of the distal branch
of the MCA and corresponding images acquired during surgery. The left panel shows the exposure of
the MCA after craniotomy; the middle panel highlights the laser irradiation focused on the blood
vessel; the right panel shows the formation of the clot. Scale bar 0.5 mm. (c) Experimental timeline for
the two groups MCAPT and EB. (d) Representative brain slices labeled with NeuN antibody. To
quantify the lesion volume we analyze one slice every 300 um. Scale bar 2 mm. The image in the inset,
acquired with a confocal microscope, shows a boundary region between the periinfarct cortex and the
stroke core. Scale bar 1.25 mm. (e) The right panel shows the quantification (mean + SEM) of stroke
volume for the Sham group (0.1 + 0.0001) and MCAPT 1 week after photothrombosis (6.9 + 0.1 mm3); *
p=2.29E-08 based on one-way ANOVA followed by a post hoc Tukey HSD test (n=6). The error bar for
the Sham group (n=4) is below the minimum threshold. See also Figure 1-1.

Figure 2. MCAPT induces severe dystonia in the acute phase after stroke: (a) Representative pictures
of mice during the clasping test. A score of 0 was assigned to mice with no clasping reflex, 1, 2,3, and 4
were assigned respectively when one, two, three, and four limbs are retracted on the abdomen. (b)
Left: The clasping reflex revealed a tendency to higher clasping behavior after stroke both in the acute
phase (1dpl) and one week (1wpl) after the insult. * p value based on one-way ANOVA repeated
measure followed by a post hoc Tukey HSD test : p Pre-1dpl = 0 ; p Pre-1wpl = 1.57E-05; p 1dpl-1wpl =
0. Right: The wire hanging test revealed a decrease in the strength of mice forelimbs 24 hours after the
damage. * p value based on one-way ANOVA repeated measure followed by a post hoc Tukey HSD test :
p MCAPT Pre-1dpl = 1.83E-5; p 1dpl Sham-MCAPT = 1.83E-5. (c) The graph shows the mice's weight
measured at the three time points. (d) The graph shows the mortality rate 24 hours and one week
after the lesion (n=15). See also Figure 2-1.

Figure 3. MCAPT induces blood-brain barrier leakage and edema formation in the ipsilesional
hemisphere. (a) The upper panels show a dorsal and lateral picture of a representative MCAPT brain
of a mouse injected in the tail vein with Evans Blue dye right after photothrombosis. Lower panels
(from 1 to 8) show coronal sections of the same animal. Black arrows point to tissue swelling. (b) Ex
vivo quantification of the brain tissue presenting blue signal in Sham group and EB group (1dpl) one
day after the photothrombotic occlusion. * p=0.003 based on one-way ANOVA followed by a post hoc
Tukey HSD test (n=6). (c) The table shows for each EB mouse the Clasping test score and the
extension of Extravasation. (d) Brain water content evaluation 24 hours after damage highlights the
increase of wet weight in the ipsilesional hemisphere of MCAPT mice with respect to Sham mice. *
p=0.003 based on one-way ANOVA followed by a post hoc Tukey HSD test (n=4). (e)Tissue swelling
evaluation 24 hours after stroke shows the emergence of brain tissue distortion affecting the
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ipsilesional hemisphere of MCApt mice. * p=0.0001 based on one-way ANOVA followed by a post hoc
Tukey HSD test (n=4).

Figure 4. MCAPT increases astrocyte density in the peri-infarct area. (a) A representative brain slice
highlighted the ischemic core (IC) and the 4 ROIs identified for the astrocytes analysis. Scale bar 0.5
mm (b) Representative field of view of each ROI acquired with a confocal microscope. Scale bar 45 um.
(c) The graph shows the density (average + SEM) of GFAP+ cells in the 4 ROIs (IBZy= 252.57 + 33.07;
RZy=104.63 # 13.23; IBZ,=133.64 + 29.11; IC1=115.18 + 26.894). p value based on one-way ANOVA
followed by a post hoc Tukey HSD test, see Table 4-1: p IBZ;-RZy, = 0.00721; p IBZy-IBZ¢, = 0.02508; p
IBZy-1Cct, = 0.01278. See also Figure 4-1 and 4-2.

Figure 5. MCAPT increases astrocyte complexity in the peri-infarct area of MCAPT mice. (a)
Representative image of an astrocyte analyzed with the Sholl method. (b) The graph shows the
distribution of the number of intersections for each radius in the 4 ROIs. p value based on two-way
ANOVA Repeated Measures followed by a post hoc Tukey HSD test, see Table 5-1, 5-2, 5-3: radius 7: p
IBZy,-RZy, = 2.51E-08; p 1BZy-IBZ¢, = 0.006; P IBZ;-1Cc, = 0.006; radius 8: p IBZ;-RZy, = 8.65E-07; p
IBZ-IBZcy = 0.013; P IBZy-ICcL = 1.72E-04: radius 9: p IBZy-RZy, = 6.82E-06; p IBZy-1BZc, = 0.029; P
IBZ;1-ICc1, = 4.10E-04. (c) Representative image of the same astrocyte in (a) analyzed with the Skeleton
analysis. All the features of astrocytes in the 4 ROIs are shown as average + SEM. The intergroup
statistical analysis was performed through a two-way ANOVA Repeated Measures followed by a post
hoc Tukey HSD test, see Table 5-4. The intragroup statistical analysis was performed through a one-
way ANOVA Repeated Measures followed by a post hoc Tukey HSD test see Table 5-5 and 5-6. Total
Branches Lenght Sham= 106.71 # 3.32;IBZ;= 176.53 + 15.04; RZ;= 128.32 + 4.74; IBZ=152.23 #
14.49; 1C4=143.28 # 11.04; intergroup analysis p IBZ;, MCAPT-Sham = 0.002; intragroup analysis p
IBZ;;-RZy, = 0.003; p IBZy-ICc. = 0.033. Number of astrocytes Branches Sham= 35.54 + 1.68; IBZ;,=
54.645 + 3.126; RZ;,= 43.127 + 2.161; IBZc1= 47.307 # 2.742; ICy= 47.341 + 2.113; intergroup analysis p
IBZy, MCAPT-Sham =0.001; intragroup analysis p IBZ;-RZy, = 0.044. Number of astrocytes Junctions
Sham=17.18 #+ 0.87; IBZ;= 26.81 # 1.63; RZ;,= 20.89 + 1.13; IBZ¢,= 23.01 # 1.421 ICy= 23.04 #+ 1.12;
intergroup analysis p IBZy, MCAPT-Sham = 0.03; intragroup analysis p IBZ;-RZy, = 0.026; p IBZ;-1Cc1, =
0.042. Number of astrocytes End-points Sham= 18.68 + 0.77; IBZ;= 27.47 + 1.34; RZ;= 22.49 + 0.86;
IBZc1= 24.47 + 1.20; ICc= 24.58 + 0.97; intergroup analysis p IBZy, MCAPT-Sham = 0.02; intragroup
analysis p IBZy-RZy, = 0.044. See also Figure 5-1 and 5-2.

EXTENDED DATA

FIGURES

Figure 1-1. Sham mice ex-vivo doesn’t show sign of tissue suffering. On the right, panels from
1 to 4 show representative coronal brain slices (100 um thick) labeled with NeuN antibody
one week after surgery. The ex vivo analysis does not find regions of tissue suffering or necrosis due
to craniotomy or laser irradiation. Scale bar 1 mm. On the left, panels from 5 to 8 show
representative coronal brain slices (1 mm thick), 24 hours after surgery and intravenous
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injection of Evans Blue dye. The absence of blue staining highlights that the surgery followed by
green laser illumination does not induce BBB permeability alterations.

Figure 2-1. (a) Body weight evaluation of Sham group at three different time points pre-stroke (Pre),
one-day, and one-week post-lesion (1dpl and 1wpl respectively). (b) As observed in MCAPT mice, the
clasping reflex revealed a tendency to higher clasping behavior after stroke in the acute phase (1dpl)
also in the EB group as well as in the MCAPT. * p value based on one-way ANOVA repeated measure
followed by post hoc Tukey’s correction: p Pre-1dpl = 0.00002. (c) The body weight monitoring does
not highlight any alteration after the MCA occlusion.

Figure 4-1. GFAP analysis. Representative images of GFAP-labeled astrocytes in the four different
regions of interest (IBZy, RZy, IBZ¢i, ICc1) for each mouse.

Figure 4-2. Astrocytes density in Sham mice: On the left, a representative image of anti-GFAP labeled
astrocytes, scale bar 45 um. The graph on the right shows the density (average + SEM) of GFAP+ cells
in the 4 ROIs (IBZy= 18 + 2.2; RZy= 17 + 3.6; IBZ¢,= 18 + 3.1; 1Cc= 20.7 + 5.1).

Figure 5-1. Sholl analysis in MCAPT and Sham mice. The graphs show the distribution of the number
of intersections for each radius in the 4 ROIs color-coded as in Fig. 5.

Figure 5-2. Skeleton analysis of astrocytes in MCAPT (a) and Sham (b) mice: All the parameters
evaluated in the 4 ROIs are shown as average+ SEM. The intergroup statistical analysis was performed
through a two-way ANOVA Repeated Measures followed by a post hoc Tukey HSD test, see Table 5-4.
The intragroup statistical analysis was performed through a one-way ANOVA Repeated Measures
followed by a post hoc Tukey HSD test see Table 5-5 and 5-6.

(a) Junctions (pixel) Sham= 56.37 + 3.37; IBZ;= 85.74 + 4.93; RZ; = 68.45 + 3.5; IBZ¢,= 74.01 + 4.36
ICcL= 75.47 + 4.2; intergroup analysis p IBZy, MCAPT-Sham = 0.00009. Average Branches Length (um)
Sham= 4.28 + 0.14; IBZy= 4.35 # 0.18; RZy= 3.81 # 0.24; IBZ¢= 4.38 # 0.18; ICc= 3.96 # 0.23;
intergroup analysis p IBZ;, MCAPT-Sham = 0.03; intragroup analysis p IBZ;-RZy, = 0.01; p I1BZc1-RZy, =
0.007; 1BZ¢i-1Cct, = 0.05. Maximum Branches Lenght (um) Sham= 14.01 + 0.37; IBZ;= 16.11 #+ 0.42;
RZy= 13.95 + 1.04; IBZ¢= 15.6 + 1.37; ICci= 13.53 # 0.87. (b)Total Branches Lenght Sham=; IBZ; =
112.914 + 9.819; RZy= 106.157 + 5.648 IBZ;=104.43 # 6.303 1C4=193.352 + 5.869). Number of
astrocytes Branches (average + SEM) in the 4 ROIs (IBZy= 40.87 + 5.15 RZ;= 34.49 #+ 1.7 IBZ¢;= 34.05
+2.511Cy=32.76 *+ 2.84). Number of astrocytes Junctions (IBZy=19.91 + 2.71 RZ;= 16.74 + 0.87 IBZ¢,=
16.35 # 1.29 IC,= 15.73 + 1.45). Number of astrocytes End-points in the 4 ROIs (IBZy= 21.23 + 2.28;
RZ;=17.79 # 0.84; IBZ¢,= 18.19 # 1.18; ICci= 17.519 + 1.317). Junctions (pixel) (IBZ;= 67.39 + 11.48;
RZy=54.63 # 2.02; IBZ¢ = 52.56 #+ 3.55; ICc.= 50.88 + 4.79). Average Branches Length (um)(IBZy= 3.9 +
0.15; RZ; = 4.3 + 0.25; IBZ¢1= 4.37 + 0.21; ICcLi= 4.54 + 0.47). Maximum Branches Length ym (IBZ;,=
13.90 +0.27; RZy=14.15 + 0.62; IBZ¢1= 14 + 0.51; ICc= 14 + 1.44).

TABLES
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Table 4-1 Astrocytes density intra-group (Sham and MCAPT) and inter groups comparison. One-
way ANOVA repeated measure followed by Tukey’s test was employed for intra-group comparison.
Two-way ANOVA repeated measure followed by Tukey’'s test was employed for inter-group

comparison. Colored cells indicate p-values <0.05.

Table 5-1 Intra-group (MCAPT) comparison of Sholl analysis in different region of the cortex. Two-

way ANOVA repeated measure followed by Tukey’s test. Colored cells indicate p-values <0.05.

Table 5-2 Intra-group (Sham) comparison of Sholl analysis in different region of the cortex. Two-

way ANOVA repeated measure followed by Tukey’s test. Colored cells indicate p-values <0.05.

Table 5-3 Inter-group (MCAPT and Sham) comparison of Sholl analysis for each region of the
cortex. Two-way ANOVA repeated measure followed by Tukey’s test. Colored cells indicate p-values

<0.05.

Table 5-4 Inter-group (MCAPT and Sham) comparison of Skeleton analysis for each region of the
cortex. Two-way ANOVA repeated measure followed by Tukey’s test. Colored cells indicate p-values

<0.05.

Table 5-5 Intra-group (Sham) comparison of Skeleton analysis in different region of the cortex.

One-way ANOVA repeated measure followed by Tukey’s test. Colored cells indicate p-values <0.05.

Table 5-6 Intra-group (MCAPT) comparison of Skeleton analysis in different region of the cortex.

One-way ANOVA repeated measure followed by Tukey’s test. Colored cells indicate p-values <0.05.
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