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Abstract
Background

Photothrombotic (PT) stroke model is a novel method to induce ischemic stroke in the target site using
excitation of a photosensitive agent such as Rose Bengal dye after light illumination. Here, we performed
a photothrombotic-induced brain ischemic model using green laser and photosensitive agent Rose
Bengal (RB) and its e�ciency evaluated through cellular, histological, and neurobehavioral approaches.

Methods

Mice were randomly allocated into RB; Laser irradiation; and RB + Laser irradiation groups. Mice were
exposed to green laser at a wavelength of 532 nm and intensity 150 mW in a mouse model after injection
of RB. Four circular polarizers were applied to control output beam intensity. The laser was illuminated on
the target region under stereotactic surgery. Mice were euthanatized after 28 days. We assessed ischemic
stroke outcomes using multiple approaches including macroscopic, microscopic (H&E and Cresyl violet
staining). The volume of lesion sites was calculated using unbiased stereological assay and Cavalier’s
principle. We performed double immuno�uorescence staining for NeuN and BrdU on day 28. To assess
the quality of ischemic stroke, neurological behavior, and functional de�cits were done on days 1, 7, 14,
and 28.

Results

Laser irradiation plus RB promoted pale ischemic changes after 7 days. Microscopic staining revealed
neural tissue degeneration and demarcated necrotic site and neuronal injury plus prominent astrogliosis
in the periphery of irradiated sites on day 28. NeuN+/BrdU+ staining showed a signi�cant number of
proliferating cells in Laser irradiation plus RB group compared to the group (p<0.05) while the percent of
NeuN+ cells reduced. Neurological behavior and functional de�cits were detected in mice from Laser
irradiation plus the RB group. No histological or functional de�cits were detected in RB and Laser
irradiation groups.

Conclusion

Our study revealed that the PT although increased the cell proliferating in the periphery of the lesion site,
but due to undesirable microenvironment the neurogenesis decreased concomitantly with functional
de�cits. This method of PT introduces a reliable, reproducible, noninvasive, and accessible stroke model
similar to human stroke condition.  

Background
Stroke is the third cause of human mortality with long-lasting disability among the elderly population in
the world [1]. One common cause of stroke is focal ischemic injury accounting for over 80% of all stroke
cases occurs after the obstruction of blood vessels within certain brain areas, leading to neural tissue
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degeneration and neuronal death [2, 3]. To elucidate underlying mechanisms after the promotion of
ischemic stroke, researchers have exploited several animal models of focal brain ischemia [4]. The
development of Ischemic Stroke is done via temporary or permanent ligation of middle cerebral artery
occlusion (MCAO) [5]. Along with conventional approaches to induce ischemic stroke, thromboembolic
ischemia is an alternative modality used via the injection of thrombin directly into the middle cerebral
artery [6].

In recent decades, the acute photothrombotic (PT) stroke model has been developed for focal ischemic
changes by local infusion photo-sensitive dye into the venous circulation [7, 8]. Initially, Rosenblum and
El-Sabban in 1977 introduced the PT model which later improved by Watson in 1985 [9]. Despite what's
happening in human stroke, the PT model is considered as non-canonical ischemia because it does not
block or break just one artery but damages more super�cial vessels [10]. In this model, ischemic damage
is induced within the targeted cortical region using photo-activation of previously infused light-sensitive
dye [11]. The photo-activation of dye produces singlet oxygen radicals that impair the integrity of
endothelial cells membrane [12]. The release of free radicals aggregates and adheres to red blood cells
and platelets to the luminal surface of the vascular bed, causing thrombosis and ischemia in the brain
cortex [10, 13].

PT is a competitive approach to other available methods of stroke induction. The lesion size is
controllable to induce pre-determined infarct size by the operator without the need for surgical expertise
[14, 15]. In this method, the light source can be simply illuminated on the intact skull. Therefore, the PT
model is a reproducible and non-invasive approach targeting cortical areas [10, 16–18]. Besides, it has
been shown that the mortality rate is low in animal models exposed to PT and enables us to maintain
stroke animals for prolonged times [18]. Despite these advantages, there are some limitations to the
promotion of stroke in animals by PT [19]. The intensity of vascular edema is massive due to the injury of
endothelial cells soon after the induction of stroke by PT [20].

In this study, we introduced a simple and non-invasive PT approach to establish a mouse stroke model.
The size and volume of focal stroke lesions were carefully analyzed by unbiased designed-base
stereological analysis. To a�rm the possible relationship between stroke lesions and functional
performance, we did various neurological behavioral tests. In this regard, Neuropathological changes,
including cell injury and glial scar and compensatory neurogenesis, were monitored using histological
examination and immuno�uorescence staining at the periphery of infarcted areas over 28 days.

Methods

Ethical issue and considerations
All experiments were conducted according to international principal guidelines and approved by a local
ethics committee of Tabriz University of Medical Sciences (IR.TBZMED.VCR.REC.1397.239)

Animals housing conditions and study design
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Thirty adult male 3-month-old mice, weighing (20–22 g), were purchased from laboratory animal
husbandry of Tabriz University of Medical Sciences and maintained in the neuroscience laboratory a
Research Center a�liated to Tabriz University of Medical Sciences. Before and after surgery, all animals
were individually housed in separate standard propylene cages with a 12 h light-dark cycle in an air-
conditioned constant room temperature (23 ± 1 °C). All animals had ad libitum free access to food and
water. They were adapted to new housing conditions 14 days before the initiation of experimental
procedures. [21]. The animals were randomly assigned into three groups (10 mice in each group) as
follows; (I) Rose Bengal (RB) group: 150 µg/kbw RB was injected intraperitoneally (IP); (II) Laser
irradiation group: mice were irradiated and (III) RB + Laser irradiation group: mice were received RB and
exposed to laser irradiation. The design of study and experimental schedule was depicted in (Fig. 1).

Protocol of PT-induced brain ischemia model

Systematic optimization and modi�cation of the laser
illumination
Laser treatment at a wavelength of 532 nm and an intensity 150 mW was applied to induce PT-associate
brain ischemia (Q-Switched Nd: YAG Laser). The system was equipped to a fan, heat sink, and a
transistor-transistor logic-triggered power supply. In this study, we used 4 circular polarizers to
concentrate the laser beam on the target sites (Fig. 1) [22]. The laser beams were passed through these
circular polarizers with 90 degrees. To exclude hyperthermia during laser irradiation, a needle connected
to thermocouple was located on the target part and temperature changes carefully recorded [13]. In this
experiment, the temperature of the target zone reached 37 °C after 10 minutes. To prevent the burning of
the target zone, the time of radiation did not exceed more than 10 minutes and this time was used to PT-
induced brain ischemia.

General anesthesia
In all groups, mice were anesthetized with the intraperitoneal injection of Ketamine hydrochloride
(80 mg/kg) and Xylazine hydrochloride (5 mg/kg) followed by monitoring body temperature throughout
the experiment at 37 °C using a rectal probe in conjunction with a thermocouple.

Stereotaxic surgery
Following anesthesia with the mixture of ketamine (75 mg/kg) and xylazine (5 mg/kg), mice in all groups
were placed in a stereotactic device (Stoelting, USA) and the hair over the skull was shaved and skin was
incised longitudinally (1.0-1.5 cm) using a sterile surgical blade. Then, the scalp was retracted to expose
the skull surface. The periosteum was gently removed to clarify coronal and sagittal sutures. In this study,
the following targeted site (1.1 mm anterior to the bregma and 2 mm lateral from the midline) was
coordinated by the stereotaxic atlas of Paxinos and Watson. In the RB group, mice received 150 µg/gbw
RB.
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To prepare RB solution, 150 mg/ml RB dissolved in saline solution and sterilized through 0.2 µm-sized
micro�lters. In the RB + Laser irradiation group, an equal amount of RB dye was injected intraperitoneally.
After diffusion and entrance of the RB into the bloodstream, the green laser was illuminated onto the skull
surface (1.1 mm anterior to the bregma and 2 mm lateral from the midline). After the completion of laser
irradiation, the light exposure was stopped and the wound area sutured. In the Laser irradiation group,
mice were exposed to irradiation without administrating RB. After the completion of laser irradiation, mice
were returned into their home cages under temperature-controlled conditions.

BrdU incorporation assays
To evaluate proliferation rate at the periphery of the stroke area, 10 mg/ml BrdU (5-Bromo-2-Deoxyuridine;
Sigma) was dissolved in 0.9% NaCl solution and then sterilized using by 0.22-µm pore size micro�lters
(SPL). One day after stroke induction, all animals received IP injections of BrdU (50 mg/kg body weight)
for 5 consecutive days.

Measuring body weight and mortality rate post-PT
Mice were weighed before the intervention and every day after stroke induction. Percent of body weight
change was measured using the following formula: (body weight at each time after surgery–body weight
before surgery)/body weight before surgery × 100% [23]. The rate of mortality was also assessed after
ischemia induction according to the formula: (the number of death /the total number of mice in each
group × 100%) [24].

Gross observation and histological examination

The pattern of macroscopic damage after PT
To this end, mice were humanely euthanized by the overdose administration of Ketamine and Xylazine.
On days 1, 3, and 5 post-PT, we monitored a macroscopic feature of the affected area. We followed the
existence of hyperemia, hemorrhagic and ischemic changes over 5 days.

Tissue preparation, processing, and histological analysis
To evaluate histopathological alterations, brain samples were taken on days 1, 3, and 5 after PT-induced
brain ischemia. After deep sedation with Ketamine and Xylazine, mice were transcardially perfused with
cold normal saline and 4% paraformaldehyde in 0.01 M phosphate buffer (pH = 7.4). Thereafter, the
whole brain was dissected and post-�xed in the 4% paraformaldehyde solution at 4 °C overnight. After 24
hours, the tissues were cryoprotected in 30% sucrose in phosphate-buffered saline (PBS) at 4 °C overnight
and sectioned coronally (5 µm thickness) into twelve serial coronal sections using a cryostat microtome
[25, 26]. The tissue sections were placed on gelatin-coated slides, rehydrated in descending series of
alcohols (100, 90, 80, 70, 50 and 30), and distilled water. Then, samples were incubated in Hematoxylin
for 5 min at room temperature. To exclude background staining, 0.3% acid alcohol was for 1–2 seconds.
After rinsing in tap water, slides were stained with Eosin solution for 2 min at room temperature followed
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by placing in increasing alcohols. Finally, the H&E stained sections were observed and imaged under the
light microscope [27].

Assessment of infarct volume using unbiased stereological
study
To examine the effect of PT on cerebral tissue, lesion volume was measured on days 7, 14, and 28 after
stroke induction based on Cavalier’s principle. After perfusion �xation and brain sampling at respective
time points, 12 serial coronal sections were obtained through the infarct region utilizing a systematic
uniform random sampling design and a random start for stereological estimations. Each section was
mounted on slides and stained with Cresyl violet solution to visualize the infarct lesion.

In this study, infarct volume was measured using stereology software (Computer Assisted Stereological
Toolbox [CAST] software). For this purpose, the stereological probe was placed on the images of brain
sections presented by a monitor. The total volume (TV) of the lesion was computed according to the
following formula: Volume (mm3) = ΣP × a/p (mm2) × D (mm); where (ΣP) is the sum of the points falling
on the lesion site in the brain section, (a/p) is the area associated with each point at the level of the tissue
section, and (D) is the distance between the sections [28, 29].

Evaluation of neurogenesis by immuno�uorescence
staining
To investigate the cell proliferation and neural differentiation at the periphery of stroke lesions, sections
were labeled with anti-NeuN and anti-BrdU 28 days after ischemia induction. For this purpose, the
antigens retrieval process was done by incubation of slides 10 mM citrate buffer solution at 100ºC for
15 min. Primary and secondary antibodies were diluted in TBS supplemented with 3% goat serum and
0.3% TritonX-100. To permeabilize and block the samples, the sections were washed in TBS solution
followed by incubation in 3% goat serum and 0.3% TritonX-100 for 30 min. Thereafter, slides were
incubated with anti-NeuN (Mouse anti-NeuN (Millipore, Chandlers Ford, Hants, United Kingdom; catalog
No. MAB377; 1:100) and rat anti-BrdU (catalog No. OBT0030; 1:200; Accurate Chemical & Scienti�c,
Westbury, NY) antibodies at 4ºC overnight. After washing twice in TBS, the mixture of secondary
antibodies conjugated with Alexa Fluor 488 goat anti-mouse Alexa Fluor 488 catalog No. A-11001 [green;
1:200] and Alexa Fluor 568 goat anti-rat (catalog No. A-11077 [red; 1:200] (Invitrogen) were used.

For nuclear staining, 1 µg/ml 4′, 6-Diamidino-2-phenylindole dihydrochloride (DAPI; Sigma-Aldrich) was
used for 3 min. Finally, the sections were washed twice with TBS and mounted with glycerol buffer. A
�uorescence microscope and digitally photographed software (Zeiss, Axiophot, Germany) were applied to
visualize the positive cells. Besides, the percent of double-positive BrdU and NeuN cells were counted
based on 100 BrdU-labeled cells per animal [29, 30].

Behavioral performance assessment

The cylinder test
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The cylinder test can assess the motor system de�cit in the stroke model to evaluate spontaneous
forelimb use in rodents [31]. To this end, the mice were placed in a transparent cylinder and forelimb
movements observed. The mouse will naturally rear up on their hindlimbs and probe the vertical surface
using the forelimbs and vibrissae. The blind examiner recorded the number of rights and left forelimbs
placements on the cylinder’s wall independently. According to scienti�c data, unilateral brain damage
leads to an asymmetry in forelimb use during cylinder test [32, 33]. This test is objective, easy to use,
score, and requires no pre-training and help examiner to detect even mild neurological damages. Here, a
total of 20 movements were recorded in each test and calculated according to the below formula;

The �nal score = (non-impaired forelimb movement - impaired forelimb movement)/ (non-impaired
forelimb movement + impaired forelimb movement + movement with both limbs).

Modi�ed neurological severity score (mNSS)
mNSS test is one of the most common neurological scales usually utilized in animal stroke studies and is
the potential to assess multiple impairments over 30–60 days period [34–37]. mNSS test was carried out
to evaluate the behavioral performance before PT-induced brain ischemia after 1, 7, 14, and 28 days in a
completely blinded manner. All indices such as motor and sensory function, balance, re�ex, and general
movements were measured on a scale of 18 (0 = normal score; 18 = maximal de�cit score) (Table 1). A
score of 0 shows the lack of neurological de�cit, whilst a score of 18 con�rms the most severe injury. In
this test, scores were arranged as follows; 0–6: mild neurological de�cit; 7–12: moderate neurological
impairment and 13–18: the severe neurological de�cit.
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Table 1
Modi�ed neurological severity score (mNSS): 1–6: mild injury; 7–12: moderate injury; 13–18: severe

injury
Items Method A detailed description of the items

Motor tests

(Normal = 0,
Maximum = 6)

-Rising mouse by the tail -Flexion of the forelimb (1)

-Flexion of the hindlimb (1)

-Head moved > 10 to vertical axis
within 30 S (1)

  -Placing mouse on the �oor -Normal walk (0)

-Inability to walk straight (1)

-Circling toward the paretic side
(2)

-Falls down to the paretic side (3)

Sensory tests

(Normal = 0,
Maximum = 2)

-Visual and tactile test

-Proprioceptive test by pushing the paw
against the table edge to stimulate the
muscles of the limb

-Impaired visual and tactile
sensations (1)

-Impaired proprioceptive
sensation (1)

Beam balance
test

(Normal = 0,
Maximum = 6)

-Placing mice on a balance beam -Balance with steady posture (0)

-Grasps side of the beam (1)

-Huges beam and 1 limb falls
down from the beam (2)

-Huges beam and 2 limbs fall
down -from beam or spines or
beam (> 40 s) (3)

-Attempts to balance on beam but
falls off (> 40 s) (4)

-Attempts to balance on beam but
falls off (> 20 s) (5)

Falls of, no attempt to balance, or
hang on the beam (6)

Re�ex absence
and abnormal
movement

(Normal = 0,
Maximum = 4)

- Pinna re�ex: Touching the auditory
meatus and detecting whether the mouse
shakes his head

- Cornea re�ex: using the cotton to test the
blinking of mice

-Startle re�ex: playing a sudden loud noise
to test the motor response of mice

-Seizures, myoclonus, myodystonia

Normal response: head shook
when the auditory meatus is
touched (1)

Normal response: eye blink when
the cornea is touched with cotton
(1)

Normal response: the mouse
shows motor reaction to a brief
noise (1)
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Items Method A detailed description of the items

Maximum score
(18)

   

Motor function examination
To test motor function, the mice were suspended by their tail to evaluate the forelimbs and hind limbs
�exion and head movements in the vertical axis [33]. Under suspension conditions, rodents will extend
their forelimbs toward the ground. After the promotion of stroke, mice will �ex the contralateral forelimb
and rotate the body towards the contralateral side of damage [38]. Besides, animals were positioned on a
�at surface to analyze their gait. The detailed scoring of this function is described in Table 1.

Sensory function examination
The sensory test comprises the evaluation of visual, tactile, and proprioception [33, 35, 36]. The tactile
function of mice was evaluated by touching the mice's body and limbs with cotton and the visual
function was tested using a colorful subject and evaluating the response of mice to these stimulators. A
proprioception test was assessed by pushing all four paws against the table edge or a narrow bar to
stimulate the muscles of limbs. When the proprioceptive sensation is impaired, the mouse does not show
appropriate muscle strength to paw the edge of the table or the bar with forelimbs or hindlimbs. The
detailed scoring of this function is described in Table 1.

Test of balance
To evaluate animal balance, the mice were placed on a slim wooden beam that was 100 cm elevated
from the ground [35, 39]. Maximal testing time was 60 s and the blinded examiner analyzed the position
and walking of the mouse on the beam and counted the number of limbs that fell from the beam and the
time before the mice fell off the beam. The detailed scoring of this function is summarized in Table 1.

Re�exes tests
The scored re�exes such as the pinna, corneal, and startle re�exes [23, 40, 41]. The pinna re�ex was
assessed by touching the auditory meatus and the detection of head shaking. To test corneal re�ex, the
cornea was stimulated slowly using the cotton or paper and the blinking of mice was assessed. A sudden
loud noise was played to examine the startle re�ex and the examiner recorded a motor reaction of mice to
the noise. The presence of seizures, myoclonus, and myodystonia was evaluated [23]. The detailed
scoring of this function is described in Table 1.

Statistical Analysis
Data were expressed in mean ± SD and analyzed using Graph Pad Prism. One-Way ANOVA and posthoc
Tukey tests were used to study group differences. We used the Kaplan-Meier method to analyze the
mortality rate. Statistical signi�cance was set at p < 0.05. All studies were conducted blindly.
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Results

PT-induced brain ischemia reduced body weight
We monitored body weight changes in mice at 1, 3, 7, and 14 and 28 days after PT-induced brain
ischemia (Fig. 2A). Data showed that the bodyweight of mice was decreased quickly during the �rst 3
days after stroke induction and reached maximum levels on day 7 (p < 0.05; Fig. 2A). We noticed that the
bodyweight increased slowly after day 7 and an uptrend pattern observed from 14 to 28 days. However,
the changes were statistically signi�cant compared to the RB and Laser irradiation groups (p < 0.05;
Fig. 2A). The change in body weight in the same period (from 1 to 28 days) did not differ between RB and
Laser irradiation (p > 0.05). These data showed that the induction of stroke via the PT method could
decrease total body weight in the model mouse.

PT-induced brain ischemia protocol did not cause mortality
rate
In the most common protocols for the induction of experimental stroke mainly MCAO, a high mortality
rate is common in the rat and mouse models and the volume and intensity of brain injury are out of
control [18]. We generated the Kaplan-Meier survival curve to measure the survival rate in mice after PT-
induced stroke induction. Data analysis showed statistically non-signi�cant differences in total mortality
rate in RB + Laser irradiation group compared to the RB and Laser irradiation groups (p > 0.05; Fig. 2B).
Interestingly, we recorded total mortality of 5% in RB + Laser irradiation group while no casualties were in
the groups RB and Laser irradiation. All mortalities occurred during the early 3 days after induction of PT-
derived ischemia. Therefore, one could hypothesize that early-stage monitoring of mice is critical to
calculating the whole mortality rate after the application of PT-induced brain ischemia.

Macroscopic observation revealed neural tissue
degeneration and ischemia after PT
To con�rm the promotion of ischemic changes, the skull was excised sagitally and scalp retracted to take
the brain on days 1, 3, and 5. Macroscopic observation revealed that simultaneous application of Laser
irradiation and RB generated areas with a red-colored appearance (with an approximate radius of
2.5 mm) after one day (Fig. 3A). The irradiated areas had delimited boundaries with magni�cent
hyperemia visible appearance by the unaided eye (Fig. 3A). On day 3, we found ecchymosis vasodilation
which became pale by the progression of time (day 5), con�rming necrotic changes. H& E staining
revealed the necrotic lesions with well-delimited borders from peripheral areas after PT application on day
5 (Fig. 3A). No macroscopically-induced changes were shown in RB and Laser irradiation groups
(Fig. 3A). No abnormality was detected on the contralateral hemisphere of experimental animals.

Cresyl violet staining showed lesion volume alteration and
neural cell injury
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Cresyl violet staining was used to evaluate infarct volume changes and possible neural injury on days 7,
14, 28 following PT induction (Fig. 3B). A designed-based unbiased stereological study was used to
estimate the lesion volume at respective time points. At low magni�cation, the ischemic core was
restricted to the sensorimotor cortex and did not reach the subcortical region (Fig. 3B). The contralateral
hemisphere in each experimental animal had no abnormality. In the ischemic group, the cresyl violet
staining of brain sections revealed massive tissue degeneration at days 7, leading to the formation of the
infarct cavity in the irradiated areas (Fig. 3B). Histopathological examination showed local dense
accumulation of active astrocytes in the periphery of lesion sites with elongated and spindle-like
�broblast appearance. These cells tended to form scar gliosis by time. Monitoring the neural cells at the
periphery of irradiated sites showed pathological changes evident with chromatolysis phenomenon
including cell soma swelling, and round-form appearance with eccentric nuclei, contributing to neural cell
death and degeneration. No histological changes were found in the brain of mice received RB or Laser
irradiation alone. According to our data, these values were initiated at the periphery of lesion sites on day
7 and intensi�ed by time. The stereological analysis showed that the infarct volume decreased with the
progression of time and became smaller at day 28 compared to days 7 and 14 (p < 0.05; Fig. 3C),
suggesting spontaneous compensatory host tissue reaction to ischemic changes over time.

Laser irradiation plus RB promoted cell proliferation and
decreased neuronal differentiation
We performed immuno�uorescence imaging to monitor the rate of proliferation and neuronal phenotype
in the peri-infarct area after laser irradiation (Fig. 4A-C). Data showed that the number of BrdU+ cells was
increased in the peri-infarct cortex of the RB + Laser irradiation group at day 28 post-ischemia induction
compared to the RB and laser irradiation groups (p < 0.05; Fig. 4). No signi�cant differences were found in
the number of BrdU+ cells between the RB and Laser irradiation groups (p > 0.05; Fig. 4). Double
immuno�uorescence staining of cells (NeuN+/BrdU+) was used to address this issue whether
proliferating cells could commit to neural phenotype. We found that near 30% of BrdU+ cells could
differentiate into neural cells in both RB and Laser irradiation groups whilst this value was decreased
signi�cantly (below 20%) in RB + Laser irradiation group compared to RB and Laser irradiation groups (p 
< 0.05; Fig. 4). Taken together, the promotion of ischemic changes could induce proliferation of cells at
the periphery of the lesion site and a small fraction of proliferating cells could orient to neural lineage.

PT-associated brain ischemia-induced neurological de�cit
and behavior disabilities
The infarct volume is an accurate hallmark of stroke, neurological de�cit analysis by behavioral tests can
be another meaningful parameter for detecting brain ischemia. Before ischemia, mice exhibited no
neurologic de�cits when evaluated by cylinder and mNSS tests examination. Conversely, all mice showed
a signi�cant decline in neurologic function after stroke induction and an increase in neurologic de�cit
score.
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3.6.1. The cylinder test evaluation
Data analysis showed that PT-induced mice used their contralateral paw dramatically much less than the
control groups on days 1, 7, 14, and 28 after ischemia but this de�cit gradually reduced by proceeding
time (Fig. 5a-d).

The mNSS test evaluation
The PT infarcts caused mild to moderate, long term sensorimotor impairment, well indicated by the
mNSS test on days 1, 7, 14, and 28 after PT (Fig. 5e-r). In our model, neurological de�cits were evident 1
hour after PT induction and were markedly higher in days 1–7 but gradually decreased over time.

Motor function evaluation
Forelimb �exion in all mice was observed when the mice raised by the tail, but the movement of the
hindlimb and head control were not impaired in stroke mice (Fig. 5e-g). Further, the mice were unable to
walk straight and sometimes, fell on the contralateral side. However, the mice in the RB and laser
irradiation received groups did not exhibit any motor function impairment when assayed by mNSS.

Sensory function evaluation
Due to the interruption in controlling forelimb movement unilaterally, the mice revealed proprioception
sensory de�cit when the paws were pushed against the table edge or narrow bar to stimulate the muscles
of limb and they were not able to paw the table edge or bar with front paws (Fig. 5h-j). We did not show
any tactile and visual sensory impairment in PT induced mice and animals appropriately responded to
the touching with cotton. However, in the RB and Laser irradiation groups, we did not �nd any of the
mentioned sensory disruptions.

Balance control evaluation
Disability in controlling balance on a wooden beam was found in mice undergone PT stroke (Fig. 5k-n).
The ischemic mice were not able to balance on the beam with steady posture and either hugged the
beam or attempted to balance on the beam but fell out after 20 seconds. However, the mice in the RB and
Laser irradiation groups did not exhibit any balance disruption and path through the wooden beam
successfully.

Re�ex examination evaluation
The cornea re�ex was impaired in the mice after ischemia induction but pinna and startle re�exes were
normal (Fig. 5o-q). Conversely, control mice that received RB alone or irradiation alone did not exhibit
abnormalities in re�exes (Fig. 5o-q). Seizures, myoclonus, myodystonia were not observed in all groups.

Discussion
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Light irradiation after the injection of photosensitive dyes is an approach to develop an experimental
stroke model in laboratory animal models [10, 11]. The generation of reactive oxygen species by
photosensitive dyes triggers clotting cascades, leading to ischemia-induced pathological changes in the
targeted region which apply to the human counterpart observed in the clinical setting [18]. In this
research, a green laser from a �ltered xenon arc lamp was selected to activate RB at the wavelength of
562 nm and 150 mW using cold light optic �bers. This approach enables us to expedite irradiation easily
at a signi�cantly low price [42]. Also, four circular polarizers were used to control output beam intensity
and successfully activate light-sensitive dye without heat generation and unwanted burn in the target
zone. The molecules of a polarizing �lter were aligned in the same direction. Vibrating molecules could
absorb the light waves that have the same orientation as the �lter; therefore they decrease the intensity
and scattering of the light passing through these �lters [22]. In this experiment, the temperature of the
target zone reached 37 °C after 10 minutes. The time of radiation did not exceed more than 10 minutes
and this time was used to PT-induced brain ischemia. Therefore, based on our experiment, it seems that
the application of the polarized laser beam could be a safe and reliable method among the diversity of
the PT stroke model. The lack of salvageable penumbra and high mortality rates are the main problems
of other conventional stroke models [43]. In our previous experiment, we evaluated the histopathological
changes from 1 to 7 days after PT induction using morphometric and stereological methods [44]. Here, in
the present study, we decided to investigate whether this technique is reproducible or not and also, we
would like to extend the follow up the focal cerebra ischemia outcomes on cerebral tissue architecture,
particularly cellular behavior and neurobehavioral performance for a prolonged period (28 days)
following to PT. Despite prominent weight alteration, the existence of insigni�cant causalities indicates
the safety of the current model in the induction ischemic stroke in the model of mice. Histological
examination showed the ischemic brain changes as early as 1 day indicated by disseminated hyperemia
after PT-induced brain ischemia protocol. The pattern of hyperemia turned into ecchymosis vasodilation
on day 3 which further became pale by the progression of time after 5 days, con�rming necrotic changes.
The quantitative stereological analysis revealed the reduction of the infarct cavity volume, reaching
minimum levels on day 28. Since the level of neurological de�cits and recovery after ischemia is deeply
linked to both the infarct size and neurovascular structure of the peri-infarct area [45], therefore, it is not
surprising that largest functional de�cits were observed 1 to 7 days post-ischemic that reduced gradually
over time and recovery initiated thereafter. Bright-�eld microscopic imaging showed bulk degeneration
and sloughing of ischemic areas after PT-induced ischemia on day 7, leading to the generation of vacant
space. In contrast to ischemic volume changes, the number of active astrocytes was increased and
exhibited in the periphery of lesion sites with elongated and spindle-like �broblast appearance. These
cells tended to form scar gliosis by time. Additionally, massive chromatolysis such as cell soma swelling,
and round-form appearance with eccentric nuclei were seen in the periphery of irradiated areas,
contributing to neural cell death and degeneration. These features were correlated with the dynamic
activity of astrocytes and the characteristic hallmarks of pro-in�ammatory responses after the occurrence
of ischemic changes [46]. In the present study, the number of BrdU labeled cells signi�cantly increased
around the infarct cavity on day 28 compared to RB and laser irradiation groups, indicating increased cell
proliferation and migration at the periphery of ischemic areas. We also performed double NeuN+/Brdu+
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staining to measure the rate of neurogenesis at the periphery of lesion sites. In this regard, we calculated
the NeuN+/BrdU+ ratio. Despite enhanced proliferation rate at the periphery of lesion sites in the RB + 
Laser irradiation group, our data showed that a small fraction of proliferating cells belong to neuronal
lineage compared to the other groups. This data showed that astrogliosis is the main host tissue
response in the injured brain. Theoretically, it has been demonstrated new neurons are produced under
certain pathological conditions such as brain ischemia to regenerate the damaged region to improve the
neurological functions [47]. Consistent with current data, some previous studies indicated endogenous
neurogenesis occurred after stroke and other ischemic insults [48, 49]. Even neuronal differentiation was
not completely stopped in our study but this capacity diminished signi�cantly compared to the health
condition. Abati et al indicated that subventricular zone (SVZ)- derived neural stem cells(NSCs) migrate to
the damaged cortex after an injury, where a subpopulation will generate reactive astrocytes [50]. Faiz et al
reported that SVZ-derived NSCs migrate to the stroke lesion after lesion and rapidly differentiate and give
rise to a subpopulation of reactive astrocytes, suggesting a role for the SVZ in post-injury gliosis [51]. The
lack of su�cient compensatory neurogenesis is due to the undesirable microenvironment, storm release
of cytokines, and reduction of appropriate growth factors that coincided with increased differentiation
towards astrocyte lineage [52].

Conclusions
According to the above-mentioned �ndings, the current study showed ischemic changes and behavioral
de�cits a few days after PT in the target areas. Besides, enhanced BrdU+ proliferating cells around the
lesion site suggest reactive astrogliosis and disoriented brain tissue remodeling. Taken together, the
current approach is suitable to induce experimental stroke similar to mechanisms occurred in human in
vivo condition.
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Figure 1

Schematic representation of PT-induced ischemic stroke and relevant analyses. PT-induced ischemic
stroke was done under stereotaxic surgery by illuminating polarized green laser to activate RB dye using
polarizers (P1-P4; θ =90°). The �gure was designed using web-based tool BioRender.
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Figure 2

Monitoring body weight changes after PT-induced ischemic stroke (A); mortality rate evaluation by
Kaplan Meier method (B). The body weight of mice decreased signi�cantly during the �rst 7 days of
stroke induction and then slowly increased and recovered to the baseline level after 14 days. The
bodyweight of RB and laser irradiation groups did not alter. The total bodyweight of the RB + Laser
irradiation group was 5% occurred during the early 3 days after PT-induced ischemic stroke which did not
reach statistically signi�cant levels compared to the Laser irradiation and RB groups (p>0.05) (n=10).
One-Way ANOVA and Tukey post hoc analysis. **p<0.01
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Figure 3

Macroscopic and microscopic evaluation of the brain after PT-induced ischemic stroke (A-C). H& E
staining of brain sections from RB, Laser irradiation, and RB + Laser irradiation groups (A). The
macroscopic evaluation revealed disseminated hyperemia after 1 day, turned into ecchymosis hyperemia
on day 3. The lesion sites were indicated with pale ischemic areas after 5 days. H & E staining revealed a
necrotic area with delimited boundaries on 7 days. Monitoring tissue injury via Cresyl violet staining (B).
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Imaging revealed the massive neural injury and dense astrogliosis at the periphery of the lesion site,
showing in�ammatory response over time. The stereological analysis con�rmed the decrease of lesion
sites in RB + Laser irradiation groups over 28 days. One-Way ANOVA and Tukey post hoc analysis.
****p<0.0001

Figure 4
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Monitoring cell proliferation and neurogenesis (NeuN+/BrdU+ ratio) at the periphery site of the stroke area
after 28 days (A-C). The induction of stroke-induced cell proliferation at the periphery of lesion areas of
the RB + Laser irradiation group compared to RB and Laser irradiation groups (B). According to our data,
we found reduced NeuN+/BrdU+ ratio in RB and Laser irradiation group compared to other groups. One-
Way ANOVA and Tukey post hoc analysis. ****p<0.0001

Figure 5

Neurological behavior and functional tests on days 1, 7, 14, 28 days after PT-induced ischemic stroke (a-
r). Cylinder test (a-d); Flexion forelimb test (e-g); Proprioceptive test (h-j); Balance test (k-n); Corneal re�ex
test (o-q)
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