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ABSTRACT  33 

Conventional mammalian ischemic stroke models for drug screening are technically 34 

challenging, laborious and time-consuming. In this study, using Ponatinib as an 35 

inducer, we developed and characterized a zebrafish ischemic stroke model. This 36 

zebrafish ischemic stroke had the cerebral vascular endothelial injury, thrombosis, 37 

reduced blood flow, inflammation and apoptosis as well as the reduced motility. The 38 

zebrafish ischemic stroke model was validated with 6 known human therapeutic 39 

drugs of ischemic stroke (Aspirin, Clopidogrel, Naoxintong capsules, Edaravone, 40 

Xingnaojing injection, Shuxuening injection). The mRNA levels of the 41 

neovascularization-related gene (vegfaa) and vascular endothelial growth factor 42 

receptor gene (VEGFR), neurodevelopment related genes (mbp and α1-tubulin), 43 

brain-derived neurotrophic factor (BDNF) and glial cell derived neurotrophic factor 44 

(GDNF) were significantly downregulated; whereas apoptosis-related genes 45 

(caspase-3, caspase-7, caspase-9 and bax/bcl-2), and inflammatory factor genes 46 

(IL-1β, IL-6, IL-10, TNF-α and NF-κB) were remarkably upregulated in the model. 47 

These results suggest that the pathophysiology of Ponatinib-induced zebrafish 48 

ischemic stroke is similar to that of human ischemic stroke patients and this whole 49 

animal model could be used to study the complex cellular and molecular 50 

pathogenesis of ischemic stroke and to rapidly identify therapeutic agents. 51 

 52 
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1. Introduction 62 

According to the World Health Organization, ischemic stroke has always been the 63 

second leading cause of death worldwide and a major contributor to disability 64 

(Pandian et al., 2018; Chandra et al., 2017; Li et al., 2017). Ischemic stroke occurs 65 

when a vessel supplying blood to the brain is obstructed and it accounts for about 66 

87 % of all strokes (Pandian et al., 2018; Christoph et al., 2015). The success of 67 

preclinical stroke research in developing new therapeutics might rely-at least in 68 

part-on the selection of the appropriate stroke model to use (Christoph et al., 2015).  69 

Numerous studies have demonstrated that the complex situation of ischemic stroke 70 

cannot be modeled in an in vitro system with single cells or pieces of brain tissue 71 

with the absence of intact blood vessels and blood flow as well as the lack of 72 

infiltration of leukocytes (Sommer et al., 2017). Mimicking all aspects of human 73 

stroke in one animal model is not feasible because ischemic stroke in humans is a 74 

heterogeneous disorder with a complex pathophysiology. While animal models have 75 

helped us better understand the pathophysiology of ischemic brain damage, the use of 76 

animal models has very limited translational success in ischemic stroke therapies 77 

(Papoutsoglou et al., 2012). There is a need to develop alternative animal models for 78 

understanding the complex pathophysiology of ischemic stroke and, particularly for 79 

the purpose of drug screening (Papoutsoglou et al., 2012).  80 

Alternative models such as mechanical occlusions of middle cerebral artery are 81 

often technically challenging: the use of invasive procedures as well as unstable 82 

effects from treatments are major limitations (Traystman et al., 2003). Although these 83 

limitations do not make the models less important or valuable, studies performed on 84 

alternative models are necessary to provide more objective results. Zebrafish could 85 

be useful in investigating ischemic brain damage due to its transparency, easy 86 

observation (Papoutsoglou et al., 2012; Yu et al., 2016) and the requirement for 87 

optomotor response while swimming (Springer et al., 1977), which is helpful for 88 

qualitative and quantitative evaluation of the therapeutic effect of drugs on sequelae 89 

of stroke. Several initial studies have shown that adult zebrafish can be induced to 90 
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develop hypoxic-ischemic cerebral damage (Yu et al., 2011; Yu et al., 2013; Braga et 91 

al., 2013). Photothrombosis could also induce brain injury in adult zebrafish although 92 

the zebrafish were usually likely to die in a short time due to its end-arterial occlusive 93 

nature (Yu et al., 2016).  94 

Ponatinib was initially approved as a breakthrough multi-targeted tyrosine-kinase 95 

inhibitor for the treatment of chronic myeloid leukemia and Philadelphia 96 

chromosome-positive acute lymphoblastic leukemia (Sadovnik et al., 2014; Zirm et 97 

al., 2012). Ponatinib was withdrawn from the market (latter remarked with a black 98 

box warning of the vascular toxicity and thrombus formation et al.) based on 99 

emerging data indicating approximately 48% adverse vascular events and 24% 100 

arterial and venous thrombosis leading to myocardial infarction, stroke, limb 101 

ischemia, and vascular stenosis (Prasad and Mailankody, 2014). Later it was 102 

confirmed that Ponatinib affected angiogenesis on the intersegmental and 103 

subintestinal vessels in the zebrafish and in human umbilical vein endothelial cells 104 

via blocking VEGFR signaling pathway and damaging vascular endothelial cells (Ai 105 

et al., 2018). Hamadi et al reported that Ponatinib increased ex vivo thrombus 106 

formation and this effect was partially related to calcium channel activation and 107 

TxA2 generation (Hamadi et al., 2019).  108 

In the current report, we have developed and validated a larval zebrafish ischemic 109 

stroke model induced by Ponatinib under an optimized exposure concentration and 110 

treatment period. The pathophysiology of this ischemic stroke animal model 111 

demonstrated high similarities with human ischemic stroke and could be used for the 112 

disease study and for the drug screening.  113 

 114 

2. Materials and methods 115 

2.1. Zebrafish care and maintenance 116 

Two lines of zebrafish were used in this study: Tg (MPO::GFP) transgenic 117 

zebrafish for inflammation analyses and Albino strain zebrafish for all other studies. 118 

An early study has confirmed that Albino strain zebrafish are mutant in slc45a2 119 
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(Tsetskhladze et al, 2016). Zebrafish care and maintenance procedures were reported 120 

in our previous publications (Zhu et al., 2016). Briefly, the adult zebrafish were 121 

housed in a temperature-controlled and light-controlled aquaculture facility with a 122 

standard 14: 10 h light/dark photoperiod and fed with live brine shrimp and dry 123 

flakes. The zebrafish were paired for natural mating every day and the embryos were 124 

maintained at 28°C in fish water (0.2% Instant Ocean Salt in deionized water, pH 125 

6.9-7.2, conductivity 480-510 mS.cm-1 and hardness 53.7-71.6 mg/l CaCO3) and 126 

washed and staged at 6 and 24 hpf (hours post fertilization). This study was approved 127 

by the IACUC (Institutional Animal Care and Use Committee) at Hunter 128 

Biotechnology, Inc. and the IACUC approval number was 001458. The zebrafish 129 

facility and the laboratory at Hunter Biotechnology, Inc. are accredited by the 130 

Association for Assessment and Accreditation of Laboratory Animal Care 131 

(AAALAC) International, and by the China National Accreditation Service for 132 

Conformity Assessment (CNAS).  133 

2.2. Chemicals  134 

Ponatinib (lot #: HY-12047) was bought from MedChemExpress (St. Monmouth 135 

Junction, USA). O-dianisidine (lot #: 119-90-4), Aspirin (lot #: G1220028), 136 

Clopidogrel (lot #: R-4411-3G), Phorbol-12-myristate-13-acetate (PFA, lot #: 137 

16561-29-8) and Edaravone (lot #: K1820098) were bought from Sigma-Aldrich (St. 138 

Louis, USA). Naoxintong capsules (lot #: 1802100) were purchased from Shanxi 139 

Buchang Pharmaceutical Co., Ltd (Shanxi, China). Xingnaojing injection (lot #: 140 

180704) was purchased from Wuxi Jimin Credible Shanhe Pharmaceutical Co., Ltd 141 

(Jiangsu, China). Shuxuening injection (lot #: 1705271) was bought from Shanxi 142 

Zhengdong Taisheng Pharmaceutical Co., Ltd (Shanxi, China). Drug stock solutions 143 

were prepared in either 100% dimethyl sulfoxide (DMSO) or 0.9% sodium chloride, 144 

and serial dilutions were made before each experiment. Zebrafish treated with 0.1% 145 

DMSO or 0.9% sodium chloride served as a vehicle control. Untreated zebrafish 146 

were used to confirm that the vehicle solvents did not have an adverse effect on the 147 

zebrafish.  148 

张勇
Highlight
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2.3. Determination of no observed adverse effect level (NOAEL) 149 

  Two days post fertilization (dpf) zebrafish were treated with a testing drug for 24 h 150 

and mortality and toxicity were recorded at the end of treatment. In the initial tests, 5 151 

concentrations (0.1, 1, 10, 100, and 500 mg/L for soaking drugs) or doses (0.1, 1, 10, 152 

100, and 500 ng/zebrafish for microinjected drugs) were used for each drug. If a 153 

NOAEL could not be found from these initial tests, additional concentrations or 154 

doses within the range of 0.01–2000 mg/L or 0.01–2000 ng/zebrafish were tested. 155 

The NOAEL of a test drug was defined as a maximum concentration or maximum 156 

dose that did not induce any observable adverse effect on zebrafish and was 157 

determined under a dissecting stereomicroscope by two qualified zebrafish experts 158 

(Zhu et al., 2016).  159 

2.4. Circulation microinjection 160 

The zebrafish were anesthetized with 0.03% tricaine (Sigma, USA) and loaded on 161 

a customized microplate designed specifically for microinjection. Two injectable 162 

drugs (Shuxuening injection and Xingnaojing injection) were diluted in 0.9% sodium 163 

chloride at proper concentrations and loaded into a pulled glass capillary (World 164 

Precision Instruments, USA) that was drawn on an electrode puller (NARISHIGE, 165 

Japan) and then trimmed to form a needle with a resulting internal diameter of 166 

approximately 15 micron and the outer diameter of approximately 18 micron. The 167 

microneedle was attached to an air driven Cell Tram (NARISHIGE, Japan). The tip 168 

of the needle was inserted into the circulation of zebrafish under a dissecting 169 

stereomicroscope and the pulse time was controlled to deliver 10 nL of the drug 170 

solution into the circulation through the glass capillary (Zhu et al., 2016). Zebrafish 171 

injected with 10 nL 0.9% sodium chloride served as a vehicle control and untreated 172 

zebrafish were used to confirm that the vehicle solvent did not have an adverse effect 173 

on the zebrafish. 174 

2.5. Zebrafish ischemic stroke model development 175 

2.5.1. Ponatinib concentration and treatment period optimization 176 

The zebrafish exhibit functional platelets and coagulation factors by 36 hpf 177 
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(Weyand et al., 2014; Gregory et al., 2002; Khandekar et al., 2012) and therefore we 178 

chose 2 dpf zebrafish as an appropriate stage to start Ponatinib treatment for the 179 

cerebral ischemia model development. To optimize Ponatinib treatment concentration 180 

and treatment time period, thirty zebrafish at 2 dpf were distributed into 6-well plates 181 

(Nest Biotech., Shanghai, China) in 3 ml fresh fish water. Zebrafish were treated with 182 

0.3 μg/ml, 1 μg/ml and 3 μg/ml Ponatinib for 12 h, 24 h and 48 h, respectively, to 183 

induce cerebral thrombosis. The highest tested concentration (3 μg/ml) used in this 184 

investigation was the maximum non-lethal concentration (MNLC) of Ponatinib in the 185 

zebrafish identified in the pilot study. Zebrafish treated with 0.1% DMSO served as a 186 

vehicle control. Untreated zebrafish were used to confirm vehicle solvent did not 187 

have adverse effect on zebrafish.  188 

2.5.2. Cerebral thrombosis assessment 189 

To measure the cerebral thrombosis induced by Ponatinib, zebrafish were stained 190 

with o-dianisidine using a method reported and patented previously by our group 191 

(Zhu et al., 2016; China patent number: 201110126427.2) to quantify the thrombus in 192 

the head area of zebrafish. After Ponatinib treatment, zebrafish from each group 193 

without fixture were incubated in 0.6 mg/ml o-dianisidine staining solution (Sigma, 194 

USA) with 10 mM sodium acetate and 4% ethanol for 15 min in the dark at 28°C and 195 

then washed for 3 times with 100% DMSO. Thiry zebrafish from each group were 196 

observed and photographed under a stereomicroscope (Nikon, SMZ645, Tokyo, 197 

Japan) to count the number of those zebrafish with the cerebral thrombosis and 198 

calculate the cerebral thrombus incidence. Quantitative image analyses were 199 

performed by measuring the area of cerebral thrombosis using NIS-Elements D3.10 200 

image analysis software (Nikon, Japan) and the data were expressed as mean ± 201 

S.E.M.  202 

2.5.3 Histopathological examination 203 

To confirm Ponatinib-induced cerebral thrombosis, zebrafish histopathology was 204 

performed. After treatment, the zebrafish were fixed in 4% paraformaldehyde in 0.1 205 

M phosphate buffered saline for 4 h at 4℃, dehydrated in graded series of ethanol 206 
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solutions before paraffin embedding. The embedded zebrafish were longitudinally 207 

sectioned at 5 µm and stained with hematoxylin and eosin (H & E). Thirty zebrafish 208 

were used for each group. Histological images were obtained using a histological 209 

microscope (Leica, German) and pathological diagnosis was completed by a certified 210 

pathologist. 211 

2.5.4. Brain blood flow measurement 212 

Zebralab Blood Flow System (Viewpoint, France) was used to record the zebrafish 213 

brain blood flow videos for 10 zebrafish per group and the videos were analyzed by 214 

the ZebraBlood™ software (v1.3.2, ViewPoint, Lyon, France), which works by 215 

detecting changes in pixel density and combining them with vessel diameter to 216 

generate a flow rate in nL/s for every frame (Parker et al., 2014). The brain blood 217 

flow (O) was quantified based on the data derived from the recored videos as 218 

reported before (Zhu et al., 2018). The relative blood flow was calculated based on 219 

the following formula: The relative blood flow (%)= (O Ponatinib/O Control)×100%. 220 

2.5.5. Cerebral vascular angiography 221 

Cerebral vascular angiography was performed through injecting 0.02 micron red 222 

fluorospheres (Molecular Probes, Eugene, OR) into zebrafish brain artery (Craig et 223 

al., 2012). Prior to injection 2% solution of bovine serum albumin (BSA) was 224 

prepared in fish water, followed by filter sterilization. Fluorospheres were diluted at a 225 

ratio of 1:1 in BSA solution to a total volume of 100 μL. The larval zebrafish were 226 

anesthetized with Tricane and laid on their sides on an agarose ramp. After loading 227 

beads from the back of a sharp thin pulled capillary, fluorospheres were injected into 228 

the brain herringbone suture with the picopump using approximately 80 msec as the 229 

pulse time.  230 

2.5.6. Motility impairment assessment 231 

At the end of treatment, 10 zebrafish from each group were loaded into 96-well 232 

plates, 1 fish per well, The zebrafish were acclimated in the 96-well plate at 28  for ℃233 

10 min before the motility recording. All experiments consisted of 60 min containing 234 

3 cycles of a light/dark phase (10 min light and 10min dark each). Total distance and 235 

speed of the zebrafish movement to light-dark and dark-light cycles were recorded 236 
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and analyzed by viewpoint behavior analyzer (Zebralab V3, ViewPoint Life Sciences 237 

Co., Ltd.) (Huang et al., 2016). The reduced percentage rate of total movement 238 

distance (D) in the zebrafish treated with 1 μg/ml Ponatinib was calculated based on 239 

the following formula: the reduced percentage rate of total distance = 240 

(1-DPonatinib/DControl)×100%.  241 

2.6. Drug effects on zebrafish ischemic stroke 242 

Six known human ischemic stroke therapeutic drugs (Aspirin, Clopidogrel, 243 

Naoxintong capsules, Edaravone, Xingnaojing injection, Shuxuening injection) were 244 

selected for assessing drug effects on the zebrafish stroke. Thirty 2 dpf Albino 245 

zebrafish were distributed into 6-well plates in 3 ml fresh fish water. Zebrafish were 246 

cotreated with 1 μg/ml Ponatinib and a testing drug for 24 h at a serial concentrations 247 

or dosages as indicated in Table 1. Zebrafish treated with 1 μg/ml Ponatinib for 24 h 248 

were used as the ischemic stroke model. Zebrafish treated with 0.1% DMSO or 0.9% 249 

sodium chloride were used as vehicle controls. Untreated control zebrafish group was 250 

also included. After treatment, zebrafish cerebral thrombosis was quantified using a 251 

method as described above and the cerebral thrombosis incidence (I) was counted. 252 

Quantitative image analysis was performed by measuring the area (A) of cerebral 253 

thrombosis using NIS-Elements D3.10 image analysis software (Nikon, Japan) and 254 

the relative area of cerebral thrombosis of a testing drug was calculated based on the 255 

following formula: the relative area of cerebral thrombosis (%) =ADrug/AModel ×100%.  256 

Urokinase, known as urokinase-type plasminogen activator (uPA) (Merino et al., 257 

2018), was selected for assessing its therapeutic effect on the zebrafish stroke. 258 

Plasminogen is an inactive form (zymogen) of the serine protease plasmin. Activation 259 

of plasmin triggers a proteolytic cascade that, depending on the physiological 260 

environment, participates in thrombolysis or extracellular matrix degradation 261 

(Degryse & Bernard, 2011). Thirty Albino zebrafish at 2 dpf were distributed into 262 

six-well plates in 3 ml fresh fish water. Zebrafish were first treated with 1 μg/ml 263 

Ponatinib for 24 h, followed by treatment with 100 μg/ml urokinase for another 24 h. 264 

Zebrafish treated with 1 μg/ml Ponatinib for 24 h were used as thrombosis model. 265 



 10

After treatment, zebrafish thrombus was quantified as above.  266 

2.7. Mechanisms of Ponatinib-induced ischemic stroke 267 

2.7.1. Nitric oxide assay  268 

The nitric oxide (NO) levels in Ponatinib-treated zebrafish were measured using a 269 

NO specific fluorescent probe dye, diaminofluorophore 4-amino-5-methylanino-2, 270 

7-diflurofluroescein diacetate (DAF-FM DA). Transformation of DAF-FM DA by 271 

NO generates highly fluorescent triazole derivatives. Ponatinib-treated zebrafish were 272 

transferred into 96-well plates and incubated with DAF-FM DA solution (5 μM) for 1 273 

h in the dark at 28°C. After incubation, 10 zebrafish from each group were randomly 274 

selected using a plastic disposable pipette that was positioned in the center of a 275 

container and picked up zebrafish whoever entered the pipette and observed under a 276 

stereo fluorescence microscope. Nikon NIS-Elements D 3.10 Advanced Image 277 

Processing Software was used to capture and analyze the images. The fluorescence 278 

signal (S) was measured and the relative NO level was calculated based on the 279 

formula below: the relative NO level (%)= (SPonatinib/SControl)×100%.  280 

2.7.2. Brain apoptosis assessment   281 

The brain apoptosis was measured by staining the zebrafish with an apoptotic cells 282 

specific living fluorescent dye acridine orange (Zhu et al., 2019). In brief, the 283 

zebrafish were stained with 2.5 μg/ml acridine orange for 30 min and then washed for 284 

3 times in fish water. The apoptotic cells displayed yellow-green fluorescent signal (S) 285 

in the brain under a stereofluorescent microscope. Nikon NIS-Elements D 3.10 286 

Advanced Image Processing Software was used to capture and quantify the images as 287 

reported before by our team (Li et al., 2006). The induction % of brain apoptosis in 288 

the zebrafish treated with Ponatinib was calculated based on the following formula: 289 

percentage of the apoptosis induction = (SPonatinib /SControl-1)×100% (Zhu et al., 2019). 290 

2.7.3. Brain inflammation quantification 291 

Tg(MPO::GFP) transgenic zebrafish that express neutrophil specific fluorescence 292 

were used for the brain inflammation quantification in the ischemic stroke model.  293 

Tg(MPO::GFP) transgenic zebrafish at 2 dpf were treated with Ponatinib at 294 
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concentrations of 0.3, 1 and 3 μg/ml for 24 h and then 10 zebrafish from each group 295 

were randomly selected using a plastic disposable pipette for image acquisition under 296 

a stereofluorescence microscope. Quantitative image analysis was performed using 297 

image-based morphometric analysis as described above. The brain inflammation 298 

percentage rate in zebrafish treated with Ponatinib was calculated based on the 299 

formula below: percentage of the brain inflammation = (SPonatinib/SControl-1) ×100%. 300 

2.7.4. Reactive oxygen species (ROS) assay 301 

 An oxidation specific and sensitive probe, 5-(and 6-)-chloromethyl-20, 302 

70-dichloro-dihydrofluoresceindiacetate (CM-H2DCFDA, Life Technologies, 303 

Carlsbad, CA) was applied to measure zebrafish reactive oxygen species levels. 304 

Zebrafish treated with 10 ng/ml Phorbol-12-myristate-13-acetate (PFA) for 24 h were 305 

used as a positive control (Hermann et al., 2004). The treated zebrafish were 306 

incubated with 0.5 mg/ml CM-H2DCFDA for 1 h in dark at 28°C. After washed for 3 307 

times using fish water, the zebrafish were transferred into a 96-well microplate, 1 308 

zebrafish per well, and reactive oxygen species was measured at 488 nm under a 309 

multimode microplate reader (Zhu et al., 2019). 310 

2.7.5. Gene expression analyses 311 

Quantitative PCR was performed to measure the gene expression levels of  312 

neovascularization-related gene (vegfaa), vascular endothelial growth factor receptor 313 

gene (VEGFR), neurodevelopment related genes (mbp and a1-tubulin), brain-derived 314 

neurotrophic factor (BDNF), glial cell derived neurotrophic factor (GDNF), 315 

apoptosis-related genes (caspase-3, caspase-7, caspase-9, bax and bcl-2), and 316 

inflammatory factor genes (IL-1β, IL-6, IL-10, TNF-a and NF-κB) in the zebrafish 317 

ischemic stroke. The qPCR primers used in this study were listed in Table 2. After 318 

Ponatinib treatment, total RNA was extracted from fifty homogenized zebrafish per 319 

group using Trizol reagent (Invitrogen Life Technologies), and 3 replicates of RNA 320 

extracted from the pools of zebrafish were analyzed. The quality of RNA samples 321 

was evaluated using the methods recommended by the NanoDrop 2000 (Thermo 322 

Scientific). About 2 μg total RNA of each sample was used for cDNA synthesis using 323 
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FastQuant RT Kit (With gDNase) (Tiangen) and qPCR amplifications were carried 324 

out with a CFX Connect detection system (Biorad) using the iTaq Universal SYBR 325 

Green Supermix (Biorad) in which there were three technical or biological replicates. 326 

The PCR protocol was optimized as the following: 2 min at 95°C, 40 cycles of 5 s 327 

each at 95°C, and 30 s at 60°C. Melting curve analysis was performed to check the 328 

specificity of the primers. The gene expression data was normalized against β-actin 329 

level and relative quantification of each gene mRNA level among groups was 330 

calculated using the 2-△△Ct method (Sharif et al., 2016). 331 

2.8. Statistical analysis 332 

All the data were first checked whether obey normal distribution equal variance. 333 

One-way ANOVA followed by the Dunnett's test was used to compare differences 334 

among the groups. All statistical analyses were performed using the SPSS 16.0 335 

software (SPSS, USA), and P < 0.05 was considered statistically significant. For 336 

quantitative analyses, all data were presented as mean ± S.E.M., and results were 337 

statistically compared between the Ponatinib-treated and the control zebrafish groups. 338 

All experiments were repeated for at least 3 times to confirm their reproducibility.  339 

 340 

3. Results 341 

3.1. Zebrafish ischemic stroke model development 342 

3.1.1. Ponatinib concentration and treatment period optimization 343 

We found that treatment with 0.3 μg/ml Ponatinib for 12 h to 48 h did not induce 344 

obvious cerebral thrombosis in zebrafish at all. Various degrees of cardiovascular 345 

toxicity including pericardial edema, bradycardia or no blood circulation was 346 

observed in all zebrafish treated with 3 μg/ml Ponatinib for 12 h to 48 h. 347 

Time-dependent cerebral thrombus formation was demonstrated in the zebrafish 348 

treated with 1 μg/ml Ponatinib, of which treatment for 24 h induced cerebral 349 

thrombosis in 100% zebrafish without observable other toxicity (Fig. 1A); and the 350 

thrombus formation was markedly reduced when the zebrafish were co-treated with a 351 

well-known antithrombotic drug Aspirin (Fig. 1B). Treatment with 1 μg/ml Ponatinib 352 
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for 48 h induced severe thrombosis with obvious cardiovascular toxicity.  353 

In quantitative analysis of thrombosis, time-dependent increases of the cerebral 354 

thrombosis incidence and thrombus area were demonstrated in the zebrafish treated 355 

with 1 μg/ml Ponatinib for up to 24 h (data not shown). Thrombus formation was 356 

confirmed by histopathological examination in the zebrafish treated with 1 μg/ml 357 

Ponatinib for 24 h (Fig. 1C). Based on these results, Ponatinib treatment at 1 μg/ml 358 

for 24 h was selected as the optimum treatment concentration and treatment period 359 

for the development and validation of the zebrafish ischemic stroke model.  360 

3.1.2. Ponatinib induced brain blood flow reduction  361 

Brain blood flow dynamics was detected based on analysis of the motion of 362 

erythrocytes within tracking area by the ZebraBlood™ software (Fig. 2A, Fig. 2B). 363 

Ponatinib treatment resulted in a concentration-dependent decrease of brain blood 364 

flow, and within a few following days, the circulation ceased and the zebrafish died 365 

(data not shown). The relative brain blood flow was 96%, 34% and 2% of control 366 

group in the zebrafish treated with Ponatinib at concentrations of 0.3, 1 and 3 μg/ml, 367 

respectively. Statistically significant brain blood flow reductions were found in the 368 

zebrafish treated with Ponatinib at 1 μg/ml (P < 0.001) and 3 μg/ml (P < 0.001). 369 

Ponatinib-induced brain blood flow reductions were further confirmed by cerebral 370 

vascular angiography. As indicated in Fig. 2C, control zebrafish brain showed 371 

relatively regular rich blood flow (Movie 1), whereas Ponatinib-treated zebrafish 372 

demonstrated a markedly reduced brain blood flow and completely or partly blood 373 

vessel blockage (Movie 2).  374 

3.1.3. Ponatinib induced motility impairment  375 

Locomotion activities of the ischemic stroke zebrafish were evaluated under 376 

alternating cycles of light-dark stimulation. As indicated in Fig. 2D, zebrafish 377 

movement distance decreased significantly in a Ponatinib dose-dependent manner 378 

and the reduction percentage rates of total distance were (10 ± 3.9)%, (80 ± 1.3)% 379 

and (99.5 ± 0.1)% in the zebrafish exposed to Ponatinib at concentrations of 0.3 380 

μg/ml (P > 0.05), 1 μg/ml (P < 0.001) and 3 μg/ml (P < 0.001), respectively, as 381 
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compared with control zebrafish. 382 

3.2. Drugs effects on the zebrafish ischemic stroke  383 

To determine whether the model zebrafish response to ischemic stroke therapeutic 384 

drugs was similar to the response of mammalian model systems, we cotreated the 385 

zebrafish with 1 μg/ml Ponatinib and each of 6 known human drugs (Aspirin, 386 

Clopidogrel, Naoxintong capsules, Edaravone, Xingnaojing injection, Shuxuening 387 

injection) currently used in clinical practice. As indicated in Table 1, NOAEL in the 388 

ischemic stroke zebrafish was 100 μg/ml for Aspirin, 15 μg/ml for Clopidogrel, 62.5 389 

μg/ml for Naoxintong capsules, 25 μg/ml for Edaravone, 10 ng for Xingnaojing 390 

injection, and 35 ng for Shuxuening injection, respectively. 391 

As expected, after a 24 h co-treatment, human ischemic stroke therapeutic drugs 392 

Aspirin, Clopidogrel, Naoxintong capsules, Edaravone, Xingnaojing injection, 393 

Shuxuening injection significantly reduced the cerebral thrombosis incidence and the 394 

area of cerebral thrombosis as compared with the model group zebrafish (Fig. 3), 395 

implying that human therapeutics were effective on the ischemic stroke zebrafish. As 396 

compared with the ischemic stroke model zebrafish, the relative area of cerebral 397 

thrombus was reduced to 7 - 55% for Aspirin, 45 - 98% for Clopidogrel, 48 - 86% for 398 

Naoxintong capsules, 19 - 37% for Edaravone, 15 - 44% for Xingnaojing injection, 399 

and 9 - 30% for Shuxuening injection, respectively. Statistically significant 400 

thereapeutic effects on the zebrafish ischemic stroke were observed at 3.125 - 62.5 401 

μg/ml (P < 0.01 & P < 0.001) for Aspirin; 1.88 - 15 μg/ml (P < 0.05 &P < 0.001) for 402 

Clopidogrel; 3.9 - 62.5 μg/ml (P < 0.05, P < 0.01 & P < 0.001) for Naoxintong 403 

capsules; 1.56 - 25 μg/ml (P < 0.05, P < 0.01 & P < 0.001) for Edaravone; 0.08 - 10 404 

ng (P < 0.001) for Xingnaojing injection; and 2.2 - 35 ng (P < 0.001) for Shuxuening 405 

injection (Table 1). 406 

Furthermore, we used 1 μg/ml Ponatinib to induce zebrafish cerebral thrombosis 407 

first and then treated the cerebral thrombosis zebrafish with urokinase to evaluate 408 

whether or not it could resolve the thrombosis. As compared with the ischemic stroke 409 

model zebrafish, urokinase significantly reduced the cerebral thrombosis incidence 410 
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and the relative area of cerebral thrombus was reduced to 30% for urokinase. 411 

Statistically significant therapeutic effects on the zebrafish cerebral thrombosis were 412 

observed at 100 μg/ml (P < 0.001) for urokinase.  413 

3.3. Ponatinib induced cerebral vascular endothelial injury 414 

The vascular endothelial-related genes VEGFR and vegfaa were downregulated in 415 

the zebrafish treated with 1 μg/ml Ponatinib, 0.07-fold and 0.58-fold declinations 416 

relative to the control zebrafish, respectively (P < 0.001) (Fig. 4A).  417 

As shown in Fig. 4B, the fluorescent intensity of NO staining in the zebrafish 418 

treated with 1 μg/ml Ponatinib was significantly attenuated as compared with the 419 

control zebrafish, and the relative NO levels were 92%, 66% and 6% of control group 420 

in the zebrafish treated with Ponatinib at concentrations of 0.3 μg/ml, 1 μg/ml and 3 421 

μg/ml, respectively. Statistically significant differences (P < 0.001) were found in the 422 

zebrafish treated with Ponatinib at 1 μg/ml and 3 μg/ml (Fig. 4C).  423 

3.4. Ponatinib induced cerebral cell death 424 

There were no observable brain apoptosis in the control zebrafish, but marked 425 

apoptosis in the brain area were found in the zebrafish treated with 1 µg/ml Ponatinib 426 

(Fig. 5A). In consistence with the brain cell death, significant upregulations of the 427 

caspase-3, caspase-7, caspase-9 and bax gene expression were shown in the 428 

zebrafish treated with 1 μg/ml of Ponatinib, 1.55-, 1.59-, 2.74- and 2.47-fold 429 

increases relative to the control group (P = 0.0488, 0.0422, 0.0014 and 0.0007). 430 

Expression of caspase-8 and bcl-2 genes had no change, but bcl-2/bax ratio was 431 

decreased in the ischemic stroke zebrafish (P = 0.0004) (Fig. 5B). Nerve growth 432 

factors and associated protein genes BDNF, GDNF, mbp and a1-tubulin were 0.08-, 433 

0.63-, 0.30- and 0.59-fold lower in the ischemic stroke zebrafish as compared with 434 

control group (P = 0.0023, 0.0096, 0.0122 and 0.0359) (Fig. 5C).  435 

3.5. Ponatinib induced cerebral inflammation 436 

As indicated in Fig. 6A, the control zebrafish showed the normal distribution of 437 

fluorescent neutrophils, mostly localized in the intracerebral vessels; whereas the 438 

zebrafish exposed to 1 μg/ml of Ponatinib demonstrated a general dispersal of 439 

fluorescent neutrophils, suggesting the active migration of neutrophils from their 440 
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initial location to a few clusters in the brain. Quantitative analysis showed a 441 

significant difference in the number of neutrophils between 1 µg/ml  442 

Ponatinib-treated zebrafish and the control zebrafish (P < 0.001). The gene 443 

expression levels of the inflammatory factors IL-1β, IL-6, IL-10, TNF-α and NF-κB 444 

in Ponatinib-induced ischemic stroke zebrafish were 1.20-, 1.39-, 1.61-, 3.24- and 445 

1.58-folds higher than control zebrafish (P = 0.0167, 0.0437, 0.0024, 0.0154 and  446 

0.0030) (Fig. 6B).  447 

3.6. Ponatinib induced reactive oxygen species production  448 

Ponatinib treatment resulted in increased reactive oxygen species production and 449 

reactive oxygen species levels relative to control zebrafiash were 105%, 251% and 450 

564%, respectively, in the zebrafish treated with Ponatinib at concentrations of 0.3, 1 451 

and 3 μg/ml. Reactive oxygen species level of the zebrafish treated with 10 ng/ml 452 

PFA relative to control was 485%. Statistically significant differences (P < 0.001) 453 

were found in the zebrafish treated with Ponatinib at 1 and 3 μg/ml and PFA (Fig. 454 

6C).  455 

 456 

4. Discussion 457 

In the present study, we have developed and characterized an alternative ischemic 458 

stroke animal model in the larval zebrafish treated with a vascular endothelial 459 

cell-damaging drug Ponatinib (Ai et al., 2018; Guilhot et al., 2019) under the 460 

optimum treatment concentration and the exposure time period. This in vivo zebrafish 461 

model demonstrated the brain vascular endothelial injury, brain thrombosis, reduced 462 

brain blood flow, brain inflammation, brain apoptosis, and impaired motility, closely 463 

similar to the pathophysiology of the ischemic stroke patients.  464 

In the clinical trials and subsequently extensivel uses, serious arterial thrombosis 465 

and venous thromboembolism leading to fatal myocardial infarction and stroke 466 

occurred in Ponatinib-treated patients (Medeirosa et al., 2018), postulating that 467 

Ponatinib may have a powerful effect on cardiovascular, cerebrovascular and 468 

peripheral vascular systems (Lafiti et al., 2019; Medeirosa et al., 2018; 469 
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Gover-Proaktor et al., 2019). In the pilot studies, we found that Ponatinib treatment 470 

on the later stage of larval zebrafish at 5 dpf for 24 h at higher concentrations ranging 471 

from 2 to 8 μg/ml induced peripheral vascular thrombosis in abdomental artery and 472 

inhibited peripheral angiogenesis without cerebral thrombosis (data not published). 473 

These preliminary results suggested that Ponatinib-induced target organ vascular 474 

toxicity could be dose- and exposure time-dependent and could be also related to 475 

larval zebrafish development stages. In order to establish a zebrafish ischemic stroke 476 

model without marked toxicity in other organs, we extensively assessed and 477 

optimized zebrafish treatment stages, Ponatinib treatment concentrations and 478 

treatment time periods, and finally identified 2 dpf zebrafish for a 24-h treatment at 1 479 

μg/ml concentration of Ponatinib as the optimum conditions for the development of 480 

the zebrafish ischemic stroke model.   481 

The brain specific thrombosis formation was supported by the following evidences: 482 

1) the whole body of images of o-dianisidine staining indicated the brain-specific 483 

thrombus formation (Fig. 1A); 2) the histopathology confirmed the brain thrombosis 484 

(Fig 1C); 3) the angiography showed the brain blood flow reduction and cerebral 485 

blood vessel blockage (Fig. 2C); 4) the brain-specific apoptosis was demonstrated in 486 

Fig. 5A; and 5) the brain-specific inflammation was indicated in Fig. 6A.   487 

The most common cause of ischemic stroke is the thrombosis, leading to reduction 488 

of the cerebral blood flow. This blood flow decrease and the resulting absence of 489 

oxygen, glucose and nutrients, induce a cascade of events that lead to the brain cell 490 

death and functional impairments (Mehta et al., 2007). If brain blood flow is not 491 

restored in a short time, the neurons in the penumbra enter apoptosis (Endres et al., 492 

2008). Here Ponatinib treatment on 2 dpf zebrafish at 1 μg/ml resulted in a 493 

concentration-dependent brain blood flow reduction with the brain blood vessel 494 

blockage. If without anti-thrombosis treatment, within a few following days, 495 

Ponatinib-treated zebrafish circulation ceased and the zebrafish died.  496 

Several mechanisms have been demonstrated to be involved in cerebral ischemic 497 

injury including neuronal apoptosis, inflammatory responses, oxidative stress and 498 
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mitochondrial dysfunction (Pandya et al., 2011). Here we characterized the 499 

pathophysiology of Ponatinib-induced zebrafish ischemic stroke and found the  500 

vascular endothelial injury, thrombosis, inflammation, apoptosis and dysfunctional 501 

movement in the ischemic stroke zebrafish. In addition, reactive oxygen species 502 

production was increased in the model zebrafish. In supporting these findings, the 503 

mRNA levels of the neovascularization-related gene (vegfaa) and vascular 504 

endothelial growth factor receptor gene (VEGFR), neurodevelopment related genes 505 

(mbp and a1-tubulin), brain-derived neurotrophic factor (BDNF) and glial cell 506 

derived neurotrophic factor (GDNF) were significantly downregulated; whereas 507 

apoptosis-related genes (caspase-3, caspase-7, caspase-9 and bax/bcl-2), and 508 

inflammatory factor genes (IL-1β, IL-6, IL-10, TNF-α and NF-κB) were upregulated.  509 

Cerebral hypoxia which forms as a consequence of ischemia is well known to 510 

induce NO and VEGF production, leading to angiogenesis. However, there were a 511 

number of reports confirmed that Ponatinib treatment resulted in the “narrowed” 512 

blood vessels in the zebrafish and human umbilical vein endothelial cells via 513 

blocking VEGFR signaling pathway (Ai et al., 2018); and that Ponatinib damages 514 

NO- and VEGF-producing vascular endothelial cells (Ai et al., 2018), thus probably 515 

leading to reduced NO and VEGF production. We postulate that the reduced NO and 516 

VEGF could occur at early stages of ischemic stroke and may increase at later stages 517 

of the pathogenesis following hypoxia. In addition, free radicals were increased and 518 

played important roles in the pathogenesis of the ischemic stroke (Rodrigo et al., 519 

2013; Sun et al., 2018; Naritomi and Moriwaki, 2013; Imai et al., 2019), causing a 520 

vast array of injuries mediated by many different pathways (Facchinetti et al., 1998; 521 

Lapchak and Araujo, 2003; Cherubini et al., 2005). We postulated reactive oxygen 522 

species increase was a stroke sequel and the elevated reactive oxygen species further 523 

aggravated stroke damage. 524 

Six known human ischemia stroke therapeutic drugs Aspirin (thromboxane A2 525 

inhibitor) (Lekstrom et al, 1991), Clopidogrel (adenosine diphosphate [ADP] 526 

inhibitor) (Plosker et al, 2007), Naoxintong capsules (Xu et al, 2015), Edaravone 527 
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(Zheng et al, 2016), Xingnaojing injection (Zhang et al, 2018), Shuxuening injection 528 

(Lyu et al, 2018) were chose to assess their therapeutic effects on the 529 

Ponatinib-induced zebrafish ischemic stroke. All these human ischemia stroke 530 

therapeutics except Edaravone are classic anti-clotting drugs and consistently reduced 531 

the zebrafish cerebral thrombosis, implying that this zebrafish model could be used 532 

for screening and assessing the preventive and therapeutic agents of the ischemic 533 

stroke. 534 

Edaravone's therapeutic effect is thought to be via improving survival of neurons 535 

under situations of oxidative stress such as following reperfusion injury in stroke 536 

patients (Lapchak et al, 2009). Some reports have suggested that free radicals are 537 

important factors affecting both coagulation and thrombolysis systems in ischemic 538 

lesions (Rodrigo et al, 2013; Li et al, 2016). Previous studies have found that 539 

Edaravone can prevent vascular endothelial cell injury (Li et al, 2013) and augment 540 

NO release from vascular cells and platelets, leading to suppression of platelet 541 

thrombus formation (Yamashita et al, 2006). Thus Edaravone's therapeutic effects on 542 

the ischemic stroke displayed in this study could be through both reducing oxidative 543 

stress and inhibiting thrombosis. Additionally, we could not exclude any possible 544 

drug-drug interactions between Ponatinib and a therapeutic drug when treated 545 

together in this study although no deposits and no color changes were found in the 546 

treatment solution.  547 

In comparison with conventional animal models, this novel and innovative larval 548 

zebrafish ischemic stroke model could be highly predictive, relatively 549 

high-throughput and cost-efficient and may speed up the drug discovery process for 550 

the ischemic stroke. Further model validations and a pilot study using this model to 551 

screening preventive and therapeutic agents are in progress in our laboratory. 552 

 553 

5. Conclusions 554 

The larval zebrafish ischemic stroke model developed and optimized in this study 555 

was a living and pathophysiology-associated whole animal assay and this model 556 
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could be used for rapid in vivo screening and assessment of the preventive and 557 

therapeutic agents of the ischemic stroke.  558 
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 821 

 822 

Figure legends 823 

Figure 1. Characterization and optimization of Ponatinib treatment concentration and 824 

treatment time period. Control zebrafish indicated no cerebral thrombosis (Control) 825 

and the zebrafish at 2 dpf treated with 1 μg/ml Ponatinib for 24 h visually showed  826 

cerebral thrombosis (Model) (A & B). Cerebral thrombosis was markedly reduced 827 

when the zebrafish were cotreated with a well-known antithrombotic drug Aspirin 828 

(Aspirin) (B). Histopathological examination confirmed thrombus formation in the 829 

brain blood vessels of the zebrafish treated with Ponatinib for 24 h, and no thrombus 830 

in the vehicle-treated zebrafish (C). The arrow in (C) Control showed no thrombus 831 

formation, and in (C) Model indicated thrombus formation in the zebrafish brain. 832 

Scale bar = 10 μm. 833 

 834 

Figure 2. Brain blood flow dynamics was measured based on the motion of 835 

erythrocytes within tracking area using the ZebraBlood™ software. Blood flow 836 

dynamics maps of control and Ponatinib-treated zebrafish were shown in (A) right 837 

and (B) right, respectively. Cerebral angiography of control and Ponatinib-treated 838 

zebrafish, confirming the reduced brain blood flow and cerebral blood vessel 839 

blockage (arrow) (C). Locomotor activities of the larval zebrafish exposed to 1 μg/ml 840 

Ponatinib for 24 h were decreased as compared with untreated zebrafish，the 841 

movement diagrams were from 4 parallel wells (D).  842 

 843 

Figure 3. Reduced cerebral thrombosis in the ischemic stroke zebrafish cotreated 844 

with  ischemic stroke therapeutic drugs for 24 h, including Aspirin, Clopidogrel, 845 

Naoxintong capsules, Edaravone, Xingnaojing injection, and Shuxuening injection. 846 
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Urokinase was selected for assessing its therapeutic effect on the zebrafish stroke 847 

model in which the zebrafish were first treated with 1 μg/ml Ponatinib for 24 h, 848 

followed by treatment with 100 μg/ml urokinase for another 24 h. 849 

 850 

Figure 4. Ponatinib induced brain vascular endothelial damage. The VEGFR and 851 

vegfaa gene expressions were downrerulated in the zebrafish exposed to 1 μg/ml 852 

Ponatinib (A); Fluorescent intensity of NO staining in the zebrafish treated with 1 853 

μg/ml Ponatinib was measured after DAF-FM DA staining under a stereo 854 

fluorescence microscope (B); and the relative NO levels in the zebrafish treated with 855 

Ponatinib at concentrations of 0.3 μg/ml, 1 μg/ml and 3 μg/ml over the control were 856 

shown (C). Data were expressed as mean ± S.E.M. Compared with control group: 857 

***P < 0.001. 858 

 859 

Figure 5. Apoptosis and reduced nerve growth factor gene expressions in 860 

Ponatinib-induced ischemic stroke zebrafish. There were no obvious apoptotic cells 861 

indicated in the control zebrafish, whereas considerable numbers of apoptotic cells 862 

appeared in the brain of Ponatinib-treated zebrafish (A). Statistically significant 863 

upregulated expressions of the caspase-3, caspase-7, caspase-9 and bax genes were 864 

found in Ponatinib-induced ischemic stroke zebrafish; the expressions of caspase-8 865 

and bcl-2 genes had no changes, and bcl-2/bax ratio was decreased after Ponatinib 866 

treatment (B). Relative gene expression levels of BDNF, GDNF, mbp and a1-tubulin 867 

in Ponatinib-induced ischemic stroke zebrafish (C). Data were expressed as mean ± 868 

S.E.M. Compared with control group: *P < 0.05, **P < 0.01, and ***P < 0.001. 869 

 870 

Figure 6. Inflammation, reactive oxygen species production, and the gene expression 871 

levels of the inflammatory factors in Ponatinib-induced ischemic stroke zebrafish. 872 

Fluorescent neutrophols were mainly located in blood vessels in the control zebrafish, 873 

and increased neutrophil infiltrations in the brain of Ponatinib-induced ischemic 874 

stroke zebrafish (A). Relative gene expression levels of IL-1β, IL-6, IL-10, TNF-α 875 
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and NF-κB in the control and Ponatinib-induced ischemic stroke zebrafish (B). 876 

Reactive oxygen species (ROS) levels relative to control group in the zebrafish 877 

treated with 0.3, 1 and 3 μg/ml Ponatinib (C). Data were expressed as mean ± S.E.M. 878 

Compared with control group: *P < 0.05, **P < 0.01, and ***P < 0.001. 879 

 880 

Movie legends 881 

 882 

Movie 1. Control zebrafish brain showed regular rich blood flow. 883 

 884 

Movie 2. Zebrafish treated with Ponatinib demonstrated a markedly reduced brain 885 

blood flow and completely or partly blood vessel blockage. 886 



Table 1. Efficacy of antithrombotic drugs on the zebrafish ischemic stroke (mean ± S.E.M., 

n=10 for 3 repeats)  

Drugs Concentrations/Dosages 
Cerebral thrombosis 

incidence (%) 

Relative area of cerebral 

thrombosis (%) 

Control - 0 0 

Model - 100 100 

Aspirin 

3.125 μg mL-1 60 b  55 ± 11.6 

6.25 μg mL-1 60 b  55 ± 12.1 a  

12.5 μg mL-1 60 b  50 ± 9.0 a  

25 μg mL-1 55 b 36 ± 7.0 c 

50 μg mL-1 15 c 7 ± 1.3 c 

100 μg mL-1 10 c 7 ± 1.2 c 

Clopidogrel 

0.94 μg mL-1 80 98 ± 17.8 

1.88 μg mL-1 75 a 73 ± 15.7 

3.75 μg mL-1 50 c 71 ± 9.2 a 

7.5 μg mL-1 40 c 63 ± 14.0 a 

15 μg mL-1 35 c 45 ± 8.6 b 

Naoxintong capsules 

3.9 μg mL-1 75 a 86 ± 15.5 

7.8 μg mL-1 60 b 68 ± 14.3 a 

15.625 μg mL-1 55 b 58 ± 10.5 b 

31.25 μg mL-1 50 c 48 ± 12.5 b 

62.5 μg mL-1 45 c 48 ± 9.6 b 

Edaravone 

1.56 μg mL-1 60 b 37 ± 10.6 b 

3.125 μg mL-1 55 b 32 ± 7.6 c 

6.25 μg mL-1 50 c 31 ± 6.8 c 

12.5 μg mL-1 30 c 23 ± 6.8 c 

25 μg mL-1 25 c 19 ± 9.6 c 

Xingnaojing injection 

 0.78 ng 45 c 44 ± 12.1 b 

0.16 ng 45 c 31 ± 9.9 c 

0.31 ng 40 c 29 ± 7.5 c 

 0.625 ng 40 c 29 ± 8.7 c 

1.25 ng 40 c 27 ± 8.7 c 

2.5 ng 35 c 26 ± 11.4 c 

5 ng 30 c 15 ± 4.3 c 

10 ng 50 c 25 ± 5.3 c 

Shuxuening injection 

 2.2 ng 40 c 30 ± 9.8 c 

4.375 ng 25 c 27 ± 7.7 c 

8.75 ng 25 c 24 ± 5.5 c 

17.5 ng 25 c 19 ± 4.8 c 

35 ng 20 c 9 ± 1.8 c 

Urokinase 100 μg mL-1 50 c 30 ± 9.7 c 

# Compared with vehicle control: a P < 0.05, b P < 0.01, c P < 0.001. 



Table 2. Sequences of primer pairs used in the real-time quantitative PCR reactions. 

Gene Forward (5'-3') Reverse (5'-3') 

β-actin TCGAGCAGGAGATGGGAACC CTCGTGGATACCGCAAGATTC 

caspase-3 GGACATGCGGATACGGAGAC TGCAGATGCCCCATCCTTAC 

caspase-7 AAGTGGAGGATCGCAGGTTTG TCTCTTGGTCCTCCCCTGAC 

caspase-8 CTGCTCAAACGAACAGGCAC TCCGGCAAAAGGCAGTGTAA 

caspase-9 GCTTCTGTCAAAGGGGGTCT CAGAAATGACAGGAGGGCGA 

bax GACTTGGGAGCTGCACTTCT  TCCGATCTGCTGCAAACACT 

bcl-2 CACTGGATGACTGACTACCTGAA CCTGCGAGTCCTCATTCTGTAT 

VEGFR GAGCGATGCTCCCGTTATCA CACAACTCCACTCTCCCTGG 

vegfaa AGAGGGAGGCAGAAGCACAT CCAAAGGGACGGTTGTAGAGT 

IL-1β GTCACACTGAGAGCCGGAAG GCAGGCCAGGTACAGGTTAC 

IL-6 GCAGTATGGGGGAACTATCCG CTGACCCCTTCAAATGCCGT 

IL-10 TTCAGGAACTCAAGCGGGAT AAGAGCAAATCAAGCTCCCCC 

TNF-α ATCTTCAAAGTCGGGTGTATG TGTGCCCAGTCTGTCTCC 

NF-κB GATGTTCACTGCGTTCCT GTCTTCTGTCTCTTCCTCTG 

GDNF AGCCATCCAAGAGAGCTGTG GTCCCGCTTCATCTGAGGTT 

BDNF TGGGTAAATCGCGACTGGTT CTGTTGGAACATTTTCCCCTATG 

mbp AATCAGCAGGTTCTTCGGAGGAGA AAGAAATGCACGACAGGGTTGACG 

α1-tubulin AAT CACCAATGCTTGCTTCGA GCC TTCACGTCTTTGGGTACCACGTCA 
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Highlights 

 

We developed and characterized a larval zebrafish ischemic stroke model using 

Ponatinib as an inducer under an optimized exposure concentration and treatment 

period. The larval zebrafish ischemic stroke was further validated with 6 known human 

ischemic stroke therapeutics. The pathophysiology of this zebrafish ischemic stroke is 

closely similar to that of human ischemic stroke and could be used for rapidly 

identifying the preventive and therapeutic agents. 

 

 


