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ABSTRACT

Conventional mammalian ischemic stroke models fagdcreening are technically
challenging, laborious and time-consuming. In #tigly, using Ponatinib as an
inducer, we developed and characterized a zebriafitlemic stroke model. This
zebrafish ischemic stroke had the cerebral vasemdothelial injury, thrombosis,
reduced blood flow, inflammation and apoptosis afi as the reduced motility. The
zebrafish ischemic stroke model was validated @ikmown human therapeutic
drugs of ischemic stroke (Aspirin, Clopidogrel, Madong capsules, Edaravone,
Xingnaojing injection, Shuxuening injection). Th&MA levels of the
neovascularization-related gemnvedfaa) and vascular endothelial growth factor
receptor geneMEGFR), neurodevelopment related genebyg andal1-tubulin),
brain-derived neurotrophic factdBDNF) and glial cell derived neurotrophic factor
(GDNF) were significantly downregulated; whereas apdptoalated genes
(caspase-3, caspase-7, caspase-9 andbax/bcl-2), and inflammatory factor genes
(IL-15, IL-6, IL-10, TNF-a andNF-xB) were remarkably upregulated in the model.
These results suggest that the pathophysiologppéthib-induced zebrafish
ischemic stroke is similar to that of human ischestroke patients and this whole
animal model could be used to study the complelegland molecular

pathogenesis of ischemic stroke and to rapidlytifletherapeutic agents.

Keywords: Zebrafish; Ponatinib; Ischemic stroke; Animal mod#iug screening
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1. Introduction

According to the World Health Organization, ischersiroke has always been the
second leading cause of death worldwide and a necajaributor to disability
(Pandian et al., 2018; Chandra et al., 2017; kil.e017). Ischemic stroke occurs
when a vessel supplying blood to the brain is olet&d and it accounts for about
87 % of all strokes (Pandian et al., 2018; Christepal., 2015). The success of
preclinical stroke research in developing new theusics might rely-at least in
part-on the selection of the appropriate strokeehtmluse (Christoph et al., 2015).

Numerous studies have demonstrated that the comsjileation of ischemic stroke
cannot be modeled in anvitro system with single cells or pieces of brain tissue
with the absence of intact blood vessels and bflmvdas well as the lack of
infiltration of leukocytes (Sommer et al., 2017)inMcking all aspects of human
stroke in one animal model is not feasible bec@deemic stroke in humans is a
heterogeneous disorder with a complex pathophygyoM/hile animal models have
helped us better understand the pathophysiologgcbhémic brain damage, the use of
animal models has very limited translational suséesschemic stroke therapies
(Papoutsoglou et al., 2012). There is a need teldp\alternative animal models for
understanding the complex pathophysiology of isdbestnoke and, particularly for
the purpose of drug screening (Papoutsoglou e2@l2).

Alternative models such as mechanical occlusiomsidtlle cerebral artery are
often technically challenging: the use of invagwvecedures as well as unstable
effects from treatments are major limitations (Btayan et al., 2003). Although these
limitations do not make the models less importantatuable, studies performed on
alternative models are necessary to provide mgextibe results. Zebrafish could
be useful in investigating ischemic brain damage tuts transparency, easy
observation (Papoutsoglou et al., 2012; Yu e8i16) and the requirement for
optomotor response while swimming (Springer etl&®77), which is helpful for
gualitative and quantitative evaluation of the #pautic effect of drugs on sequelae

of stroke. Several initial studies have shown #uhtlt zebrafish can be induced to
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develop hypoxic-ischemic cerebral damage (Yu eRall1; Yu et al., 2013; Braga et
al., 2013). Photothrombosis could also induce birgury in adult zebrafish although

the zebrafish were usually likely to die in a shorte due to its end-arterial occlusive
nature (Yu et al., 2016).

Ponatinib was initially approved as a breakthroogliti-targeted tyrosine-kinase
inhibitor for the treatment of chronic myeloid lerkia and Philadelphia
chromosome-positive acute lymphoblastic leukemad{nik et al., 2014; Zirm et
al., 2012). Ponatinib was withdrawn from the mai(ketter remarked with a black
box warning of the vascular toxicity and thrombosiation et al.) based on
emerging data indicating approximately 48% adveeseular events and 24%
arterial and venous thrombosis leading to myocéndfiarction, stroke, limb
ischemia, and vascular stenosis (Prasad and Maitlyni2014). Later it was
confirmed that Ponatinib affected angiogenesishenrntersegmental and
subintestinal vessels in the zebrafish and in hunmabilical vein endothelial cells
via blocking VEGFR signaling pathway and damagiagoular endothelial cells (Ai
et al., 2018). Hamadi et al reported that Ponaiimibeasedx vivo thrombus
formation and this effect was partially relateccdcium channel activation and
TxA2 generation (Hamadi et al., 2019).

In the current report, we have developed and vi@dla larval zebrafish ischemic
stroke model induced by Ponatinib under an optichezgposure concentration and
treatment period. The pathophysiology of this issitestroke animal model
demonstrated high similarities with human ischestioke and could be used for the

disease study and for the drug screening.

2. Materials and methods
2.1. Zebrafish care and maintenance

Two lines of zebrafish were used in this study:(VigO::GFP) transgenic
zebrafish for inflammation analyses and Albinoistzzebrafish for all other studies.

An early study has confirmed that Albino strainradish are mutant islc45a2



120 (Tsetskhladze et al, 201&ebrafish care and maintenance procedures wereteepo
121  in our previous publications (Zhu et al., 2016)ieBy, the adult zebrafish were

122  housed in a temperature-controlled and light-cdleticaquaculture facility with a
123 standard 14: 10 h light/dark photoperiod and feith Wwe brine shrimp and dry

124 flakes. The zebrafish were paired for natural ngaéwery day and the embryos were
125 maintained at 28°C in fish water (0.2% Instant @c8alt in deionized water, pH
126  6.9-7.2, conductivity 480-510 mS.¢nand hardness 53.7-71.6 mg/l Cafénd

127 washed and staged at 6 and 24 hpf (hours podizatiton). This study was approved
128 by the IACUC (Institutional Animal Care and Use Quittee) at Hunter

129 Biotechnology, Inc. and the IACUC approval numbasw01458. The zebrafish
130 facility and the laboratory at Hunter Biotechnolpgyc. are accredited by the

131  Association for Assessment and Accreditation ofdratory Animal Care

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

133  Conformity Assessment (CNAS).

134  2.2. Chemicals

135 Ponatinib (lot #: HY-12047) was bought from MedCltewmress (St. Monmouth
136  Junction, USA). O-dianisidine (lot #: 119-90-4),phsn (lot #: G1220028),

137  Clopidogrel (lot #: R-4411-3G), Phorbol-12-myrigtt3-acetate (PFA, lot #:

138 16561-29-8) and Edaravone (lot #: K1820098) wergghofrom Sigma-Aldrich (St.
139 Louis, USA). Naoxintong capsules (lot #: 180210@ysvpurchased from Shanxi
140 Buchang Pharmaceutical Co., Ltd (Shanxi, ChinajgKaojing injection (lot #:

141 180704) was purchased from Wuxi Jimin Credible SkaPharmaceutical Co., Ltd
142 (Jiangsu, China). Shuxuening injection (lot #: 1Z0B) was bought from Shanxi
143  Zhengdong Taisheng Pharmaceutical Co., Ltd (Sh&na). Drug stock solutions
144  were prepared in either 100% dimethyl sulfoxide ®®) or 0.9% sodium chloride,
145 and serial dilutions were made before each expatinzebrafish treated with 0.1%
146 DMSO or 0.9% sodium chloride served as a vehictérob Untreated zebrafish

147  were used to confirm that the vehicle solventsmdithave an adverse effect on the

148 zebrafish.
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2.3. Determination of no observed adverse effect level (NOAEL)

Two days post fertilization (dpf) zebrafish wéreated with a testing drug for 24 h
and mortality and toxicity were recorded at the ehtteatment. In the initial tests, 5
concentrations (0.1, 1, 10, 100, and 500 mg/L éaksg drugs) or doses (0.1, 1, 10,
100, and 500 ng/zebrafish for microinjected drugsje used for each drug. If a
NOAEL could not be found from these initial testdditional concentrations or
doses within the range of 0.01-2000 mg/L or 0.00828y/zebrafish were tested.
The NOAEL of a test drug was defined as a maximantentration or maximum
dose that did not induce any observable adversetedh zebrafish and was
determined under a dissecting stereomicroscopwtytialified zebrafish experts
(Zhu et al., 2016).

2.4. Circulation microinjection

The zebrafish were anesthetized with 0.03% tricésigma, USA) and loaded on
a customized microplate designed specifically faroinjection. Two injectable
drugs (Shuxuening injection and Xingnaojing injen)iwere diluted in 0.9% sodium
chloride at proper concentrations and loaded irgalked glass capillary (World
Precision Instruments, USA) that was drawn on antedde puller (NARISHIGE,
Japan) and then trimmed to form a needle with altieg internal diameter of
approximately 15 micron and the outer diameterppiraximately 18 micron. The
microneedle was attached to an air driven Cell TfldARISHIGE, Japan). The tip
of the needle was inserted into the circulatioaedfrafish under a dissecting
stereomicroscope and the pulse time was contradlei@liver 10 nL of the drug
solution into the circulation through the glassiltagy (Zhu et al., 2016). Zebrafish
injected with 10 nL 0.9% sodium chloride serve@ashicle control and untreated
zebrafish were used to confirm that the vehicleesal did not have an adverse effect
on the zebrafish.

2.5. Zebrafish ischemic stroke model devel opment
2.5.1. Ponatinib concentration and treatment period optimization

The zebrafish exhibit functional platelets and adatjon factors by 36 hpf
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(Weyand et al., 2014; Gregory et al., 2002; Khaadek al., 2012) and therefore we
chose 2 dpf zebrafish as an appropriate stagatoPnatinib treatment for the
cerebral ischemia model development. To optimizeaBoib treatment concentration
and treatment time period, thirty zebrafish at Pwigre distributed into 6-well plates
(Nest Biotech., Shanghai, China) in 3 ml fresh fasdter. Zebrafish were treated with
0.3ug/ml, 1ug/ml and 3ug/ml Ponatinib for 12 h, 24 h and 48 h, respecyiviel
induce cerebral thrombosis. The highest testedesgration (3ug/ml) used in this
investigation was the maximum non-lethal concemmnaiMNLC) of Ponatinib in the
zebrafish identified in the pilot study. Zebrafisbated with 0.1% DMSO served as a
vehicle control. Untreated zebrafish were usedtdiom vehicle solvent did not
have adverse effect on zebrafish.
2.5.2. Cerebral thrombosis assessment

To measure the cerebral thrombosis induced by Pamatebrafish were stained
with o-dianisidine using a method reported andatk previously by our group
(Zhu et al., 2016; China patent number: 20111012&)20 quantify the thrombus in
the head area of zebrafish. After Ponatinib treatyreebrafish from each group
without fixture were incubated in 0.6 mg/ml o-disidine staining solution (Sigma,
USA) with 10 mM sodium acetate and 4% ethanol torin in the dark at 28°C and
then washed for 3 times with 100% DMSO. Thiry zéshafrom each group were
observed and photographed under a stereomicrogbidgm, SMZ645, Tokyo,
Japan) to count the number of those zebrafish thétcerebral thrombosis and
calculate the cerebral thrombus incidence. Qudivigamage analyses were
performed by measuring the area of cerebral thr@mshgsing NIS-Elements D3.10
image analysis software (Nikon, Japan) and thedata expressed as mean +
S.E.M.

2.5.3 Histopathological examination

To confirm Ponatinib-induced cerebral thrombosehrafish histopathology was
performed. After treatment, the zebrafish weredike4% paraformaldehyde in 0.1

M phosphate buffered saline for 4 h & 4dehydrated in graded series of ethanol
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solutions before paraffin embedding. The embedebdatish were longitudinally
sectioned at 5 um and stained with hematoxylineosin (H & E). Thirty zebrafish
were used for each group. Histological images wétained using a histological
microscope (Leica, German) and pathological diagneas completed by a certified

pathologist.
2.5.4. Brain blood flow measurement
Zebralab Blood Flow System (Viewpoint, France) wasd to record the zebrafish

brain blood flow videos for 10 zebrafish per grauul the videos were analyzed by
the ZebraBlood™ software (v1.3.2, ViewPoint, Ly&nance), which works by
detecting changes in pixel density and combinimgrthvith vessel diameter to
generate a flow rate in nL/s for every frame (Pagktal., 2014). The brain blood
flow (O) was quantified based on the data derivethfthe recored videos as
reported before (Zhu et al., 2018). The relativaodlflow was calculated based on

the following formula: The relative blood flow (%6)© ponatinif O contro) X 100%.
2.5.5. Cerebral vascular angiography
Cerebral vascular angiography was performed thranjghbting 0.02 micron red

fluorospheres (Molecular Probes, Eugene, OR) iatwaish brain artery (Craig et
al., 2012). Prior to injection 2% solution of bogiserum albumin (BSA) was
prepared in fish water, followed by filter sterdizon. Fluorospheres were diluted at a
ratio of 1:1 in BSA solution to a total volume didulL. The larval zebrafish were
anesthetized with Tricane and laid on their sidesmagarose ramp. After loading
beads from the back of a sharp thin pulled capilffmorospheres were injected into
the brain herringbone suture with the picopump gisipproximately 80 msec as the

pulse time.
2.5.6. Motility impairment assessment
At the end of treatment, 10 zebrafish from eaclugnaere loaded into 96-well

plates, 1 fish per well, The zebrafish were acdéadan the 96-well plate at 28  for
10 min before the motility recording. All experintsrconsisted of 60 min containing
3 cycles of a light/dark phase (10 min light andnif®dark each). Total distance and

speed of the zebrafish movement to light-dark aar#t-tight cycles were recorded
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and analyzed by viewpoint behavior analyzer (Zeitrdl3, ViewPoint Life Sciences
Co., Ltd.) (Huang et al., 2016). The reduced pdagmrate of total movement
distance (D) in the zebrafish treated withgiml Ponatinib was calculated based on
the following formula: the reduced percentage ddttal distance =
(1-Dponatinif Dcontro) X100%.
2.6. Drug effects on zebrafish ischemic stroke

Six known human ischemic stroke therapeutic drédgpifin, Clopidogrel,
Naoxintong capsules, Edaravone, Xingnaojing inggGtShuxuening injection) were
selected for assessing drug effects on the zebrstiiske. Thirty 2 dpf Albino
zebrafish were distributed into 6-well plates imBfresh fish water. Zebrafish were
cotreated with 1ig/ml Ponatinib and a testing drug for 24 h at aateoncentrations
or dosages as indicated in Table 1. Zebrafishddeaith 1pug/ml Ponatinib for 24 h
were used as the ischemic stroke model. Zebratsttetd with 0.1% DMSO or 0.9%
sodium chloride were used as vehicle controls. éitéd control zebrafish group was
also included. After treatment, zebrafish cerehradmbosis was quantified using a
method as described above and the cerebral thrasnbo&lence (I) was counted.
Quantitative image analysis was performed by méagtine area (A) of cerebral
thrombosis using NIS-Elements D3.10 image anabgitsvare (Nikon, Japan) and
the relative area of cerebral thrombosis of angstirug was calculated based on the
following formula: the relative area of cerebraiaimbosis (%) =AwgAmodei *100%.

Urokinase, known as urokinase-type plasminogewatcti (uPA)(Merino et al.,
2018), was selected for assessing its therap€dirict ®n the zebrafish stroke.
Plasminogen is an inactive form (zymogen) of threnseprotease plasmin. Activation
of plasmin triggers a proteolytic cascade thatedejing on the physiological
environment, participates in thrombolysis or ex¢tadar matrix degradation
(Degryse & Bernard, 2011). Thirty Albino zebrafash2 dpf were distributed into
six-well plates in 3 ml fresh fish water. Zebrafishre first treated with fig/ml
Ponatinib for 24 h, followed by treatment with 1,0§'ml urokinase for another 24 h.

Zebrafish treated with fg/ml Ponatinib for 24 h were used as thrombosisehod
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After treatment, zebrafish thrombus was quantiiedbove.
2.7. Mechanisms of Ponatinib-induced ischemic stroke
2.7.1. Nitric oxide assay

The nitric oxide (NO) levels in Ponatinib-treatezbrafish were measured using a
NO specific fluorescent probe dye, diaminofluoroghé-amino-5-methylanino-2,
7-diflurofluroescein diacetate (DAF-FM DA). Trangfeation of DAF-FM DA by
NO generates highly fluorescent triazole derivaivonatinib-treated zebrafish were
transferred into 96-well plates and incubated \RitkF-FM DA solution (5uM) for 1
h in the dark at 28°C. After incubation, 10 zelsfafirom each group were randomly
selected using a plastic disposable pipette thatpeaitioned in the center of a
container and picked up zebrafish whoever entdregbipette and observed under a
stereo fluorescence microscope. Nikon NIS-ElemBri3s10 Advanced Image
Processing Software was used to capture and anlgzamages. The fluorescence
signal (S) was measured and the relative NO leasl ealculated based on the
formula below: the relative NO level (%)=HRatinif Scontro) < 100%.
2.7.2. Brain apoptosis assessment

The brain apoptosis was measured by staining theafzgh with an apoptotic cells
specific living fluorescent dye acridine orange {4t al., 2019). In brief, the
zebrafish were stained with 2u8/ml acridine orange for 30 min and then washed for
3 times in fish water. The apoptotic cells dispthyellow-green fluorescent signal (S)
in the brain under a stereofluorescent microscgeon NIS-Elements D 3.10
Advanced Image Processing Software was used tareaphd quantify the images as
reported before by our team (Li et al., 2006). irfdiction % of brain apoptosis in
the zebrafish treated with Ponatinib was calcul&i@sed on the following formula:
percentage of the apoptosis induction s {Sinit/ Scontror1)*100% (Zhu et al., 2019).
2.7.3. Brain inflammation quantification

Tg(MPO::GFP) transgenic zebrafish that expressraphil specific fluorescence
were used for the brain inflammation quantificatiorthe ischemic stroke model.

Tg(MPO::GFP) transgenic zebrafish at 2 dpf werate@ with Ponatinib at

10
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concentrations of 0.3, 1 andi8/ml for 24 h and then 10 zebrafish from each group
were randomly selected using a plastic disposapltte for image acquisition under
a stereofluorescence microscope. Quantitative imagéysis was performed using
image-based morphometric analysis as describedeabbe brain inflammation
percentage rate in zebrafish treated with Ponatuaig calculated based on the
formula below: percentage of the brain inflammatio§Seonatinid Scontror 1) X100%.
2.7.4. Reactive oxygen species (ROS) assay
An oxidation specific and sensitive probe, 5-(&1dchloromethyl-20,

70-dichloro-dihydrofluoresceindiacetate (CM-H2DCF[OAfe Technologies,
Carlsbad, CA) was applied to measure zebrafishiveagxygen species levels.
Zebrafish treated with 10 ng/ml Phorbol-12-myrietaB-acetate (PFA) for 24 h were
used as a positive control (Hermann et al., 2004¢. treated zebrafish were
incubated with 0.5 mg/ml CM-H2DCFDA for 1 h in daak28°C. After washed for 3
times using fish water, the zebrafish were tramsteinto a 96-well microplate, 1
zebrafish per well, and reactive oxygen speciesmeasured at 488 nm under a
multimode microplate reader (Zhu et al., 2019).
2.7.5. Gene expression analyses

Quantitative PCR was performed to measure the gemession levels of
neovascularization-related gemedfaa), vascular endothelial growth factor receptor
gene VEGFR), neurodevelopment related gened andal-tubulin), brain-derived
neurotrophic factorBDNF), glial cell derived neurotrophic factoaGDNF),
apoptosis-related genesagpase-3, caspase-7, caspase-9, bax andbcl-2), and
inflammatory factor genesl(-15, IL-6, IL-10, TNF-a andNF-xB) in the zebrafish
ischemic stroke. The gPCR primers used in thisysiugte listed in Table 2. After
Ponatinib treatment, total RNA was extracted frafty homogenized zebrafish per
group using Trizol reagent (Invitrogen Life Techogikes), and 3 replicates of RNA
extracted from the pools of zebrafish were analyZée quality of RNA samples
was evaluated using the methods recommended hyaheDrop 2000 (Thermo

Scientific). About 2ug total RNA of each sample was used for cDNA sysithasing

11



324 FastQuant RT Kit (With gDNase) (Tiangen) and qP@®l&ications were carried
325 out with a CFX Connect detection system (Bioradpgishe iTag Universal SYBR
326  Green Supermix (Biorad) in which there were theshhical or biological replicates.
327 The PCR protocol was optimized as the followingnig at 95°C, 40 cycles of 5 s
328 each at 95°C, and 30 s at 60°C. Melting curve amalyas performed to check the
329 specificity of the primers. The gene expressiom aas normalized againgtactin
330 level and relative quantification of each gene mRis¥el among groups was

331 calculated using the“?*“' method (Sharif et al., 2016).

332 2.8. Hatistical analysis

333 All the data were first checked whether obey nordistribution equal variance.
334 One-way ANOVA followed by the Dunnett's test wasdiso compare differences
335 among the groups. All statistical analyses weréopered using the SPSS 16.0

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

337 quantitative analyses, all data were presentedeasm S.E.M., and results were
338 statistically compared between the Ponatinib-tceated the control zebrafish groups.
339 All experiments were repeated for at least 3 titoesonfirm their reproducibility.

340

341 3. Results

342  3.1. Zebrafish ischemic stroke model development

343 3.1.1. Ponatinib concentration and treatment period optimization

344 We found that treatment with Op8/ml Ponatinib for 12 h to 48 h did not induce
345 obvious cerebral thrombosis in zebrafish at altidles degrees of cardiovascular
346  toxicity including pericardial edema, bradycardiano blood circulation was

347 observed in all zebrafish treated witlh@ml Ponatinib for 12 h to 48 h.

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

349 treated with Jug/ml Ponatinib, of which treatment for 24 h induasdebral

350 thrombosis in 100% zebrafish without observableotbxicity (Fig. 1A); and the
351 thrombus formation was markedly reduced when theafish were co-treated with a

352  well-known antithrombotic drug Aspirin (Fig. 1B)rdatment with Jug/ml Ponatinib

12
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for 48 h induced severe thrombosis with obviouslicaascular toxicity.

In quantitative analysis of thrombosis, time-deperdncreases of the cerebral
thrombosis incidence and thrombus area were demab@dtin the zebrafish treated
with 1 ug/ml Ponatinib for up to 24 h (data not shown).orhbus formation was
confirmed by histopathological examination in tledmfish treated with ig/ml
Ponatinib for 24 h (Fig. 1C). Based on these res&lbnatinib treatment atuty/ml
for 24 h was selected as the optimum treatmentesdration and treatment period
for the development and validation of the zebraifssihemic stroke model.

3.1.2. Ponatinib induced brain blood flow reduction

Brain blood flow dynamics was detected based otyaiseof the motion of
erythrocytes within tracking area by the ZebraBl®bdoftware (Fig. 2A, Fig. 2B).
Ponatinib treatment resulted in a concentratioreddpnt decrease of brain blood
flow, and within a few following days, the circula ceased and the zebrafish died
(data not shown). The relative brain blood flow W&86, 34% and 2% of control
group in the zebrafish treated with Ponatinib atcemtrations of 0.3, 1 andu®/ml,
respectively. Statistically significant brain blofsdw reductions were found in the
zebrafish treated with Ponatinib afid/ml (P < 0.001) and @g/ml (P < 0.001).
Ponatinib-induced brain blood flow reductions wieneher confirmed by cerebral
vascular angiography. As indicated in Fig. 2C, oargebrafish brain showed
relatively regular rich blood flow (Movie 1), whexe Ponatinib-treated zebrafish
demonstrated a markedly reduced brain blood flosvampletely or partly blood
vessel blockage (Movie 2).

3.1.3. Ponatinib induced motility impairment

Locomotion activities of the ischemic stroke zelstaivere evaluated under
alternating cycles of light-dark stimulation. Aslicated in Fig. 2D, zebrafish
movement distance decreased significantly in a fluthalose-dependent manner
and the reduction percentage rates of total distameze (10 = 3.9)%, (80 = 1.3)%
and (99.5 £ 0.1)% in the zebrafish exposed to Raibeadt concentrations of 0.3
ug/ml (P > 0.05), ig/ml (P < 0.001) and gg/ml (P < 0.001), respectively, as
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compared with control zebrafish.
3.2. Drugs effects on the zebrafish ischemic stroke

To determine whether the model zebrafish respansehemic stroke therapeutic
drugs was similar to the response of mammalian rsydtems, we cotreated the
zebrafish with Jug/ml Ponatinib and each of 6 known human drugs ifAsp
Clopidogrel, Naoxintong capsules, Edaravone, Xiogng injection, Shuxuening
injection) currently used in clinical practice. Aslicated in Table 1, NOAEL in the
ischemic stroke zebrafish was Lo§Yml for Aspirin, 15ug/ml for Clopidogrel, 62.5
ug/ml for Naoxintong capsules, 2%/ml for Edaravone, 10 ng for Xingnaojing
injection, and 35 ng for Shuxuening injection, edpvely.

As expected, after a 24 h co-treatment, human msihstroke therapeutic drugs
Aspirin, Clopidogrel, Naoxintong capsules, Edaraakingnaojing injection,
Shuxuening injection significantly reduced the bea¢thrombosis incidence and the
area of cerebral thrombosis as compared with thdehgroup zebrafish (Fig. 3),
implying that human therapeutics were effectivalaischemic stroke zebrafish. As
compared with the ischemic stroke model zebraflsirelative area of cerebral
thrombus was reduced to 7 - 55% for Aspirin, 48%%or Clopidogrel, 48 - 86% for
Naoxintong capsules, 19 - 37% for Edaravone, 1% fior Xingnaojing injection,
and 9 - 30% for Shuxuening injection, respectivBhatistically significant
thereapeutic effects on the zebrafish ischemidkstveere observed at 3.125 - 62.5
ug/ml (P <0.01 & P < 0.001) for Aspirin; 1.88 - u&/ml (P < 0.05 &P < 0.001) for
Clopidogrel; 3.9 - 62..ig/ml (P < 0.05, P < 0.01 & P < 0.001) for Naoxirgon
capsules; 1.56 - 25g/ml (P < 0.05, P <0.01 & P <0.001) for Edaravdné8 - 10
ng (P < 0.001) for Xingnaojing injection; and 2.35 ng (P < 0.001) for Shuxuening
injection (Table 1).

Furthermore, we usediy/ml Ponatinib to induce zebrafish cerebral throgio
first and then treated the cerebral thrombosisafedbr with urokinase to evaluate
whether or not it could resolve the thrombosiscAspared with the ischemic stroke

model zebrafish, urokinase significantly reducesl¢brebral thrombosis incidence
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and the relative area of cerebral thrombus wascestito 30% for urokinase.
Statistically significant therapeutic effects oe trebrafish cerebral thrombosis were
observed at 10(g/ml (P < 0.001) for urokinase.

3.3. Ponatinib induced cerebral vascular endothelial injury

The vascular endothelial-related geN&$FR andvegfaa were downregulated in
the zebrafish treated withlg/ml Ponatinib, 0.07-fold and 0.58-fold declinaton
relative to the control zebrafish, respectively(P.001) (Fig. 4A).

As shown in Fig. 4B, the fluorescent intensity d Ntaining in the zebrafish
treated with Jug/ml Ponatinib was significantly attenuated as careg with the
control zebrafish, and the relative NO levels w@2é6, 66% and 6% of control group
in the zebrafish treated with Ponatinib at con@mns of 0.31g/ml, 1ug/ml and 3
ug/ml, respectively. Statistically significant difesces (P < 0.001) were found in the

zebrafish treated with Ponatinib ap@/ml and 3ug/ml (Fig. 4C).
3.4. Ponatinib induced cerebral cell death
There were no observable brain apoptosis in theaarebrafish, but marked

apoptosis in the brain area were found in the Zisbr&reated with 1 pg/ml Ponatinib
(Fig. 5A). In consistence with the brain cell deaignificant upregulations of the
caspase-3, caspase-7, caspase-9 andbax gene expression were shown in the
zebrafish treated with 1g/ml of Ponatinib, 1.55-, 1.59-, 2.74- and 2.4'dfol
increases relative to the control group (P = 0.04388422, 0.0014 and 0.0007).
Expression otaspase-8 andbcl-2 genes had no change, bbtl-2/bax ratio was
decreased in the ischemic stroke zebrafish (P 608))(Fig. 5B). Nerve growth
factors and associated protein geBE&NF, GDNF, mbp andal-tubulin were 0.08-,
0.63-, 0.30- and 0.59-fold lower in the ischemiolks¢ zebrafish as compared with
control group (P = 0.0023, 0.0096, 0.0122 and ®)85ig. 5C).
3.5. Ponatinib induced cerebral inflammation

As indicated in Fig. 6A, the control zebrafish stealwhe normal distribution of
fluorescent neutrophils, mostly localized in theanerebral vessels; whereas the
zebrafish exposed toly/ml of Ponatinib demonstrated a general dispefsal

fluorescent neutrophils, suggesting the active atign of neutrophils from their
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initial location to a few clusters in the brain. &ptitative analysis showed a
significant difference in the number of neutropliéween 1 pg/mi
Ponatinib-treated zebrafish and the control zesingfi® < 0.001). The gene
expression levels of the inflammatory facttrslp, IL-6, IL-10, TNF-a and NF-«B
in Ponatinib-induced ischemic stroke zebrafish wie®®-, 1.39-, 1.61-, 3.24- and
1.58-folds higher than control zebrafish (P = 0.01®%0437, 0.0024, 0.0154 and
0.0030) (Fig. 6B).
3.6. Ponatinib induced reactive oxygen species production

Ponatinib treatment resulted in increased reactkygen specieproduction and
reactive oxygen species levels relative to corsteblrafiash were 105%, 251% and
564%, respectively, in the zebrafish treated with&inib at concentrations of 0.3, 1
and 3ug/ml. Reactive oxygen species level of the zelnafisated with 10 ng/ml
PFA relative to control was 485%. Statisticallyrsfiggant differences (P < 0.001)
were found in the zebrafish treated with Ponatatith and 31g/ml and PFA (Fig.
6C).

4. Discussion

In the present study, we have developed and clegized an alternative ischemic
stroke animal model in the larval zebrafish treatéti a vascular endothelial
cell-damaging drug Ponatinib (Ai et al., 2018; @otl et al., 2019) under the
optimum treatment concentration and the exposuare fieriod. Thisn vivo zebrafish
model demonstrated the brain vascular endotheijjatyi, brain thrombosis, reduced
brain blood flow, brain inflammation, brain apopgsand impaired motility, closely
similar to the pathophysiology of the ischemic k&rpatients.

In the clinical trials and subsequently extensisds, serious arterial thrombosis
and venous thromboembolism leading to fatal myaahndfarction and stroke
occurred in Ponatinib-treated patients (Medeirasd.£2018), postulating that
Ponatinib may have a powerful effect on cardiovisc¢eerebrovascular and

peripheral vascular systems (Lafiti et al., 201%ddirosa et al., 2018;
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Gover-Proaktor et al., 2019). In the pilot studigs,found that Ponatinib treatment
on the later stage of larval zebrafish at 5 dpf2éh at higher concentrations ranging
from 2 to 8ug/ml induced peripheral vascular thrombosis in abelatal artery and
inhibited peripheral angiogenesis without cerebiredmbosis (data not published).
These preliminary results suggested that Ponaitmibeed target organ vascular
toxicity could be dose- and exposure time-dependedtcould be also related to
larval zebrafish development stages. In order tabéish a zebrafish ischemic stroke
model without marked toxicity in other organs, weeasively assessed and
optimized zebrafish treatment stages, Ponatindirtrent concentrations and
treatment time periods, and finally identified Z dpbrafish for a 24-h treatment at 1
ug/ml concentration of Ponatinib as the optimum aoowls for the development of
the zebrafish ischemic stroke model.

The brain specific thrombosis formation was supabtiy the following evidences:
1) the whole body of images of o-dianisidine stagnindicated the brain-specific
thrombus formation (Fig. 1A); 2) the histopatholampnfirmed the brain thrombosis
(Fig 1C); 3) the angiography showed the brain bltiod reduction and cerebral
blood vessel blockage (Fig. 2C); 4) the brain-djpeapoptosis was demonstrated in
Fig. 5A; and 5) the brain-specific inflammation wadicated in Fig. 6A.

The most common cause of ischemic stroke is tlethosis, leading to reduction
of the cerebral blood flow. This blood flow decreasd the resulting absence of
oxygen, glucose and nutrients, induce a cascadearits that lead to the brain cell
death and functional impairments (Mehta et al.,7200 brain blood flow is not
restored in a short time, the neurons in the pemarabter apoptosis (Endres et al.,
2008). Here Ponatinib treatment on 2 dpf zebradishug/ml resulted in a
concentration-dependent brain blood flow reductiath the brain blood vessel
blockage. If without anti-thrombosis treatment,hiita few following days,
Ponatinib-treated zebrafish circulation ceasedthadebrafish died.

Several mechanisms have been demonstrated to dleeavin cerebral ischemic

injury including neuronal apoptosis, inflammatoegponses, oxidative stress and
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mitochondrial dysfunction (Pandya et al., 2011)reH@e characterized the
pathophysiology of Ponatinib-induced zebrafish é&uit stroke and found the
vascular endothelial injury, thrombosis, inflammatiapoptosis and dysfunctional
movement in the ischemic stroke zebrafish. In amldireactive oxygen species
production was increased in the model zebrafiskupporting these findings, the
MRNA levels of the neovascularization-related g@egfaa) and vascular
endothelial growth factor receptor geMEGFR), neurodevelopment related genes
(mbp andal-tubulin), brain-derived neurotrophic fact@@NF) and glial cell
derived neurotrophic factoGONF) were significantly downregulated; whereas
apoptosis-related genesagpase-3, caspase-7, caspase-9 andbax/bcl-2), and
inflammatory factor genesl(-15, IL-6, IL-10, TNF-o. andNF-«xB) were upregulated.

Cerebral hypoxia which forms as a consequencechémia is well known to
induce NO and VEGF production, leading to angiogendiowever, there were a
number of reports confirmed that Ponatinib treatmesulted in the “narrowed”
blood vessels in the zebrafish and human umbniead endothelial cells via
blocking VEGFR signaling pathway (Ai et al., 2018jd that Ponatinib damages
NO- and VEGF-producing vascular endothelial ceNset al., 2018), thus probably
leading to reduced NO and VEGF production. We pasduhat the reduced NO and
VEGF could occur at early stages of ischemic staok@d may increase at later stages
of the pathogenesis following hypoxia. In addititnee radicals were increased and
played important roles in the pathogenesis of sbhemic stroke (Rodrigo et al.,
2013; Sun et al., 2018; Naritomi and Moriwaki, 208ai et al., 2019), causing a
vast array of injuries mediated by many differeatipvays (Facchinetti et al., 1998;
Lapchak and Araujo, 2003; Cherubini et al., 200%g. postulated reactive oxygen
speciesncrease was a stroke sequel and the elevagctive oxygen specié@sther
aggravated stroke damage.

Six known human ischemia stroke therapeutic druggri (thromboxane A2
inhibitor) (Lekstrom et al, 1991), Clopidogrel (adsine diphosphate [ADP]
inhibitor) (Plosker et al, 2007), Naoxintong cagsu{Xu et al, 2015), Edaravone
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(Zheng et al, 2016), Xingnaojing injection (Zhargk 2018), Shuxuening injection
(Lyu et al, 2018) were chose to assess their tleetapeffects on the
Ponatinib-induced zebrafish ischemic stroke. Adisis human ischemia stroke
therapeutics except Edaravone are classic antirgdadrugs and consistently reduced
the zebrafish cerebral thrombosis, implying that #abrafish model could be used
for screening and assessing the preventive andpbetic agents of the ischemic
stroke.

Edaravone's therapeutic effect is thought to bemoving survival of neurons
under situations of oxidative stress such as faligweperfusion injury in stroke
patients (Lapchak et al, 2009). Some reports haggested that free radicals are
important factors affecting both coagulation an@hbolysis systems in ischemic
lesions (Rodrigo et al, 2013; Li et al, 2016). Poeg studies have found that
Edaravone can prevent vascular endothelial cellyn(Li et al, 2013) and augment
NO release from vascular cells and platelets, feath suppression of platelet
thrombus formation (Yamashita et al, 2006). ThuarBdone's therapeutic effects on
the ischemic stroke displayed in this study cowdhrough both reducing oxidative
stress and inhibiting thrombosis. Additionally, eeuld not exclude any possible
drug-drug interactions between Ponatinib and aagyeartic drug when treated
together in this study although no deposits andator changes were found in the
treatment solution.

In comparison with conventional animal models, tiosel and innovative larval
zebrafish ischemic stroke model could be highlydmteve, relatively
high-throughput and cost-efficient and may speetheprug discovery process for
the ischemic stroke. Further model validations amilot study using this model to

screening preventive and therapeutic agents gyeogress in our laboratory.

5. Conclusions
The larval zebrafish ischemic stroke model devedogoed optimized in this study

was a living and pathophysiology-associated wholmal assay and this model
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557 could be used for rapiah vivo screening and assessment of the preventive and

558 therapeutic agents of the ischemic stroke.
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823 Figurelegends

824  Figure 1. Characterization and optimization of Ponatinib timeent concentration and
825 treatment time period. Control zebrafish indicatedcerebral thrombosis (Control)
826 and the zebrafish at 2 dpf treated withgml Ponatinib for 24 h visually showed
827 cerebral thrombosis (Model) (A & B). Cerebral thioosis was markedly reduced
828 when the zebrafish were cotreated with a well-knantithrombotic drug Aspirin
829  (Aspirin) (B). Histopathological examination comfied thrombus formation in the
830 brain blood vessels of the zebrafish treated witha®nib for 24 h, and no thrombus
831 in the vehicle-treated zebrafish (C). The arrofGh Control showed no thrombus
832 formation, and in (C) Model indicated thrombus fatman in the zebrafish brain.
833 Scale bar = 1@m.

834

835 Figure 2. Brain blood flow dynamics was measured based omitbtén of

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

837 dynamics maps of control and Ponatinib-treatedafedtr were shown in (A) right
838 and (B) right, respectively. Cerebral angiographgamtrol and Ponatinib-treated
839  zebrafish, confirming the reduced brain blood flamd cerebral blood vessel

840 blockage (arrow) (C). Locomotor activities of tlaeval zebrafish exposed taqugy/ml
841 Ponatinib for 24 h were decreased as comparedunitieated zebrafishthe

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

843

844  Figure 3. Reduced cerebral thrombosis in the ischemic stzekeafish cotreated
845 with ischemic stroke therapeutic drugs for 24nie|uding Aspirin, Clopidogrel,

846  Naoxintong capsules, Edaravone, Xingnaojing ingggtand Shuxuening injection.
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Urokinase was selected for assessing its therapeffitict on the zebrafish stroke
model in which the zebrafish were first treatedwmliug/ml Ponatinib for 24 h,

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

Figure 4. Ponatinib induced brain vascular endothelial damabeVEGFR and
vegfaa gene expressions were downrerulated in the zshrakposed to gg/ml
Ponatinib (A); Fluorescent intensity of NO staininghe zebrafish treated with 1
ug/ml Ponatinib was measured after DAF-FM DA stagnimder a stereo
fluorescence microscope (B); and the relative Ni@lkin the zebrafish treated with
Ponatinib at concentrations of ug§/ml, 1 pug/ml and 3ug/ml over the control were
shown (C). Data were expressed as mean + S.E.Mp&a@a with control group:

***pP < 0.001.

Figure 5. Apoptosis and reduced nerve growth factor geneessgons in
Ponatinib-induced ischemic stroke zebrafiBhere were no obvious apoptotic cells
indicated in the control zebrafish, whereas conaigdle numbers of apoptotic cells
appeared in the brain of Ponatinib-treated zelir¢f3. Statistically significant
upregulated expressions of ttespase-3, caspase-7, caspase-9 andbax genes were
found in Ponatinib-induced ischemic stroke zebhafiee expressions chspase-8
andbcl-2 genes had no changes, and bcl-2/bax ratio was decredsedPanatinib
treatment (B). Relative gene expression leveBINF, GDNF, mbp andal-tubulin

in Ponatinib-induced ischemic stroke zebrafish (@jta were expressed as mean +

S.E.M. Compared with control group: *P < 0.05, ®R.01, and ***P < 0.001.

Figure 6. Inflammation, reactive oxygen species productang the gene expression
levels of the inflammatory factors in Ponatinibirceéd ischemic stroke zebrafish.
Fluorescent neutrophols were mainly located in thleessels in the control zebrafish,
and increased neutrophil infiltrations in the brafriPonatinib-induced ischemic

stroke zebrafish (A). Relative gene expressionl$eoB L-14, IL-6, IL-10, TNF-«
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andNF-«B in the control and Ponatinib-induced ischemiclstrpebrafish (B).
Reactive oxygen species (ROS) levels relative tarobgroup in the zebrafish
treated with 0.3, 1 and8y/ml Ponatinib (C). Data were expressed as meai M
Compared with control group: *P < 0.05, **P < 0.@hd ***P < 0.001.

Movie legends

Movie 1. Control zebrafish brain showed regulah fatood flow.

Movie 2. Zebrafish treated with Ponatinib demortsttaa markedly reduced brain

blood flow and completely or partly blood vessaldiage.
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Table 1. Efficacy of antithrombotic drugs on the zbrafish ischemic stroke (meant S.E.M.,,

n=10 for 3 repeats)

) Cerebral thrombosis Relative area of cerebral
Drugs Concentrations/Dosages

incidence (%) thrombosis (%)
Control - 0 0
Model - 100 100
3.125ug mL*? 60° 55+11.6
6.25ug mL? 60° 55+ 12.F
Asoiri 12.5pg mL*? 60° 50 + 9.0%
Spirin
P 25ug mL? 55° 36+7.0F
50 ug mL* 15° 7+1.3
100pg mL* 10° 7+1.2%°
0.94pg mL? 80 98+17.8
1.88ug mL*! 75° 73+15.7
Clopidogrel 3.75ug mL? 50° 71+9.2
7.5ug mL?t 40° 63 + 14.¢*
15pug mL? 35¢ 45+8.6°
3.9pug mL?t 75° 86 +15.5
7.8ug mL* 60° 68 +14.3
Naoxintong capsules 15.625ug mL™* 55° 58 +10.5
31.25ug mL*? 50° 48 +12.%
62.5ug mL* 45° 48+9.6°
1.56pg mL*! 60° 37+10.6
3.125ug mL*! 55° 32+7.6
Edaravone 6.25ug mL* 50° 31+6.8
12.5ug mL*? 30° 23+6.8
25ug mL*! 25°¢ 19+9.6°
0.78 ng 45 44 +12.7
0.16 ng 45 31+9.9
0.31ng 4G 29+75
_ L 0.625 ng 46 29+8.7
Xingnaojing injection
1.25 ng 4G 27 +8.F
2.5ng 35 26 +11.4
5ng 3¢ 15+4.F
10 ng 50¢ 25+5F
2.2 ng 40 30+9.8
4.375 ng 25 271+ 7.7
Shuxuening injection 8.75 ng 25 24 +55
17.5 ng 25 19+4.8
35 ng 20 9+1.8
Urokinase 100pg mL*! 50° 30+9.7

# Compared with vehicle contréIP < 0.05° P < 0.01° P < 0.001.



Table 2. Sequences of primer pairs used in the reime guantitative PCR reactions.

Gene Forward (5'-3") Reverse (5'-3")
p-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-18 GTCACACTGAGAGCCGGAAG GCAGGCCAGGTACAGGTTAC
IL-6 GCAGTATGGGGGAACTATCCG CTGACCCCTTCAAATGCCGT
IL-10 TTCAGGAACTCAAGCGGGAT AAGAGCAAATCAAGCTCCCCC
TNF-a ATCTTCAAAGTCGGGTGTATG TGTGCCCAGTCTGTCTCC
NF-«xB GATGTTCACTGCGTTCCT GTCTTCTGTCTCTTCCTCTG
GDNF AGCCATCCAAGAGAGCTGTG GTCCCGCTTCATCTGAGGTT
BDNF TGGGTAAATCGCGACTGGTT CTGTTGGAACATTTTCCCCTATG
mbp AATCAGCAGGTTCTTCGGAGGAGA  AAGAAATGCACGACAGGGTTGACG
al-tubulin AAT CACCAATGCTTGCTTCGA GCC

TTCACGTCTTTGGGTACCACGTCA




A)

Control Model

(B)

Model Aspirin

N

Control




( A) 20180703-114733_Microscope_0001.avi _ Real time pt

250 ~

]
S
3

&
3

Linear Flow (um/sec)

2 25 3 35 4 45 5 55
Time (sec)

Control

(B) 20190703-114733_Microscope_0002.avi 1/1 Real time process

300 ~-------- £y

»
R
3
T
Pl
b
28
g&
b=l
8
&

T : :
T oy | S NP SIS U, (SOOI, S
=
£
£ iy | I SRS (SN SR U SR SO
H
ic 100
j A
2 50f-----
=

X and il

LAd vy
50
05 1 15 2 25 3 35 4
Time (sec)

Model

©

Control Model




Naoxintong capsules

Edaravone

Journal Pre-proof

‘ ' \/’) ‘!

Model Aspirin Clopidogrel

Ly

Xingnaojing injection Shuxuening injection

Urokinase



@A)

% of control

157 3 Control [ Model
1.00 1.00
1.0 — X
0.58
o
0.54
0.07
0.0 1
& &
) &
& &

(B)

Control

Model

©

Relative NO level (%)

1207
100
- 92
o
80- *kk
66
404
dkk
6
o —
0 ; : : .
& NG A i
&

Ponatinib concentration (ug/mL)



(A)

(B)

% of control

Control
37 3 Control 3 Model 2.74
247
M 15s 1,59
1.00 1,00} 1.00 1.00 1.00] 1.001L.06 1,00
1 77
| 43
0 1 ! ! ! ! !
> A e 9 & o &
& & & & « VC) ‘\S&
& & N & &
< < < < AN

% of control

1.5
=3 Control 3 Model
1.00
.00 1.00 1.00
1.0
0.63 0.59
0.5 30
0.08
0.0 ! y | |
S S R &
S N2 » N
> 00 S \$°°
S



(A)

Control
B 4
B) 3 Control [ Model
3_ *kk
= _ 600+ 564
: (=]
2 £
8 24 . *% *% g
< . 130 1.61 00 158 S 400 -
Sy 100pss 1,00 1.00 ' 1.00 $ -
2004
| | 100 105
0 T 0 T T T T
> & N 5

v, |
£
9

& N & < &
\ 4 ) o .
A S < o) Ponatinib concentration (pg/mL)



Highlights

We developed and characterized a larval zebrafish ischemic stroke model using
Ponatinib as an inducer under an optimized exposure concentration and treatment
period. Thelarval zebrafish ischemic stroke was further validated with 6 known human
ischemic stroke therapeutics. The pathophysiology of this zebrafish ischemic strokeis
closely similar to that of human ischemic stroke and could be used for rapidly

identifying the preventive and therapeutic agents.



